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Abstract
Recent synthetic advances have given conveniergsacto tetrabenzotriazaporphyrins (TBTAPS)
functionalised withmeso-aryl substituents. In this paper we report thetfiexamples of further
functionalization of themeso-sites through Suzuki-Miyaura and copper-free Sashga cross-coupling
reactions of themeso-(bromophenyl)TBTAPS, demonstrating the breadthes materials design now

possible in the hybrid macrocycles.
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1. Introduction

The tetrabenzotriazaporphyrin (TBTAP) ring systean be regarded as a hybrid between the ubigitous
phthalocyanine (Pc) and (tetrabenzo)porphyrin mamiec aromatic structurésin which a single
nitrogen atom bridge is replaced by carbon (Figrhe hybrid structures are fascinating and potéytia
very useful materials; they combine the stabilighustness and intense long-wavelength electronic
absorption typical of the phthalocyanines but ipooate a bridging atomreso-site) that can be further
functionalised for linking to additional moietiescaffolds or surfaces. Hybrid systems like TBTAPs
were first observed by Linsteddnd Dent as part of seminal studies that formed the basiprblonged
and extensive investigation into synthetic macrbcychromophores. However, whereas research and
development in phthalocyanine chemistry has lechémy thousands of studies, the chemistry of the
hybrids has, until recently, remained relativelyderexplored. By far the greatest hindrance to the
development of the hybrid materials has been tfieulties associated with their synthesis. Inddeel

original method of synthesis developed by Linsteatjolving the macrocyclisation of phthalonitrile



initiated by an organometallic nucleophile (prowiglithe bridging carbon) was employed with little
improvement in the majority of studies. Our grougs hrecently reported a new procedure for the
controlled synthesis of TBTAP hybrils,and a complementary approach to theans
tetrabenzodiazaporphyrins (trans-TBDAPS) has seégdgirdbeen developed by Ceprakov and co-
workers® Alongside the new syntheses we have refined amdowed the Grignard reagent initiated
macrocyclisation approach, delivering the full ranaf hybrids in specific casésand most recently
reporting the series of isomerimeso-(bromophenyl)TBTAPS. The latter series were targeted as
particularly useful intermediates for further fupc@lisation, and this paper describes the first

successful extensions of this chemistry througlsssmupling reactions.

Phthalocyanine (Pc) Tetrabenzoporphyin (TBP) Tetrabenzotriazaporphyrin
(TBTAP)

Figure 1. Structures Phthalocyanine (Pc), tetrabenzopomli¥BP) and tetrabenzotriazaporphyrin (TBTAP).



2. Results and Discussion
The three isomerieneso-(bromophenyl)TBTAPs were prepared as previoushonteg by initially
reacting phthalonitrile with 2-, 3-, or 4-bromobgimagnesium chloride in THF at room temperature.
Exchange of the solvent for quinoline, followed bgating at 220°C gave, after chromatographic
separation, the TBTAP hybri®4 (Scheme 15.
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Scheme 1 Synthesis ofmeso-(bromophenyl)-TBTAPs via the Grignard reagent edut

The first attempts at functionalisation throughss<@oupling involved treatment of bromidag with
phenyl or 4-methoxyphenyl boronic acid under stathd@uzuki-Miyaur@ conditions. In a typical
procedure the TBTAP bromide was treated with exoéd®ronic acid and CsF in refuxing, dry DME
in the presence of Pd(dppf)CReactions were very slow and took several dayoioplete. After this
time, most of the starting materi@-4) had been consumed but the product in each cas¢hegparent
meso-phenylTBTAP 5 resulting from debromination of the starting mitksr (Scheme 2). Closer

examination of the reaction with 4-methoxyphenykdmic acid also showed deboronation of the



boronic acid reagent was occurring. Both side reastare well-known in Suzuki-Miyaura cross-

coupling chemistry and often dominate when therddsiross-coupling reaction is sldt#!

Pd(dppf)Cl,
CsF
DME

Scheme 2 Attempted Suzuki-Miyaura coupling betweemeso-(bromophenyl)-TBTAPs and phenyl boronic
acids.

