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The condensation of 2,3-diaminoporphyrins with various 1,3-diketones was investigated to reveal the key structural
and electronic factors determining the formation of heterocycle-appended porphyrins. The reaction of an
unsubstituted p-diketone with diaminoporphyrin led to fusion with a seven-membered diazepine ring, accompanied by
oxidative degradation of the heterocycle and formation of N-acylated derivative. However, sterically hindered [-
diketones and o,o-disubstituted derivatives effectively suppressed these side reactions, favoring the selective for-
mation of stable pyrazine-appended porphyrins. The observed reactivity trends emphasize the role of steric effects,
the position of substituents, and thermodynamic stability in directing the condensation pathway. UV-Vis analysis of
the resulting pyrazinoporphyrins revealed significant bathochromic shifts in both the Soret and Q-bands, confirming
expanded mw-conjugation.
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B nacmosuyeii pabome uzyueno gzaumooeticmaue 2,3-OuamMuHonopQupuHos ¢ paziuyHeimu 1,3-0ukemonamu, 4mo no3eo-
JUIO BbIABUNL KIIOUEBble CPYKIYPHbIE (haKmopbl, onpedeisioujue 00pazoeanue cemepoyuri-aHHeaupoB8anHblx nop@u-
PUHO8 PAsIudHOU NPupoobl. Bzaumooeiicmsue He3amewéHnoco B-Ouxkemona ¢ OuamuHonopphuUPUHOM APUBOOULA K
00pa308aHUI0 CEMUYLEHHO20 OUA3ENUHOB020 YUKIA HA nepuepuu nopgupuna, a maxoce x obpazoeanuio N-
AYUIUPOBAHHO20 NPOU3BOOHO20 BCIEOCMBUE OKUCTUMETLHOU decpadayuu OUa3enuno8o2o ppasmenma. B mo sce epemsn
s3aumooelicmsue OUaMUHONOPPUPUHA CO CMEPUYECKU HACPYICEHHBIMU [-OUKemoHamu u o,0-0U3amMeueHHbiMU npo-
U3BOOHBIMU NPUBOOULO K CENEKMUBHOMY 00PA308AHUI0 NUPAZUHONOPPUPUHOS. BblsignenHble MeHOeHYUuU peaKyuon-
HOU CnocoOHOCmU NOOUEPKUBAION ONPEOeNIoWYI0 POilb CMEPUYECKUX (HaKkmopos, npupoovl 3amecmumeneti u
MEPMOOUHAMUYECKOU YCIMOUMUBOCIU 0I5l ONpedeNeHUs Nymu NPOMeKaHusi KOHOeHCayu. B 21eKmpoHHbIX CNeKmpax
NO2NOWEeHUs NOJYYEeHHbIX NUPAZUHONOPHUPUHOE HAONI0OAIUCH OamoXpomMuble cogueu Kak Soret-nonoc, maxk u Q-
HONOC, YMO C8UOEMENbCMBYEN O PACUUPEHUU TT-CUCTHEMDL.

KiaroueBbie ciaoBa: ['eTepolMKiI-aHHEIMPOBAHHBIC TOPQUPHUHEI, 2,3-AHaMUHONOPGUPUH, peaKs KOHICHCALIUY,
JUa3enuHsl, 1,3-IUKETOHBI.
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Unexpected Reactivity of 2,3-Diaminoporphyrins with B-Diketones
Introduction

Porphyrins are widely recognized as versatile macro-
cyclic compounds with broad applicability in catalysis,' !
medicine,® photodynamic therapy,”* and materials sci-
ence.” " Their broad adaptability stems from the ability to
fine-tune their photophysical and electrochemical proper-
ties through targeted functionalization of the tetrapyrrolic
macrocycle.!'? Functionalization strategies primarily in-
volve modifications of the pyrrolic subunits!*'¥ or the
introduction of functional groups on the macrocycle pe-
riphery,!'*! facilitating the development of advanced ma-
terials tailored to specific applications.

Among various functionalization approaches, the in-
corporation of N-heterocyclic fragments into porphyrin
frameworks has garnered significant attention and offers a
powerful means to fine-tune their electronic, photophysical,
and catalytic properties."”"® The presence of a heteroatom
can markedly influence electronic delocalization and modify
the conjugation of porphyrins.!"* N-Heterocycles are ubiqui-
tous in biologically active and pharmaceutically relevant
compounds, playing essential structural and functional
roles."”* For instance, benzimidazole fragments®®'! are
commonly utilized in drug design, while pyridine-based
heterocycles''® play critical roles in vitamins, alkaloids, and
cofactors. Additionally, N-heterocyclic carbenes have
emerged as potent catalytic moieties.””) Among these, sev-
en-membered heterocycles such as diazepines represent a
privileged scaffold in medicinal chemistry due to their di-
verse biological activities and structural flexibility.*** The-
se structures are prevalent in a broad spectrum of bio-
logically active molecules, including pharmaceuticals used
as anxiolytics, sedatives, anticonvulsants, and muscle relax-
ants.”™ The dynamic enamine/diimine tautomerism, tune-
able acid-base behaviour, hydrogen bonding capability, and
inherent conformational flexibility collectively define their
unique properties.”® Given the exceptional properties and
broad functionality of diazepine derivatives, along with the
photophysical characteristics of the porphyrin core, the inte-
gration of these heterocyclic units within a single molecule
presents compelling opportunities to expand the functional
scope of porphyrin-based hybrid systems, which can lead to
manifold applications (electrical conductivity, nonlinear
optical properties, photocatalysis, etc.). In this context, the
development of efficient synthetic methodologies for diaze-
pine-functionalized porphyrins remains a critical challenge.

