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While the ‘breaking and mending of porphyrin strategy’ proved
versatile in the generation of a range of pyrrole-modified porphyrins
containing 4-, 5-, and 6-membered heterocycles, it failed to access
systems incorporating larger rings. A reversal of the strategy — first
mending, then breaking — now allowed the formation of a pyrrole-
modified porphyrin containing an 8-membered 1,3,6-triazocine-2,4,8-
trione heterocycle.

The synthesis of porphyrin analogues has contributed to
the understanding of the concept of aromaticity," provided
macrocycles with valuable molecular recognition or catalytic
properties,> and has provided a large number of dyes with
optical properties that are inaccessible with regular porphyrins
or hydroporphyrins.® The majority of porphyrin analogues have
been prepared by total synthesis.” In an approach we dubbed
‘the breaking and mending of porphyrins’, we,”> and others,*
prepared a wide variety of porphyrin analogues containing one
or two non-pyrrolic heterocycles by step-wise conversion of a
porphyrin. To illustrate the approach, meso-tetraphenylporphyrin 1,
for example, was dihydroxylated; the diol functionality was then
used as a synthetic handle for further functionalizations
(Scheme 1).° Diol cleavage in the ‘breaking’ step resulted in
the formation of a secochlorin 3 that could be cyclized in the
‘mending’ step to, e.g., provide a morpholinochlorin incorporat-
ing a 6-membered morpholine moiety.® Attempts to generate
7-membered rings (1,4,5-triazaazepines or 1,3-diaza-5-oxaazepines)
by cyclization of 3 with hydrazine or hydroxylamine, respectively,
failed.” In all likelihood, the analogues formed but then rapidly
extruded a small molecule (N, or CO,, respectively), regenerating
the porphyrin or a porphyrin-like arrangement of four
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Scheme 1 Example for the ‘breaking and mending of porphyrins’
approach toward porphyrinoids containing non-pyrrolic building blocks.
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five-membered rings. This highlights the large stability of the
natural porphyrinic architecture, but also identifies a limitation
of our ‘breaking and mending’ approach toward pyrrole-modified
porphyrins containing medium-sized rings.

Albeit rare, porphyrinoids prepared by total synthesis con-
taining 7-membered rings are stable.’ The best investigated
systems are the tropiporphyrins, a family of carbaporphyrins.*
Azepiphthalocyanines were also reported.® Medium-sized
rings can, in principle, be accessed by the cleavage of the
linkage between two annulated smaller rings.? In the realm of
porphyrinoid chemistry, a single such example was provided in
2003 by the groups of Barrett and Hoffman (Scheme 2).'°
Diazapine-annulated porphyrazine 5 was prepared by total
synthesis. Subsequently, the B,§’-bond linking the two hetero-
cycles was cleaved, forming the pyrrole-expanded porphyrazine
6 containing a 10-membered heterocycle.

With this precedent in mind, we set out to test whether a
reversal of our traditional methodology, ie., a ‘mending and
breaking’ approach can be developed into a possibly general
approach toward the synthesis of pyrrole-modified porphyrins
with medium-sized heterocyclic rings that can also take advan-
tage of some of the reaction types well established by us.
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Scheme 2 Synthesis of pyrrole-expanded porphyrazine 6 described by
the groups of Barrett and Hoffman. Reaction conditions: (i) KMnOg4, CH,Cl,
(44% yield).*°

This contribution will demonstrate that this is indeed the case,
but it will also point at some limitations to this approach.

meso-Tetraarylporphyrin diones, such as 7, are accessible
from TPP (1) along a number of complimentary routes
(Scheme 3).'* The regular ketone reactivity of the diones was
previously demonstrated,''? including in reactions generating
pyrrole-modified porphyrins.'? It is well-known that reaction of
dione 7 with diamines generates diimines,"® but we found that
the reaction of 7 with urea or N,N’-dimethylurea generated
dihydroxychlorins 8 and 9, respectively, containing imidazoli-
dinone moieties annulated at the B,B’-positions.i Diagnostic
for the formation of the dihydroxychlorin structure are the
preservation of the two-fold symmetry of the adducts as seen
in their NMR spectra, the pyrroline carbon signals in their
3C NMR spectra (found at § = 158.5 ppm for 8), their regular
chlorin-like spectra compared to the much broadened spectra
for dione 7'* (Fig. 1A), and their expected composition (as per
HR-MS). The presence of the lactam moieties in the annulated
ring are indicated in the '*C NMR spectra of the products
(for 8 at 0 = 159.5 and 161.5 ppm for 9) and IR spectra (vc—o at
1715 cm™* for 8).