An effective strategy to overcome protonolysis gielactions is to take all possible steps to remove
proton sources. In this case, this involved repta® of the boronic acid starting material with its
corresponding boronate ester. We have had partisutaess in other projects using ethane diol érath
than the more widely employed pinacol) as protectastet?!? Boronate este6 was indeed
successfully employed in cross-coupling reactionth voromoTBTAPSs 2-4. Reactions were most
conveniently performed using microwave heating, andh typical procedur@-4 were mixed in a
microwave vial with excess of boronate esterDBU and catalytic Pd(dppf)€lin dry DMF and
degassed with argon. The reaction mixtures weeglisted in a microwave reactor at 1ZDfor 1 h.
Workup and column chromatography gave the isonwdss-coupled produci%9, albeit in low yields
(Scheme 3). As expected, the absorption spectrtheofTBTAPSs are insensitive to these synthetic
modifications, underlining the (ground-state) alesic isolation of themeso-aryl substituent due to the
perpendicular orientation with respect to the megete. The arrangement places the new benzene ring
of 2-substituted derivativé above the aromatic macrocycle core so thatriéte andpara protons of

the new ring experience a shielding effect and appsound 6.4 ppm.
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Scheme 3 Suzuki-Miyaura coupling betweeneso-(bromophenyl)-TBTAPs and boronate eger

The second cross-coupling functionalisation stratmployed Sonagashira cross-couplifigelecting
phenylacetylendl0 as reactant. In a typical Sonagashira cross-aogi@ryl halides are treated with
terminal acetylenes, catalysed by palladium andl@ynpy copper as co-catalyst. This method has the
potential to lead to unwanted incorporation of aapmto the macrocyclic ligand (displacing the
versatile magnesium) so alternative, copper-freaditions* were employed. Cross-coupling to
acetylenes, again under microwave heating, proeetiet much more straightforward than Suzuki-
Miyaura coupling. Treatment of bromo-TBTAP®-4 with phenyl acetylene (excess),
PdCk(MeCN)/BINAP and DBU in DMF led to cross-coupled TBTAPridatives11-13in good yields
(Scheme 4). Once again the 2-substituted derivatlvehows shielding of the protons lying above the
macrocyclic core (6.2-6.7 ppm). Crystals of TBTAR suitable for X-ray crystallography could be
grown by slow evaporation from acetone/ethanol thedstructure, shown in Figure 2, clearly illustsat
the location of the new phenyl unit with respectite TBTAP core?
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PdCl,(MeCN),
BINAP, DBU, DMF
120 °C (microwave)

13 (40%)
Scheme 4Copper-free Sonagashira cross coupling betwsso-(bromophenyl)-TBTAPs and phenyl acetylene.

Figure 2. X-ray crystal structure of derivativl (ball-and-stick representations).



3. Conclusions

Porphyrin-phthalocyanine hybrids are intriguing gradentially important organic molecular materials
yet challenges associated with their synthesis hareeented development of the area. New and
improved synthetic strategies and methods now alioere ambitious, designer molecules to be
realised. We have demonstrated here, for thetfirs#, the functionalisation of TBTAP hybrids using
cross-coupling chemistry on paremieso-bromophenylTBTAPs. Suzuki-Miyaura cross-coupling is
challenging, but can be achieved under anhydrouslitons. In contrast, copper-free Sonagashira
coupling is straightforward and high yielding. Batiategies demonstrate the potential for engingeri
multifunctional systems with predictable and fixetative positioning of the individual components —

control that it hard to imagine within phthalocyaes themselves.

4. Experimental

General Methods Reagents and solvents were purchased from cormahsources and used without
further purificationH (and'3C-NMR) spectra were recorded at 500 (125.7) onuk@&rAscend" 500
spectrometer. The residual solvent peaks were asedferences. Column chromatography was carried
out on silica gel Davisil® LC60A 40-63 micron (GeaGmbH & Co). MALDI-TOF mass spectra were
obtained using a Shimadzu Biotech Axima instrumemi isotopic patterns were compared with
theoretical prediction to confirm sample identiddditional high resolution mass spectrometry was
performed by the ESPRC UK National Mass Spectronfeérrvice Centre at Swansea. UV-Vis spectra
were recorded in a Hitachi U-3000 spectrophotomefiiting points were measured using a Reichert
Thermovar microscope with a thermopar based terhperaontrol. X-Ray crystallography data was
collected by the UK National Crystallography Seevat University of Southampton.