The incorporation of fused diazepine motifs into
porphyrins remains largely underdeveloped. In contrast,
structurally related tetrapyrrolic systems such as porphyra-
zines have seen substantial progress in this direction,
demonstrating the value of such modification.””** For in-
stance, diazepino-porphyrazines exhibit distinct characteris-
tics, including non-planarity, enhanced Stokes’ shifts, tauto-
meric flexibility, and strong aggregation tendencies driven
by intermolecular hydrogen bonding. Their electronic ab-
sorption spectra differ from those of phthalocyanines, dis-
playing additional transitions in the Q-band region, while
their fluorescence properties can be tuned by solvent polarity
and peripheral substituents. These compounds are typically
synthesized via template-based cyclotetramerization of
dinitrile precursors featuring 1,4-diazepine fragments.*”"

A critical distinction in the synthesis of f, -appended
porphyrins lies in their post-synthetic modification, as total
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synthesis via condensation of S, -fused pyrrole or dipyrro-
methane derivatives is often impeded by low yields and
constitutional isomer formation.!"”! Previous studies have
demonstrated the reactivity of 2,3-diaminoporphyrins, estab-
lishing them as valuable precursors for heterocycle-
appended porphyrins through condensation with aromatic
carbonyl compounds, leading to the formation of imidazole-
and pyrazine-appended porphyrins.***** In turn, the syn-
thesis of diazepines has been extensively explored, with nu-
merous methodologies developed to efficiently construct the
diazepine core.>*! One of the most common synthetic
strategies involves the condensation of o-phenylenediamines
or similar 1,2-diamines with 1,3—diketones[47’50’44] or other
carbonyl-containing compounds,”" such as chalcone deriva-
tives.’>>!

Building on these findings, we propose that 2,3-di-
aminoporphyrin can serve as an effective diamine precur-
sor for the synthesis of diazepine-appended porphyrins.
The use of 1,3-diketones as the ketone component enables
a condensation reaction, facilitating the formation of fused
porphyrin-diazepine frameworks.

In light of these considerations, this study explores
new pathways for the functionalization of porphyrins with
heterocyclic diazepine units by investigating the reactivity
of 2,3-diaminoporphyrins with f-diketones. By addressing
key synthetic challenges, this work aims to expand the
structural and functional diversity of porphyrin derivatives,
thereby contributing to the broader goal of developing in-
novative materials for interdisciplinary applications.

Experimental

Materials and methods

All the used reagent grade chemicals were purchased from
commercial suppliers, unless otherwise noted. The solvents have
been purified according to conventional methods."**

Chromatographic purification was performed at Macherey-
Nagel Silica 60 (0.063—0.2 mm). Merck aluminum plates (TLC
Silica 60 F254) were used for TLC analysis which was performed
with dichloromethane as an eluent.

NMR spectra were recorded on Avance III spectrometer
(Bruker) with a proton frequency of 600.13 MHz in CDCl; at ca.
10* M at 303 K using the resonance of the residual CHCl; (8 =
7.26 ppm) as an internal reference. Variable-temperature experi-
ments were performed with £0.1 K accuracy. Complete NMR
spectra of obtained compounds are summarized in Supplementary
Materials.

MALDI-TOF mass-spectra were recorded using a Ultraflex
spectrometer (Bruker Daltonics) in positive ions mode without
matrix. An Agilent 1260 chromatographic system (Agilent, USA)
equipped with Bruker Maxis Impact quadrupole and time-of-
flight mass spectrometric detector (Bruker, Germany) was used to
record high-resolution mass-spectra (HRMS). Complete profiles
of mass-spectra of compounds are presented in Supplementary
Materials.

UV-Vis spectra were recorded on Evolution 220 spectro-
photometer (Thermo Scientific) in the 250-900 nm range in rec-
tangular quartz cells with optical paths of 10 mm.

Synthesis

General procedure of condensation reaction with f-
diketones. A two-necked round-bottomed flask was charged with
Ni-1 (0.05 mmol) and repeatedly purged with argon. Under an
inert atmosphere, freshly distilled dichloromethane (DCM, 16
mL), 10% Pd/C (50 mg), NaBH, (29 mg, 0.75 mmol), and freshly
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distilled methanol (MeOH, 0.6 mL) were added sequentially. The
reaction mixture was stirred at room temperature until complete
reduction was confirmed by TLC (SiO,, DCM). The Pd/C catalyst
was then removed by filtration through a Celite-545 pad. To the
resulting solution containing Ni-2, 1,3-diketone (1.2-50 mmol
depending on substrate) was added, and the mixture was stirred
under air at ambient temperature for 2448 h. The solvent was
then evaporated to dryness; the crude product was purified by
chromatography over silica.