We previously reported multiple methods for the oxidative
cleavage of the pyrroline B,3’-bond of dihydroxychlorins.'
Thus, treatment of the polar magenta diol 8 under classic diol
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cleavage reaction conditions (Pb(OAc),)**>'® resulted in the for-
mation of a red non-polar compound in good yields (69%). Its
porphyrin-like UV-vis spectrum (Fig. 1B), NMR spectra, and its
composition as determined by HR-MS identified it to be the known
porpholactam 10."” Once again, the expulsion of smaller fragments
from the putative medium-ring derivative establishing a stable
‘tetrapyrrolic’ architecture thwarted the formation of the target
medium-sized ring-expanded compound. On the bright side,
this 3-step pathway toward 10 is more convenient and signifi-
cantly higher yielding (overall 29% from diol 2 at a 50 mg scale)
than the previously described 3-step synthesis (~13%).

While we did not know the fragmentation mechanism of
the putative intermediate resulting from the oxidative cleavage
of 8, we suspected that the replacement of the amide protons
might hinder the fragmentation by, for instance, blocking
amide-iminol-type equilibria. Indeed, oxidative diol cleavage
of dimethylurea adduct 9 generated a compound in good yields
possessing a composition of two hydrogen atoms less than the
starting material (as per HR-MS).: Moreover, it was character-
ized by a significantly red-shifted chlorin-type optical spectrum
(Fig. 1B). The general red-shift of the spectrum and particularly
the much reduced extinction coefficient of its Soret band
observed suggest the increase in non-planarity of the chromo-
phore, while its general broadening suggest an increase of
conformational flexibility.'® Its NMR spectra retained the two-
fold symmetry of the starting material with an upfield shift of
the inner protons (6 = 1.88 ppm) suggestive of a non-planar
chromophore, and the presence of two lactam carbon atoms in
different environments (0 = 173.1 and 155.1 ppm). Thus all
spectroscopic evidence point toward the successful formation
of the target expanded pyrrole-modified porphyrin 11.

A single crystal X-ray structure analysis of 11 provided the
final proof for the unique connectivity of this porphyrinoid
(Fig. 2). The pyrroline B,p’-bond was, as designed, oxidatively
cleaved and both B-carbons were converted in this process to
lactams that are incorporated into an 1,3,6-triazocine-2,4,8-
trione ring that resulted from the fusion of the three annulated
dimethylurea atoms with the five pyrroline atoms into a single

Scheme 3 Synthesis of urea chlorindiol adducts 8 and 9, and the outcomes of the oxidative diol cleavage. Reaction conditions: (i) 20 equiv. urea
derivative, pyridine, A (85% yield for 8; 54% yield for 9); (ii) 1-1.7 equiv. Pb(OAc)4, THF, (EtsN for preparation of 10), r.t., (69% yield for 10; 71% yield for 11).
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Fig. 1 UV-vis spectra (CH,Clp) of the compounds indicated.

top view side view, meso-Ph removed

Fig. 2 Stick representation of the single crystal X-ray structure of 11.§ All
disorder, solvent molecules, and sp>-CH hydrogens were omitted for
clarity. For details, see ESI.+

8-membered ring. The non-pyrrolic moiety assumes a signifi-
cantly non-planar conformation with an almost 90° twist along
its long axis. This twist translates into the porphyrinic frame-
work, leading to a mildly ruffled conformation.