General synthetic procedure for the synthesis of meso-biphenyl
tetrabenzotriazaporphyrins via palladium-catalysed Suzuki cross-coupling reaction

A mixture of bromophenyl TBTAR2, 3 or 4 (1.0 equiv), PdC(dppf) (0.1 equiv) was sealed in a
microwave vessel with a magnetic bar and then etaduand backfilled with argon three times. A
solution of 2-phenyl-[1,3,2]-dioxaborolarge(10.0 equiv) and DBU (2.5 equiv) in dry DMF (1.
was added and stirred under argon for 5 min. Theum@ was then irradiated in a microwave reactor at
120 °C for 1 h. After cooling to room temperatub€;M was added and the mixture sonicated for 5



min. After the removal of the solvent under redupeessure, the resulting material was purified by

column chromatography over silica gel to give thsickd product.

[20-{2-(1,1-Biphenyl)}-tetrabenzolb,g,q,1][5,10,15]triaza porphyrinato] magnesium 7

Prepared following the procedure described aboweixture of 2-bromophenyl MgTBTAR (30.0 mg,
0.043 mmol, 1.00 equiv) and Pd@@ppf) (4.0 mg, 4.90 umol, 0.1 equiv) was seale@ imicrowave
vessel. A solution of 2-phenyl-[1,3,2]-dioxaborata (64.0 mg, 0.43 mmol, 10.0 equiv) and DBU
(16.5 mg, 0.11 mmol, 2.5 equiv) in dry DMF (1.0 mivpas added, stirred and then irradiated in a
microwave reactor at 120 °C for 1 Rurification by chromatography on silica gel usibGM —
DCM/EtN (20:1) - DCM/E&N/THF (10:1:2) - DCM/THF (1:1) gave the waxy green product. A
portion was subjected to a size-exclusion chromafdyg over Bio-beads SX-3 using THF eluent to
obtain a pure sample. Recrystallisation from ac®i©OH (1:1) yielded théitle compound as green
crystals with a purple reflex (3 mg, 10%); mp > 3@ UV-Vis (THF) Ama/nm ) 672 (1.48x16€), 649
(8.59%x10), 593 (1.72x18), 446 (1.37x18), 397 (4.47x18). *H NMR (500 MHz, THF-d, 298 K): &
(ppm) = 9.58 (dJ = 7.5 Hz, 2H), 9.51 — 9.45 (m, 4H), 8.19 — 8.13 4H), 8.12 (dJ = 9.1 Hz, 1H),
8.01 (d,J =7.3 Hz, 1H), 7.97 — 7.91 (m, 3H), 7.89Jt 7.5 Hz, 1H), 7.68 (1] = 8.0 Hz, 2H), 7.35 (d]

= 8.0 Hz, 2H), 7.12 (dd] = 6.7, 3.1 Hz, 2H), 6.42 — 6.37 (m, 3,C NMR (125.7 MHz, THF-¢ 298

K): 6 (ppm) = 156.59, 153.49, 152.38, 145.16, 143.3Q@, 73 142.15, 141.19, 141.17, 140.94, 140.23,
134.10, 132.25, 130.43, 130.06, 129.75, 129.61,189128.41, 127.87, 127.43, 127.09, 125.83,
125.46, 123.86, 123.74, 123.58. MS (MALDI-TQOR)z 688 [M]" (100%). HRMS (ESI) (aH26N7MQ)
[M+H]* :calcd: 688.2095; found 688.2092.

[20-{3-(1,1-Biphenyl)}-tetrabenzolb,g,q,1][5,10,15]triaza porphyrinato] magnesium 8

Prepared following the procedure described abovwajxaure of 3-bromophenyl TBTAR (38.0 mg,
0.055 mmol, 1.00 equiv) and Pd@@ppf) (5.0 mg, 6.13 pmol, 0.1 equiv) was seale@ imicrowave
vessel. A solution of 2-phenyl-[1,3,2]-dioxaborataé (81.4 mg, 0.55 mmol, 10.0 equiv) and DBU
(21.0 mg, 0.14 mmol, 2.5 equiv) in dry DMF (1.0 miyps added, stirred and then irradiated in a
microwave reactor at 120 °C for 1 Rurification by chromatography on silica gel usit@M —
DCM/EtN (20:1) - DCM/EtN/THF (10:1:2) - DCM/THF (1:1) gave a waxy green product. A
portion was subjected to a size-exclusion chromafdy over Bio-beads SX-3 using THF eluent to