Mixture of Ni-3 and Ni-4 was obtained from Ni-1 (58 mg,
0.057 mmol) and acetyleacetone (0.58 mL, 5.7 mmol, 100 eq.).
The residue, purified by chromatography over silica using mix-
tures of dichloromethane/methanol (100:0 to 97:3, v/v), afforded
38 mg of a mixture of compounds in a 1:1 ratio, as determined by
"H NMR. The yields of Ni-3 and Ni-4 were both 32%. '"H NMR
(600 MHz, CDCl;) 8y, ppm (J, Hz): 8.76 (d, *J = 4.9, 2H, Hp - nic
3), 8.73 = 8.70 (m, 4H, H; _n;3), 8.70-8.66 (m, 4H, Hy _ni4), 8.60
(d,’J=5.0, 1H, Hy_nig), 8.56 (d, T = 4.9, 1H, Hy_nig), 7.91 (d,
5J=8.1,4H, H, ni3), 7.88 (d,°J=8.2, 4H, H, _nie), 7.84 (d, ) =
8.2, 2H, H, _ nia), 7.80 (d, 37 = 8.2, 2H, H, _ ni.q), 7.66 (br s, 4H,
H, ni3), 7.24—7.17 (m, 12H, H,, potn), 7-12 (d, J=8.1,4H, H,, -
Ni-3)> 0.99 (s, 1H, NHAC _ nig), 4.64 (s, 2H, NH, _nig), 424 —4.11
(m, 16H, O-CH, _ pow), 2.04 (s, 6H, Methyl _ ni3), 1.99 — 1.87 (m,
16H, CH, _pom), 1.81 (s, 3H, Methyl _ ni4), 1.68 — 1.58 (m, 16H,
CH, _ o), 1.13-1.01 (m, 24H, CH; _ o). °C NMR (151 MHz,
CDCl;) 8¢ ppm: 166.99, 159.72, 159.39, 159.15, 159.11, 158.76,
146.34, 146.16, 144.23, 144.06, 143.64, 143.04, 142.63, 142.33,
142.13, 142.08, 142.05, 141.50, 136.64, 135.75, 134.88, 134.86,
134.80, 134.44, 133.61, 133.59, 133.18, 133.03, 133.01, 133.00,
132.64, 132.10, 131.90, 131.74, 131.68, 131.58, 131.55, 131.40,
131.25, 131.23, 130.85, 120.11, 119.32, 118.88, 118.02, 116.92,
116.14, 114.35, 114.06, 113.11, 112.90, 68.26, 68.17, 68.14,
68.11, 45.77, 31.67, 31.66, 31.58, 31.51, 26.72, 23.36, 19.55,
19.52, 19.51, 19.46, 14.10, 14.08, 14.06, 14.00. MS (MALDI
TOF) m/z: [M]™ caled. for CeHgNgNiOs (for *Ni) 1030.43,
found 1030.29; m/z [M]" caled. for CgsHeNgNiO, (for **Ni)
1052.45, found 1052.31.

Ni-5 was synthesized from Ni-1 (38 mg, 0.037 mmol) and
1,3-diphenylpropane-1,3-dione (314 mg, 1.4 mmol, 38 eq.). The
residue, purified by chromatography over silica using mixtures of
hexane/dichloromethane (4:1 to 7:3, v/v), afforded 20 mg of Ni-5
in 50% yield. '"H NMR (600 MHz, CDCl;) & ppm (J, Hz): 9.26
(s, 1H, Hp,), 8.86 (d, °J = 4.9, 1H, Hp), 8.76-8.69 (m, 5H, Hp),
8.00-7.95 (m, 2H, H,,-C¢Hs), 7.89 (d, °J = 8.4, 4H, H,), 7.84 (d,
5J=8.4,2H, H,), 7.79 (d, °J = 8.4, 2H, H,), 7.48-7.43 (m, 3H,
H,-C¢Hs and H,-C¢Hs), 7.26-7.23 (m, 2H, H,,), 7.23-7.18 (m,
6H, H,,), 428-4.22 (m, 4H, O-CH,), 4.20 (t, °J = 6.5, 4H, O-
CH,), 2.04-1.98 (m, 2H, CH,), 1.97-1.90 (m, 6H, CH,), 1.75-
1.67 (m, 2H, CH,), 1.67-1.59 (m, 6H, CH,), 1.15-1.04 (m, 12H,
CH;). *C NMR (151 MHz, CDCly) 8¢ ppm: 159.36, 159.27,
159.12 (Cy4,); 149.74, 148.96 (Cp); 148.41 (Cp,); 144.45, 144.19,
142.73, 142.67, 14191, 141.89 (Ca); 139.57 (CHp,); 137.27
(Cpp); 134.78, 134.33, 134.15 (CH,); 133.18, 133.07 (Cq); 132.91
(CHg and C,); 132.86 (CHp); 132.64, 132.61 (C,); 132.06,
132.02, 131.93, 131.77 (CHp); 129.80 (CH,,_p;); 128.85 (CH,._pp);
127.57 (CH,,..p); 120.38, 120.31, 116.53, 116.48 (C,e50); 113.29,
113.24, 113.15 (CH,,); 68.14, 68.10, 68.03 (O-CH,); 31.92,
31.78, 31.66 (CH,); 19.69, 19.61, 19.55 (CH,); 14.18, 14.16,
14.10 (CH3) HRMS ESI m/z: [I\/I""]Tl:rr calcd. for C68H65N6Ni04
(for **Ni) 1087.4421, found 1087.4539. UV-Vis (CHCl3) Ayax NM
(Ig €): 335 (4.51), 440 (5.31), 549 (4.27), 581 (3.91).