The structure rationalizes all spectroscopic findings, but it
also raises the question whether a larger than 8-membered ring
will assume a figure-eight conformation that then will have a
much weaker conformational effect on the remainder of the
chromophore. This might rationalize why, for example, pyrrole-
expanded porphyrazine 6 possesses a surprisingly regular
chlorin-like optical spectrum (its solid state structure was not
reported).*®

In summary, the ‘mending and breaking’ strategy allowed
firstly the incorporation of an 8-membered heterocycle into a
pyrrole-modified porphyrin. The use of N-methylated deriva-
tives was crucial in preventing the fragmentation of the newly
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formed heterocycle to generate a planar porphyrinoid containing
four five-membered rings. Future systematic studies on larger
ring systems now likely accessible using the ‘mending and
breaking’ strategy while being mindful about blocking possible
macrocycle degradation pathways will illuminate the relation-
ship between ring-size of the non-pyrrolic building block and the
optical properties of the chromophore.

Support through NSF grants CHE-1058846 and CHE-1465133
(to CB) is gratefully acknowledged.

Notes and references

% Select spectral data for 8: "H NMR (400 MHz, CDCl,):  8.64 (d, >/ = 4.7 Hz,
H), 8.49 (s, 1H), 8.21 (s, 1H), 8.14 (d, *J = 5.8 Hz, 3H), 7.86 (d, °/ = 6.8 Hz, 1H),
7.72 (m, 6H), 5.34 (br s, 1H, exchangeable with D,0), 4.26 (br s, 1H,
exchangeable with D,0), —2.03 (br s, 1H, exchangeable with D,0) ppm;
UV-vis (CH,Cl,) Amax (log¢) 406 (5.41), 512 (4.30), 541 (4.30), 591 (3.96),
642 (4.50) nm; HR-MS (ESI', 100% CH,CN, TOF) m/z cald
for Cy4sHs3NgO; ([M-H]'), 705.2609, found 705.2605. For 9: '"H NMR
(400 MHz, CDCl,): § 8.57 (d, ] = 4.9 Hz, 1H), 8.45 (s, 1H), 8.16 (d, ¥ =
6.7 Hz, 1H), 8.07 (d, °J = 5.2 Hz, 4H), 7.78-7.67 (m, 6H), 4.55 (s, 1H,
exchangeable with D,0), 2.28 (s, 3H), —1.75 (s, 1H, exchangeable with
D,0) ppm; UV-vis (CH,Cl,) 2max (log €) 410 (4.99), 520 (3.84), 549 (3.88),
596 (3.53), 649 (4.08) nm; HR-MS (EST , 100% CH;CN, TOF) m/z cald for
C47H;3,NgO; ([M-HJ) 733.2927, found 733.2941. For 11: 'H NMR
(400 MHz, CDCLy): ¢ 8.35 (d, °J = 4.9 Hz, 1H), 8.28 (br s, 1H), 8.16
(s, 1H), 8.04 (d, ] = 4.9 Hz, 1H), 7.99 (br s, 2H), 7.70 (m, 4H), 7.56
(t,*] = 7.5 Hz, 1H), 7.43 (br s, 1H), 7.10 (br s, 1H), 3.28-3.15 (s, 3H), 1.88
(s, 1H, exchangeable with D,0) ppm; UV-vis (CH,Cl,) Amax (loge) 455
(3.67), 585 (2.44), 625 (2.45), 740 (2.48) nm; HR-MS (ESI', 100% CH;CN,
TOF) m/z cald for C4;H3,04N; ([M-H]") 731.2771, found 731.2775. For
full spectroscopic characterization, see ESL}

§ Select crystallographic data for 11: C,;H;34NsO3, M = 730.80, ortho-
rhombic, a = 26.853(2) A, b = 10.1988(10) A, ¢ = 27.005(3) A, V= 7395.8(13) A®,
T = 100 K, space group Pca2; (no. 29), Z = 8, 68142 reflections
measured, 11219 unique (R, = 0.1397), which were used in all calculations.
The final R value was 0.1570 (R[F°* > 20(F%)]). CCDC 1479383.
See ESI,i for the full description of the X-ray diffraction analysis
of 11.
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