obtain a pure material. Recrystallisation from anefEtOH (1:1) obtained théle compound as green



crystals with a purple reflex (4 mg, 11%); mp > 3@ UV-Vis (THF) Ama{nm ) 670 (4.13x18), 647
(2.48x10), 593 (8.26x18), 444 (4.13x18), 396 (1.24x18). 'H NMR (500 MHz, THF-¢, 298 K):§
(ppm) = 9.60 (dJ = 7.5 Hz, 2H), 9.53 — 9.50 (m, 4H), 8.50 (s, 18{86 (d,J = 7.9 Hz, 1H), 8.22 —
8.16 (m, 4H), 8.13 (d] = 7.6 Hz, 1H), 8.05 (t) = 7.5 Hz, 1H), 7.90 (ddl = 14.7, 7.6 Hz, 4H), 7.58 (i,

= 7.5 Hz, 2H), 7.43 (t) = 7.8 Hz, 2H), 7.33 (t) = 7.4 Hz, 1H), 7.27 (d] = 8.1 Hz, 2H)13C NMR
(125.7 MHz, THF-@, 298 K): § (ppm) = 156.59, 153.49, 152.38, 145.16, 143.3@.75 142.15,
141.19, 141.17, 140.94, 140.23, 134.10, 132.25,4830130.06, 129.75, 129.61, 129.18, 128.41,
127.87, 127.43, 127.09, 125.83, 125.46, 123.86,7423123.58. MS (MALDI-TOF)m/z 687 [M]
(100%).

[20-{4-(1,1-Biphenyl)}-tetrabenzolb,g,q,1][5,10,15]triaza porphyrinato] magnesium 9

Prepared following the procedure described abovajxéure of 4-bromophenyl TBTAR (21.8 mg,
0.032 mmol, 1.00 equiv) and Pd(ppf) (3.0 mg, 3.68 umol, 0.1 equiv) was seale@ imicrowave
vessel. A solution of 2-phenyl-[1,3,2]-dioxaborada (46.0 mg, 0.31 mmol, 10.0 equiv) and DBU
(12.01 mg, 0.079 mmol, 2.5 equiv) in dry DMF (1.@)nwas added, stirred and then irradiated in a
microwave reactor at 120 °C for 1 Rurification by chromatography on silica gel usit@M —
DCM/EtN (20:1) - DCM/EtN/THF (10:1:2) - DCM/THF (1:1) gave a waxy green product. A
portion was subjected to a size-exclusion chromafdy over Bio-beads SX-3 using THF eluent to
obtain a pure material. Recrystallisation from anefEtOH (1:1) gave thgtle compound as green
crystals with a purple reflex (2 mg, 9 %); mp > 3@ UV-Vis (THF) kmadnm () 670 (2.27x16), 647
(1.24x10), 592 (4.12x18), 446 (2.06x18), 396 (6.19x18). 1H NMR (500 MHz, THF-d, 298 K): &
(ppm) = 9.60 (dJ = 8.3 Hz, 2H), 9.53 — 9.50 (m, 4H), 8.32 {d= 6.7 Hz, 2H), 8.25 (d] = 7.9 Hz,
2H), 8.21 - 8.13 (m, 6H), 7.91 &= 7.3 Hz, 2H), 7.66 (tJ = 7.8 Hz, 2H), 7.59 (1) = 7.4 Hz, 2H), 7.52

(t, J = 6.9 Hz, 1H), 7.29 (d] = 8.1 Hz, 2H)13C NMR (125.7 MHz, THF-gl 298 K):& (ppm) = 156.59,
153.49, 152.38, 145.16, 143.30, 142.75, 142.15,1941141.17, 140.94, 140.23, 134.10, 132.25,
130.43, 130.06, 129.75, 129.61, 129.18, 128.41,.8¥27127.43, 127.09, 125.83, 125.46, 123.86,
123.74, 123.58. MS (MALDI-TOR)Vz 687 [M]* (100%).

General synthetic  procedure for the synthesis of meso-phenylethynyl-phenyl
tetrabenzotriazaporphyrins via palladium-catalysed copper-free Sonogashira crossupling

reactions.