Ni-6 was synthesized from Ni-1 (30 mg, 0.03 mmol) and
1,3-bis(4-(tert-butyl)phenyl)propane-1,3-dione (152 mg, 0.45
mmol, 15 eq.). The residue, purified by chromatography over
silica using mixtures of hexane/dichloromethane (4:1 to 3:2, v/v),
afforded 34 mg of Ni-6 in 41% yield. '"H NMR (600 MHz,
CDCly) 8y ppm (J, Hz): 9.24 (s, 1H, Hp,), 8.87 (d, *J = 4.9, 1H,
Hp), 8.76-8.70 (m, 5H, Hp), 7.92 (d, °J = 8.3, 2H, H,,-'Bu-CsH,),
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7.89 (d, /=83, 4H, H,), 7.84 (d, °J=8.4,2H, H,), 7.79 (d, °J =
8.4, 2H, H,), 7.49 (d, °J = 8.4, 2H, H,-'Bu-C4H,), 7.27 (d, °J =
8.5, 2H, H,,), 7.24-7.18 (m, 6H, H,,), 4.26—4.18 (m, 8H, O-CH,),
1.99-1.90 (m, 8H, CH,), 1.69-1.59 (m, 8H, CH,), 1.41 (s, 9H,
CH;-'Bu), 1.11-1.05 (m, 12H, CH;). *C NMR (151 MHz, CDCl;)
8 ppm: 159.33, 159.26, 159.10 (C4,); 153.13(Cpy?); 149.84, 148.76
(Cp); 148.41 (Cp,); 144.45, 144.15, 142.68, 142.61, 141.84, 141.83
(Ca); 139.46 (CHp,); 134.77 (CH,); 134.44 (Cp,); 134.33, 134.14
(CH,); 133.28, 133.13 (Ca); 132.95 (C,); 132.89, 132.84 (CHp);
132.66 (C,4); 132.02, 131.97, 131.91, 131.72 (CHg); 127.30 (CH,,-
"Bu-C4H,); 125.83 (CH,-Bu-CgH,); 120.35, 120.26, 116.50,
116.36 (Cpes); 113.26, 113.23, 113.14 (CH,); 68.19, 68.13,
68.03 (0-CH,); 34.94 (C.p); 32.04, 31.78, 31.66 (CH,); 31.41
(CHa.5,); 19.87, 19.60, 19.55 (CH,); 14.22, 14.16, 14.10 (CH,).
HRMS ESI m/z: [M+H]" caled. for C;,H73NgNiO4 (for ¥Ni)
1143.5047, found 1143.5109. UV-Vis (CHCl3) Ape nm (Ig €):
337 (4.43), 440 (5.20), 547 (4.20), 582 (3.88).

Ni-7 was synthesized from Ni-1 (66 mg, 0.065 mmol) and
3,3-dimethyl-2,4-pentanedione (0.22 mL, 1.7 mmol, 24 eq.). The
residue, purified by chromatography over silica over silica using
mixtures of hexane/dichloromethane (4:1 to 3:2, v/v), afforded 41
mg of Ni-7 in 60% yield. '"H NMR (600 MHz, CDCl;) 8y ppm (J,
Hz): 8.82 (d, °J = 4.9, 2H, Hp), 8.75 (d, °J = 4.9, 2H, Hp), 8.73 (s,
2H, Hp), 7.90 (d, J = 8.4, 4H, H,), 7.76 (d, °J = 8.4, 4H, H,),
7.22-7.17 (m, 8H, H,,), 4.26-4.18 (m, 8H, O-CH,), 2.55 (s, 6H,
Methyl), 2.00-1.90 (m, 8H, CH,), 1.69—1.60 (m, 8H, CH,), 1.13—
1.06 (m, 12H, CH;). *C NMR (151 MHz, CDCl;) 8c ppm:
159.20, 159.10 (C,,); 150.30 (Cp.); 148.36 (Cp); 144.17, 142.47,
141.66 (Ca); 134.77, 134.25 (CH,); 133.58 (Ca); 132.93, 132.81
(C4); 132.66, 131.82, 131.65 (CHp); 120.04, 116.24 (Cpeso):
113.18, 113.06 (CH,,); 68.19, 68.11 (O-CH,); 31.66 (CH,); 23.45
(Methyl); 19.54 (CH,); 14.09 (CH;). MS (MALDI TOF) m/z:
[M]" caled for CgsHgqNeNiO, (for **Ni) 1038.43, found 1038.08.
UV-Vis (CHCLy) A nm (Ig €): 311 (4.42), 431 (5.37), 541
(4.21), 577 (3.88).

