Inorg. Chem. 2003, 42, 8181-8191

Inorganic:Chemistry

* Article

Octalkoxy-Substituted Phosphorus(V) Triazatetrabenzcorroles via Ring
Contraction of Phthalocyanine Precursors

Joseph P. Fox and David P. Goldberg*

Department of Chemistry, The Johns Hopkinsdénsity, 3400 North Charles Street,
Baltimore, Maryland 21218

Received July 8, 2003

As part of efforts toward developing the synthesis of novel corrole analogues, the new triazatetrabenzcorrole
(TBC) phosphorus(V) compounds (BuO)g(TBC)P(OCHz), (3), [(BuO)s(TBC)P(OH)]"OH~ (4) ((BuO)sTBC =
3,6,10,13,17,20,24,27-octabutoxytriazatetrabenzcorrolate), and [(BuO)sClg(TBC)P(OH)]*OH~ (7) ((BuO)sClsTBC =
3,6,10,13,17,20,24,27-octabutoxy-4,5,11,12,18,19,25,26-octachlorotriazatetrabenzcorrolate) were prepared. These
TBCs were synthesized via a ring-contraction reaction mediated by PBr; in pyridine in which a meso-nitrogen atom
is extruded from an appropriate phthalocyanine precursor. Two of the compounds prepared, 3 and 4, are contracted
analogues of the parent phthalocyanine (BuOg)PcH; (1) 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine,
which has been shown for the first time to be susceptible to ring-contraction despite the potential steric crowding
imposed by the butoxy substituents. Likewise, the octachloro-substituted (BuOg)ClgPcH, (6), 1,4,8,11,15,18,22,25-
octabutoxy-2,3,9,10,16,17,23,24-octachlorophthalocyanine, has also been shown to smoothly afford 7 via the same
ring-contraction method. In addition, a rare example of a bona fide phosphorus(V) phthalocyanine,
[(BuO)s(Pc)P(OCHs),]*OH™ (2), has been prepared for spectroscopic comparisons with the TBC compounds. These
molecules are all extremely soluble in common organic solvents because of the octabutoxy substituents and have
been characterized in detail by 'H NMR, 3P NMR, UV-vis, MALDI-MS, elemental analysis, and electrochemical
studies. A clear trend in the phosphorus chemical shifts for 5 versus 6 coordination has been delineated: 3P NMR
for 2, —179.8; 3, —186.1; 4, —105.1; and 7, —105.1. These data are compared to the 3P chemical shifts for related
porphyrinoid(P(V)) molecules. The MALDI-MS data reveal the tendency of the TBC macrocycles to ionize as the
radical cations (M*) and has been useful in determining the axial ligands at phosphorus. A consequence of ring-
contraction is reflected in the dramatic red-shifts (~200 nm) observed for the Soret bands of the TBC compounds
relative to the parent phthalocyanines. The magnitude of the red-shift is much greater than that reported for other
TBCs. In addition, insertion of phosphorus causes a large red-shift in the Q-band of 2 found at 889 nm compared
to 760 nm for 1. Cyclic voltammetry of the compounds in this study reveals multiple oxidation and reduction waves
for each compound, and some interesting trends in redox potentials have been observed. The CV data for the
octachloro-substituted compounds 6 and 7 show that the Cl substituents have an expected strong electron-withdrawing
effect on the macrocycles. In general, the TBC compounds are significantly easier to oxidize and harder to reduce
than the Pc counterparts, supporting the notion that corrole-type macrocycles favor higher oxidation states.

Introduction as of late?~® Corroles are contracted porphyrins in that they
are missing onemesecarbon atom but still retain the
aromatic, tetrapyrrolic structure of the basic porphyrin ring.
As early as 1965, Johnson and Kay discussed corroles in
rEhe literature as part of their investigations into the chemistry

The synthesis of isomeric, expanded and contracted
analogues of porphyrins has emerged as an active and divers
area of research in the last several yéa@f the many
interesting compounds generated in this area, the contracte

analogues known as corroles have received much attention (2) Gryko, D. T.Eur. J. Org. Chem2002 1735-1743.
(3) Erben, C.; Will, S.; Kadish, K. M. InThe Porphyrin Handbogk
Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: New
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of cobalamirf However, the initial synthetic routes used to
form corroles were quite laborious and low-yielding, and thus
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Herein we report the synthesis of a new series of
phosphorus(V) TBC compounds prepared via the ring-

research on these macrocycles lagged behind the investigaeontraction of octabutoxy-phthalocyanine (ByPgH, and

tion of other compounds such as porphyrins and phthalo-

octachloro-octabutoxy-phthalocyanine (ByOlsPcH; pre-

cyanines for many years. Recent advances in the synthesesursors. In the earlier work on TBCs, the Pc precursors that

of corroles, and in particular thenesearyl-substituted
corroles, has begun to rectify this situatib! However,
corrole analogues, apart from the tnssearyl) derivatives,
remain relatively difficult to prepare.