10



A mixture of bromophenyl TBTAP (1.0 eq), BINAP (6.@quiv) and PdGMeCN). (0.07 equiv) was
sealed in a microwave vessel with a magnetic bdrthen evacuated and backfilled with argon three
times. A solution of phenylacetylene (1.6 equivil &@BU (2.5 equiv) in dry DMF (1.0 mL) was added
and stirred under argon for 5 min. The mixture wes irradiated in a microwave reactor at 120 °C fo
1 h. After cooling to room temperature, 10 mL of ld@vas added and the mixture sonicated. After the
removal of the solvent under reduced pressure, résellting material was purified by column

chromatography over silica gel to give the despextiuct.

[20-{2-(Phenylethynyl-phenyl)}-tetrabenzop,g,q,l][5,10,15]triaza porphyrinato] magnesium 11
Prepared following the procedure described abovajxaure of 2-bromophenyl TBTAR (40.0 mg,
0.058 mmol, 1.00 equiv), BINAP (2.16 mg, 3.47 un@06 equiv) and PdefMeCN). (1.05 mg, 4.05
pmol, 0.07 equiv) was sealed in a microwave vegsealolution of phenylacetylene (9.46 mg, 0.093
mmol, 1.6 equiv) and DBU (22.0 mg, 0.145 mmol, @dhiiv) in dry DMF (1.0 mL) was added, stirred
and then irradiated in a microwave reactor at 12Gdr 1 h.Purification by chromatography on silica
gel using DCM— DCM/E®N (20:1) - DCM/EtN/THF (10:1:2) - DCM/THF (1:1) gave the waxy
green material which recrystallised from aceton@HEt(1:1) to yield thetitle compound as green
crystals with a purple reflex (30 mg, 73%); mp >3C; UV-Vis (THF) Ama/nm ) 670 (2.28x16),
648 (1.35x16), 592 (2.61x18), 444 (1.66x18), 395 (7.13x18). IH NMR (500 MHz, THF-g, 298 K):

§ (ppm) = 9.61 (dJ = 7.5 Hz, 2H), 9.52 — 9.50 (m, 4H), 8.24 Jd; 8.0 Hz, 1H), 8.20 — 8.14 (m, 4H),
8.10 (t,J=7.9 Hz, 1H), 8.03 (dl1= 7.2 Hz, 1H), 7.96 — 7.88 (m, 3H), 7.63J& 7.5 Hz, 2H), 7.25 (d]

= 8.0 Hz, 2H), 6.67 (d) = 7.1 Hz, 1H), 6.57 (t) = 7.1 Hz, 2H), 6.25 (d] = 6.6 Hz, 2H)13C NMR
(125.7 MHz, THF-g, 298 K): & (ppm) = 145.86, 145.74, 143.23, 143.20, 143.0%.75! 141.33,
141.20, 141.08, 141.01, 140.96, 140.27, 139.45,4534134.43, 134.13, 133.52, 131.73, 130.41,
130.21, 130.04, 129.76, 128.61, 128.52, 128.45,4827125.22, 125.14, 124.01, 123.87, 123.83,
123.68, 123.66, 123.66. MS (MALDI-TORYz 711 [M]* (100%). HRMS (ESI) (GH26N-Mg) [M+H]*
:calcd: 712.2095; found 712.2094.

[20-{3-(Phenylethynyl-phenyl)}-tetrabenzop,g,q,l][5,10,15]triaza porphyrinato] magnesium 12
Prepared following the procedure described abovajxaure of 3-bromophenyl TBTAR (80.0 mg,
0.12 mmol, 1.00 equiv), BINAP (4.33 mg, 6.95 pn@D6 equiv) and PdeiMeCN) (2.10 mg, 8.10