Results and Discussion

2,3-Diaminoporphyrins represent a versatile synthetic
platform owing to their high reactivity, which enables con-
densation with aromatic aldehydes and polycyclic aromatic
diketones to yield five- or six-membered heterocycle-
appended porphyrins. A typical synthetic route involves
the preparation of 2-amino-3-nitroporphyrin, followed by
its reduction to 2,3-diaminoporphyrin using 10% Pd/C in a
dichloromethane/methanol mixture. The resulting diamine
then undergoes condensation with various carbonyl-
containing compounds. In an effort to synthesize a porphy-
rin bearing a seven-membered heterocyclic fragment on its
periphery, we adopted a similar strategy, employing f-
diketones as dicarbonyl precursors.

2-Nitro-3-amino-tetra(4-butoxyphenyl)porphyrinate of
nickel(I) Ni-1 was employed as the starting material. The
combination of 4-butoxyphenyl meso-substituents and the
coordination of nickel(II) provides synergistic effect, mak-
ing the tetrapyrrolic framework especially favourable for
heterocyclic annelation.”>*” The long alkyl chains of the
4-butoxyphenyl groups enhance solubility in organic me-
dia,*”! while nickel(II) coordination, which suppresses flu-
orescence, plays a pivotal role in stabilizing the diamino-
porphyrin intermediate, preventing oxidative degradation
and facilitating a more controlled condensation process.
Moreover, the diamagnetic nature of the Ni(II) complexes
facilitates NMR characterization, which is often hindered
in the presence of paramagnetic metal centers.
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Unexpected Reactivity of 2,3-Diaminoporphyrins with B-Diketones

Initially, to evaluate the reactivity of the diaminopor-
phyrin Ni-2, acetylacetone was employed as a simple ali-
phatic S-diketone in the condensation reaction (Scheme 1).
Unexpectedly, the reaction of Ni-2 with acetylacetone led to
a complex mixture, comprising two major components. Fur-
thermore, the UV-Vis spectrum of this mixture exhibited
broad absorption features (Figure S44 in the Supplementary
Materials). To elucidate the structures of the products, a
combination of physicochemical characterization techniques
was employed. MALDI-TOF mass spectrometry confirmed
the formation of the anticipated diazepine-appended product
Ni-3, yet also revealed an additional compound with a lower
m/z value (Figure S45). The detection of this byproduct sug-
gests the occurrence of side reactions, initiated during chro-
matographic purification, since the MALDI-TOF spectrum
of the crude reaction mixture predominantly featured the
expected Ni-3, along with minor peaks corresponding to
dioxochlorin and pyrazine-fused diporphyrin, arising from
oxidative degradation of the diaminoporphyrin or parallel
condensation pathways.* "l

The instability of the diazepine fragment under the
reaction conditions is likely attributed to its inherent sus-
ceptibility to oxidation at the C(6) position, which can lead
to structural rearrangement into a pyrazine core upon expo-
sure to light.”*” Similar transformations have been previ-
ously reported for diazepine-appended porphyrazines.'®"
Interestingly, despite the known tendency of diazepines to
undergo such rearrangements, no dimethyl substituted
pyrazinoporphyrins were detected in this case. In addition,

partial degradation of the diazepine unit to acylated deriva-
tives under acidic conditions has also been documented.®”!
Indeed, the formation of Ni-4 as a N-acylated porphyrin is
supported by the presence of a peak at m/z 1030.29 in the
mass spectrum (Figure S45). This transformation further
underscores the reactivity of the diazepine moiety, in
which oxidative instability at the C(6) position governs its
structural modifications (Scheme 1).

The 'H NMR spectrum of the products mixture re-
vealed distinct signals corresponding to both the symmetric
diazepine-appended porphyrin Ni-3 and the fully desym-
metrized molecule Ni-4 (Figure 1). For Ni-3, the S-pyrrolic
protons appeared as two doublets and one singlet, which
correspond to the protons adjacent to the diazepine frag-
ment and the distant pyrrolic positions, respectively. Nota-
bly, the ortho-protons of the meso-aryl substituents
exhibited broadening, which is likely caused by restricted
rotation of the aryl rings induced by the non-planar con-
figuration of the diazepine moiety. This broadening effect
was partially resolved into a broad doublet upon heating to
323 K (Figure S10 in the Supplementary Materials).