We have recently discovered a facile method for the
synthesis of a triazacorrole, an analogue of corrole in which
the threemesecarbon atoms have been replaced by nitrogen
atoms!?~1*We have demonstrated that the triazacorrole (or
“corrolazine”) ring has the ability to stabilize high oxidation
states at the central metal ion, which is one of the more
fascinating properties of corrole ligan#s'®> At the same
time, we have been interested in the development of the

were employed had certain drawbacks in regards to their
solubility properties or their method of synthesis. The Pc
starting materials utilized in this study are quite easy to
synthesize, exhibit excellent solubility in common organic
solvents, and, as expected, confer the same desirable solubil-
ity properties on the resultant TBC products. The new TBC
compounds described here have been fully characterized by
UV—vis, *H NMR, 3P NMR, and MALDI-MS, and elec-
trochemistry. We have shown that subtle modifications in
the conditions of the synthesis and purification of the TBC-
(PY) compounds determines the phosphorus coordination
number and identity of the axial ligands. The optical and

related phthalocyanine-corrole analogue, known as triaza-electrochemical properties of the TBC compounds are

tetrabenzcorrole (TBC). Fujiki et al. were the first to report
the confirmed synthesis of a TBC ring in 1986, prepared
via the ring-contraction of the germanium phthalocyanine
(PcGeC}) by reaction with NaBH, resulting in the corre-
sponding metalloid TBC (TBCGeOHj.Later, Liu et al*’

and Hanack et df showed that ring contraction of certain
phthalocyanine precursors could be affected by reaction with
PBr; and SjCls.1819 Interestingly, Gouterman reported the
synthesis of phosphorus(lll) and phosphorus(V) phthalocya-
nines by a similar reaction pathway as early as 1981, with
the observation that the P¢Bpecies exhibited an unexpect-
edly red-shifted Soret band at 422 @it has since been
shown that this product was in fact a phosphorus(V) TBC
compound® Other than these few earlier studies, the
synthesis and properties of TBCs have remained largely
unexplored, which is surprising given the importance of
phthalocyanines and their analogues in the electronics,
environmental and healthcare fieRis?6

(6) Johnson, A. W.; Kay, |. TJ. Chem. Socl965 1620-1629.
(7) Gross, Z.; Galili, N.; Saltsman, Angew. Chem., Int. EA.999 38,
1427-1429.
(8) Gross, Z.; Galili, N.; Simkhovich, L.; Saltsman, |.; Botoshansky, M.;
Blaser, D.; Boese, R.; Goldberg, Qrg. Lett.1999 1, 599-602.
(9) Paolesse, R.; Jaquinod, L.; Nurco, D. J.; Mini, S.; Sagone, F.; Boschi,
T.; Smith, K. M. Chem. Commuri1999 1307-1308.
(10) Decfau, R. A.; Collman, J. PTetrahedron Lett2003 44, 3323~
3327.
(11) Gryko, D. T.; Jadach, KI. Org. Chem2001, 66, 42674275.
(12) Mandimutsira, B. S.; Ramdhanie, B.; Todd, R. C.; Wang, H. L.; Zareba,
A. A.; Czernuszewicz, R. S.; Goldberg, D.P Am. Chem. So2002
124, 15176-15171.
(13) Ramdhanie, B.; Zakharov, L. N.; Rheingold, A. L.; Goldberg, D. P.
Inorg. Chem.2002 41, 4105-4107.
(14) Ramdhanie, B.; Stern, C. L.; Goldberg, DJPAM. Chem. So2001,
123 9447-9448.
(15) Ramdhanie, B.; Telser, J.; Caneschi, A.; Zakharov, L. N.; Rheingold,
A. L.; Goldberg, D. P. Submitted for publication.
(16) Fujiki, M.; Tabei, H.; Isa, KJ. Am. Chem. S0d.986 108 1532
1536.
(17) Liu, J. B.; Zhang, F.; Zhao, F.; Tang, Y.; Song, X.; Yao, &.
Photochem. Photobiol., A995 91, 99—104.
(18) Li, J.; Subramanian, L. R.; Hanack, Mtur. J. Org. Chem1998
2759-2767.
(19) Li, J.; Subramanian, L. R.; Hanack, @hem. Commurl997 679—
680.
(20) Gouterman, M.; Sayer, P.; Shankland, E.; Smith, Jnérg. Chem.
1981, 20, 87—92.
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assessed and compared with each other and with the relevant
Pc precursors. In addition, a phosphorus(V) phthalocyanine,
[(BuO)sPcP(OCH),] ", was synthesized in order to have a
direct Pc analogue for comparison of spectroscopic features.
Although other metalloid Pc compounds are kndn,
examples of bona fide phosphorus phthalocyanines are
extremely raré®28Thus, the synthesis, characterization, and
physical properties (e.g., UWis, electrochemistry) of
[(BuO)sPcP(OCH),]™ are of interest in their own right as
well as for comparative purposes with the TBCs. Of
particular note, a remarkably red-shifted Q-bang.{ 889

nm) has been found for this compound.