11



pmol, 0.07 equiv) was sealed in a microwave vegsaolution of phenylacetylene (18.92 mg, 0.185
mmol, 1.6 equiv) and DBU (44.10 mg, 0.289 mmol, €jbiiv) in dry DMF (1.0 mL) was added, stirred
and then irradiated in a microwave reactor at 123dt 1 h.Purification by chromatography on silica
gel using DCM— DCM/E&N (20:1) - DCM/EtzN/THF (10:1:2) - DCM/THF (1:1) gave a waxy
green material which recrystallised from aceton@HEt(1:1) to afford thetitle compound as green
crystals with a purple reflex (42 mg, 49%); mp 603 C; UV-Vis (THF)Amainm () 670 (1.62x16),
647 (8.84x18), 593 (1.83x18), 443 (9.15x19), 393 (4.88x18). 'H NMR (500 MHz, THF-d, 298 K):

d (ppm) = 9.61 (dJ = 7.5 Hz, 2H), 9.52 — 9.50 (m, 4H), 8.37 (s, 18124 (d,J = 8.0 Hz, 1H), 8.22 -
8.15 (m, 5H), 8.01 () = 7.7 Hz, 1H), 7.93 (1) = 7.1 Hz, 2H), 7.63 (t) = 7.0 Hz, 2H), 7.54 (dd] =
7.2, 2.3 Hz, 2H), 7.36 — 7.29 (m, 3H), 7.21Jd; 8.0 Hz, 2H)*C NMR (125.7 MHz, THF-¢ 298 K):

d (ppm) = 148.51, 147.76, 147.29, 146.20, 144.8%. .42 143.19, 141.77, 141.58, 141.30, 141.19,
140.97, 140.96, 140.94, 140.44, 140.23, 139.67,9B37137.95, 137.22, 133.30, 133.06, 132.55,
130.22, 130.15, 130.07, 129.85, 129.48, 129.43,4129128.36, 128.26, 127.93, 127.43, 126.90,
125.70, 125.53, 125.42, 124.24, 123.91, 123.76,6123123.65. MS (MALDI-TOF)m/z 711 [M]*
(100%). HRMS (ESI) (@&H26N7Mg) [M+H]* :calcd: 712.2095; found 712.2092.

[20-{4-(Phenylethynyl-phenyl)}-tetrabenzop,g,q,!][5,10,15]triaza porphyrinato] magnesium 13
Prepared following the procedure described aboweixture of 4-bromophenyl TBTAR90 (45.50 mg,
0.066 mmol, 1.00 equiv), BINAP (2.46 mg, 3.95 unt06 equiv) and PdefMeCN) (1.19 mg, 4.61
pmol, 0.07 equiv) was sealed in a microwave vegsaolution of phenylacetylene (10.75 mg, 0.105
mmol, 1.6 equiv) and DBU (25.04 mg, 0.165 mmol, €jbiiv) in dry DMF (1.0 mL) was added, stirred
and then irradiated in a microwave reactor at 120dt 1 h.Purification by chromatography on silica
gel using DCM— DCM/E&N (20:1) - DCM/EtzN/THF (10:1:2) - DCM/THF (1:1) gave a waxy
green material which recrystallised from aceton@HEt(1:1) to afford thetitle compound as green
crystals with a purple reflex (18.9 mg, 40%); m@Go °C; UV-Vis (THF)Amanm ) 669 (3.42x18),
646 (1.71x18), 592 (2.14x19, 444 (1.06x19, 394 (8.33x19. 'H NMR (500 MHz, THF-¢, 298 K):

d (ppm) = 9.61 (dJ = 7.5 Hz, 2H), 9.52 — 9.50 (m, 4H), 8.23 — 8.17 @H), 8.15 (d,J = 8.2 Hz, 2H),
7.93 (t,J = 7.2 Hz, 2H), 7.75 (dd] = 8.0, 1.4 Hz, 2H), 7.65 (§ = 7.5 Hz, 2H), 7.52 — 7.44 (m, 3H),
7.24 (d,J = 8.1 Hz, 2H)13C NMR (125.7 MHz, THF-¢l 298 K):5 (ppm) = 148.51, 147.76, 147.29,
146.20, 144.85, 144.42, 143.19, 141.77, 141.58,3D41141.19, 140.97, 140.96, 140.94, 140.44,

12



140.23, 139.67, 137.98, 137.95, 137.22, 133.30,0833132.55, 130.22, 130.15, 130.07, 129.85,
129.48, 129.43, 129.40, 128.36, 128.26, 127.93,4R27126.90, 125.70, 125.53, 125.42, 124.24,
123.91, 123.76, 123.67, 123.65. MS (MALDI-TOR)z 711 [M]* (100%). MS (MALDI-TOF)m/z 711
[M]* (100%). HRMS (ESI) (GH26N:Mg) [M+H]* :calcd: 712.2095; found 712.2092.
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