In contrast, Ni-4 exhibited a distinct proton resonance
at ca. 7.0 ppm, consistent with the presence of an acetamide
functional group (NHAc). Additionally, a signal in the Bc
NMR spectrum (CDCls) at 166.99 ppm clearly corresponds
to the carbonyl carbon of the acetamide moiety. Indeed, in
the HMBC, this signal showed correlations with the adjacent
aliphatic CH; group and the NH proton, further supporting
the structural assignment of Ni-4 (Figure S9).

Ar Ar Ar. Ar o O Ar. Ar Ar. Ar
Me H Me
NO, NaBH, NH, Me)J\/lLMe N= N
- S + o
eOH, DCM, r.t. = NH
NH2 pew, rt. NH, N \ve 2
Ar Ar Ar Ar Ar Ar Ar Ar
Ni-1 Ni-2 Ni-3 - 32%2 Ni-4 - 32%*
Ar=4-nBuOCgH, #NMR yield
; o H H H OH H o
: N= H N=; H,0 N\(\ﬂ/ H,O NW N i
A )=To9=A T o= 1T o——71T:
VTONT N NH, H NH, Q NH, |
! H - |

Scheme 1. Condensation of 2,3-diaminoporphyrin Ni-2 with acetylacetone and presumable path of formation of Ni-4.

H H

meta
Ni-4

meta
Ni-3

CHl,

8.8 8.7 8.6 7.9 7.8 7.7

7.6

ppm

7.5 7.4 7.3 7.2 71 7.0

Figure 1. 'H NMR spectrum (CDCl3) of mixture of Ni-3 and Ni-4 in 1:1 ratio.
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0O O Ar.

—_—
DCM, r.t. N rrr@ Ni-5
4
Ar Ar or Bu
Ni-5 - 50% Ni-6
Ni-6 - 41%

Scheme 2. Condensation Ni-2 and S-diketones with bulky substituents or disubstituted S-diketone.

The integral intensities of signals in the 'H NMR
spectrum confirmed a 1:1 ratio of Ni-3 and Ni-4 in the
mixture. Accordingly, both compounds were obtained in
32% yield. These findings suggest that the conditions of
the condensation reaction, along with subsequent chroma-
tographic purification, played a critical role in the partial
degradation of the diazepine framework.

L-Proline has been reported as an efficient and selec-
tive organocatalyst for the synthesis of 1,5-benzodiaze-
pines via the condensation of o-phenylenediamine with
1,3-dicarbonyl compounds, primarily by activating car-
bonyl groups, stabilizing intermediates, and promoting
cyclization under mild conditions.**) However, when vari-
ous amino acid-based catalysts (20 mol%), including L-
proline, dipicolinic acid, tryptophan, and arginine, were
applied to the condensation of Ni-2 with acetylacetone, the
reaction resulted in complex mixtures of inseparable and
unidentified products. Among these, compounds Ni-3 and
Ni-4 were detected based on the molecular ion peaks ob-
served in the MALDI-TOF spectra of the chromatographic
fractions.

It was anticipated that replacing the methyl substitu-
ents of the B-diketone with bulkier, sterically demanding
groups could potentially mitigate the degradation of the
diazepine fragment. To test this, condensation reactions of
Ni-2 were carried out with B-diketone derivatives bearing
sterically hindered substituents, namely 1,3-diphenylpro-

pane-1,3-dione and 1,3-bis(4-(fert-butyl)phenyl)propane-
1,3-dione (Scheme 2).

Unexpectedly, the mass spectra unequivocally re-
vealed the formation of a single product in each case, while
neither reaction led to the formation of the target di-
azepine-appended porphyrin or any detectable degradation
products. The corresponding 'H NMR spectra confirmed
the formation of fully unsymmetric compounds, identified
as Ni-5 or Ni-6, each characterized by six distinct doublets
in the S-proton region (Figure 1, A/B). Furthermore, the 'H
NMR spectra displayed a set of signals with integral inten-
sity corresponding to the presence of a single phenyl or
tert-butylphenyl substituent, along with a singlet signifi-
cantly shifted downfield, which suggested the formation of
mono-substituted pyrazinoporphyrins during the reaction.

The observed upfield shift of the ortho-protons of the
phenyl group in Ni-5 and Ni-6 may be attributed to a pos-
sible orthogonal arrangement between the meso-aryl sub-
stituent and the phenyl fragment of the pyrazine unit,
which could lead to magnetic shielding of the correspond-
ing protons. The presence of single peaks of reaction prod-
ucts in the HRMS ESI spectra further corroborated the
exclusive formation of Ni-5 and Ni-6 (Figure S46/47 in the
Supplementary Materials). Similar products have previ-
ously been reported in studies involving the condensation
of ortho-diamines with dibenzoylethylenes or heterocyclic
ortho-diamines with diaroylethylenes.[**

CHCl,
A H Hortho Hmeta
= B
A R/J\\/IL ° /\ /\ +
Ni-5 ®
) M AM_ JJMUL
H " Hmeta
Bu Hg /mo\
B R:@f M N
Ni-GJ L M
Ar, Ar HB H Hmeta
N‘): T ortho
(@ N’
Ar’ Ar
Ni-7
9.2 9.1 9.0 8.9 8.8 8.7 8.0 7.9 7.8 7.5 7.4 7.3 7.2
ppm

Figure 2. "H NMR spectrum of Ni-5 — Ni-7 (CDCl5).
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Following these results, an a,a-disubstituted f-diketone
was selected to further investigate the outcome of the reac-
tion. To this end, the condensation of diaminoporphyrin Ni-2
with dimethylacetylacetone was conducted (Scheme 2). In
contrast to the previous reactions, this transformation re-
sulted in a symmetric S, -appended porphyrin derivative,
as confirmed by the '"H NMR spectrum (Figure 2,C). The
spectrum displayed two doublets and a singlet correspond-
ing to S-pyrrolic protons. Additionally, a singlet in the ali-
phatic region showed an integral intensity consistent with
the presence of two methyl substituents. Based on these
observations, the product was identified as the dimethyl
substituted pyrazinoporphyrin Ni-7. The structure of Ni-7
was further corroborated by a distinct molecular ion peak
in the MALDI-TOF mass spectrum (Figure S48).

The structures of the obtained products Ni-5 — Ni-7
are not obvious a priori and comprise both symmetric and
unsymmetric architectures, giving rise to diverse and non-
trivial proton-carbon correlation patterns. Even in the case of
symmetrical tetraarylporphyrins the unambiguous interpreta-
tion of the NMR data requires considerable efforts, ")
while the detailed interpretation of the *C NMR spectra
provides critical insight into the carbon framework. Ac-
cordingly, a stepwise strategy was employed for assign-
ment of °C NMR signals, supported by two-dimensional
heteronuclear experiments (Section 1 in the Supplementary
Materials). The *C NMR spectra of all compounds can be
divided into distinct aromatic and aliphatic carbon regions.
Assignments of protonated carbon atoms were established
using combination of DEPT-135 and HSQC spectra,
whereas quaternary carbons were assigned on the basis of
long-range correlations observed in the HMBC spectra
(Figure 3).

In the aliphatic region, HSQC correlations allowed re-
liable identification of the signals corresponding to the
butoxy chains, along with the methyl substituents in Ni-7
and the tert-butyl fragment in Ni-6 (Figures S19/30/40). In
the aromatic region, all S-carbons (CHp) of the porphyrin
macrocycle were confidently assigned (Figure S18/29/39).
In addition, carbons at the ortho- and meta-positions of the
aryl substituents (CH, and CH,,) were identified based on
their correlations with the corresponding aromatic protons.
The aromatic carbons of the phenyl substituent (CHp,) at
the ortho-, meta-positions were assigned for Ni-5 and Ni-6,
while the carbon at the para-position was additionally
identified for Ni-6. For both Ni-5 and Ni-6, the protonated
carbon of the pyrazine fragment (CHp,) was also directly
observed.

The assignment of these protonated carbons provided
a solid basis for the unequivocal linkage of quaternary car-
bons contiguous to them via long-range heteronuclear cor-
relations (Figures S20-21/31-32/42-43). Despite differen-
ces in the substituents of the appended fragments across the
series, all three compounds Ni-5 — Ni-7 possess a common
tetraarylporphyrin scaffold. Accordingly, their HMBC
spectra display characteristic long-range correlation pat-
terns. Specifically, correlations were observed from
porphyrin f-carbons to the adjacent six C, carbons, as well
as from ortho- and meta-aryl protons to the corresponding
ipso aromatic carbons (C4 and C,-). In addition, the O-
CH, protons of the butoxy fragment exhibit long-range
correlations to the Cy4,- carbons, whose downfield shift are
consistent with the negative inductive effect of the oxygen
atom. Similarly, the meso-carbons of the porphyrin core
(Cues0) Were assigned vie HMBC correlations originated
from the ortho-protons of the aryl substituents.

CH, CH,,
DEPT 135 [ ._ch, |[{]
N oo -

Hp Hn@hu ¢ J 'L ol €a; i
WL i e——— || | G 10
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Figure 3. The assignment of the *C NMR and DEPT-135 spectra (CDCl;) of Ni-5 — Ni-7. Arrows indicate long-range heteronuclear
correlations observed in the HMBC spectra used for the interpretation of *C NMR spectra).

176

Maxpoeemepoyurnvt / Macroheterocycles 2026 19(2) 171-179



o o H
NH, R)l\/u\R N

[ R
N
1T —— D- o-»“;g\(\oﬁ”
R NHR
2

NH, R=Phor kNHZ
Ni-2 Bu-CgH, *

o o

E. S. Shremzer et al.

OH

. ]
N N, R N._R
G T | Y
OH H
NH * "o oH N
H -

H® 'R

NH, )% N [ /N\%\K &N/% Ny - Ny
::II —— oY _b_:lﬁHz o »::ENH OH _’::E }%éOH- __)o\: :::EN(

N
|
H

Scheme 1. Possible ways of formation of mono- or di-substituted pyrazinoporphyrins.

Substituents within the appended heterocyclic frag-
ments, as well as the presence of a pyrazine CH unit in Ni-5
— Ni-6, allows assignment of the adjacent quaternary carbon
centers. For the most symmetric compound in the series Ni-
7, the HMBC spectrum exhibits correlations from the me-
thyl protons to Cp, and Cg, along with weaker correlations
through five bonds to the C, carbons near the pyrazine
fragment. In the unsymmetric derivatives Ni-5-Ni-6, the
presence of Hp, enabled assignment of the pyrazine car-
bons (Cp,) and the neighboring f-carbons. The absence of
HMBC correlations to the C, carbons necessitated their
assignment by exclusion based on the remaining available
resonances. In addition, aromatic protons of the phenyl and
tert-butylphenyl substituents in Ni-5 and Ni-6 exhibit cor-
relations to the corresponding ipso carbons (Cp;,). For the
tert-butyl substituted derivative Ni-6, additional HMBC
correlations from the methyl groups in ‘Bu to the ipso phe-
nyl carbon (Cp,’) further confirm the substitution pattern.

Overall, the combination of DEPT-135, HSQC, and
HMBC experiments enabled consistent correlation of the
carbon signals with the proposed structures for both the
unsymmetric Ni-5 — Ni-6 and symmetric Ni-7 derivatives.
For the mixture of Ni-3 and Ni-4, complete assignment of
all carbon signals in °C NMR was precluded by extensive
signal overlap. Nevertheless, characteristic spectral regions
corresponding to the key structural motifs were identified,
and key HMBC correlations have been identified, enabling
reliable structural characterization of both components
(Figures S3—4, S7 and S9).

We propose the following mechanism for the for-
mation condensed pyrazinoporphyrins Ni-5 — Ni-7 through
the interaction of diaminoporphyrins with f-diketones
(Scheme 3). The reaction is initiated by nucleophilic attack
of an amino group in diaminoporphyrin Ni-2 on the car-
bonyl carbon of a f-diketone, forming a Schiff-base inter-
mediate and followed by either a 1,2-hydride migration
(Scheme 3, pathway a) or a 1,2-methyl migration (Scheme 3,
pathway b). A subsequent 6T electrocyclization affords a
cyclic intermediate, which completes pyrazine-ring for-
mation through an elimination step. Sterically hindered aryl
substituents in the diketone, as well as the use of a,a-di-
substituted derivative, influence the relative rates of these
migrations and thereby the distribution of mono- vs di-
substituted products. It testifies the formation of these
compounds to be more advantageous from the viewpoint of
thermodynamics in comparison with the formation of sev-
en-membered dihydrodiazepine systems.

Table 1 presents the UV-Vis absorption spectra of the
obtained pyrazinoporphyrins Ni-5 — Ni-7, along with par-
ent tetra(4-butoxyphenyl)porphyrinate nickel(II) Ni-TBPP.
The absorption bands of all pyrazinoporphyrins exhibit a
substantial bathochromic shift relative to Ni-TBPP, at-
tributed to effective T-conjugation between the pyrazine
fragment and the porphyrin core. Notably, the mono-
substituted pyrazinoporphyrins Ni-5 and Ni-6 display sub-
stantial bathochromic shifts in both the Soret and Q-bands,
reaching up to 21 nm, which may be due to steric repulsion
between the phenyl substituent in the pyrazine ring and the
aryl groups at the meso-positions. In contrast, Ni-7 exhibits
a smaller shift ca. 12 nm.

Table 1. UV-Vis data of nickel(II) complexes Ni-5 — Ni-6 and Ni-TBPP in chloroform.

Soret band [nm] (log €)

Q band [nm] (log €) Q, band [nm] (log €)

Ni-TBPP 419 (5.39) 531 (4.26) 580 (3.33)
Ni-5 440 (5.31) 549 (4.27) 581 (3.91)
Ni-6 440 (5.20) 547 (4.20) 582 (3.88)
Ni-7 431 (5.37) 541 (4.21) 577 (3.88)

0,0

T T T T T
300 400 500 600 700
A (nm)
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Conclusions

This study investigated the synthetic potential of 2,3-
diaminoporphyrins as a platform for constructing of het-
erocycle-appended porphyrin derivatives via condensation
with various f-diketones. It is shown that the nature of the
diketone plays a crucial role in determining the reaction
path. Condensation with acetylacetone led to the formation
of a mixture of two major products, namely, diazepine-
appended porphyrin and an acylated byproduct, highlight-
ing both the high reactivity of the substrate and oxidative
sensitivity of the diazepine core. In contrast, the use of
sterically hindered and «,a-disubstituted diketones, aimed
at mitigating undesired side reactions, unexpectedly led to
the selective formation of stable symmetric or unsymmetric
six-membered pyrazine-fused porphyrins. UV-Vis spectra
revealed significant bathochromic shifts for pyrazinopor-
phyrins in both the Soret and Q-bands up to 21 nm, attrib-
uted to expanded aromatic system by fusion with the
pyrazine fragment.
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