Experimental Section

Materials and General Methods.The synthesis of compounds
1 and6 has been reported previougitowever, in this work these
compounds were described as part of the synthesis of a large series
of phthalocyanine derivatives, and detailed experimental procedures,
including full spectroscopic characterization baind6, were not
given. Thus, we describe here a detailed synthesis and complete
characterization oflL and 6. Solvent distillations and synthetic
procedures were carried out under an argon atmosphere unless
otherwise noted. Pyridine was purchased from Aldrich and distilled
from calcium hydride. Phosphorus tribromide and phosphorus
oxychloride were purchased from Acros Organics and stored under
an argon atmosphere. Deuterated chloroform was purchased from
Aldrich and stored over molecular sieves. Methanol was purchased
from Aldrich and distilled from molecular sieves. Silica gel, 200

(21) Armstrong, N. RJ. Porphyrins Phthalocyanine€200Q 4, 414-417.

(22) Gregory, PJ. Porphyrins Phthalocyanine200Q 4, 432—437.

(23) Gregory, PJ. Porphyrins Phthalocyaninek999 3, 468-476.

(24) Tedesco, A. C.; Rotta, J. C. G.; Lunardi, C. Gurr. Org. Chem.
2003 7, 187-196.

(25) Leznoff, C. C. InPhthalocyanines: Properties and Applications
Leznoff, C. C., Lever, A. B. P., Eds.; VCH: Weinheim, 1989; Vol.
1, pp 1-420.

(26) Ben-Hur, E.; Chan, W. S. IRorphyrin HandbookKadish, K. M.,
Smith, K. M., Guilard, R., Eds.; Academic Press: New York, 2003;
Vol. 19, pp +35.

(27) Sayer, P.; Gouterman, M.; Connell, C.A&tc. Chem. Re4.982 15,
73-79.

(28) Kasuga, K.; Lin, L.; Handa, M.; Sugimori, T.; Isa, K.; Matsuura, K.;
Takinami, Y.Inorg. Chem.1999 38, 4174-4176.

(29) Cook, M. J.; Dunn, A. J.; Howe, S. D.; Thomson, A. J.; Harrison, K.
J.J. Chem. Soc., Perkin Trans.1B88 2453-2458.



Octalkoxy-Substituted P(V) Triazatetrabenzcorroles

300 mesh, from Natland International, was used for column

—1.72 (d, 6H,3Jpy = 24.0 Hz).3'P NMR (400 MHz, CDCY): &

chromatography. All other chemicals and solvents were purchased—186.1. Anal. Calcd for gHgeN-O10P1: C, 67.84; H, 7.41; N,

from commercial sources and used without further purification.
1,4,8,11,15,18,22,25-Octabutoxyphthalocyanine, (Bu@xH,

(2). A 250 mL flask containing 3,6-dibutoxy-1,2-benzene dicar-
bonitrile (3.036 g, 11.15 mmol) an@butanol (15 mL) was heated

to 60°C. Upon complete dissolution of the dinitrile, chopped lithium
metal (2.25 g, 445 mmol) was slowly added to the vigorously stirred
solution. Upon complete addition of the lithium, the mixture was
heated to 118C and allowed to stir under argon for 1 h. After 1
h, the solution was cooled to room temperature, diluted with acetic
acid (150 mL), and filtered. The filtrate was stirred for 0.5 h and

8.39. Found: C, 67.89; H, 7.48; N, 8.45. bVis (CH,Cl;) A nm
(e x 1073): 331 (29), 495 (52), 520 (64), 653 (23), 682 (37), 720
(73). MALDI mvz 1167.7 [M™].

Hydroxyphosphorus(V) 3,6,10,13,17,20,24,27-Octabutoxytri-
azatetrabenzcorrole Hydroxide, [(BuO}(TBC)P(OH)] TOH~ (4).
This compound was prepared as described3f@xcept for the
following modifications. After reaction with PBrapproximately
3/, of the solvent was removed under reduced pressure and the solid
treated with a 50/50 solution of GBIl,/EtOH. The solution was
filtered and reduced to dryness to give a dark green residue, which

the solvent subsequently removed under reduced pressure. Thavas dissolved in CkCl, and purified on a silica gel column using

resulting solid was dissolved in GHI,, placed in a separatory
funnel, and washed with several portions of equal volume of a
saturated aqueous NaHg8blution. Washing with bicarbonate was

stopped once gas bubbles were no longer observed after mixing.

The organic layer was collected, dried with J8&y, and filtered.
The filtrate was reduced to dryness and recrystallized from-CH
Cl,/MeOH to givel as a dark green crystalline solid (1.88 g, 62%).
IH NMR (CDCl): 6 7.59 (s, 8H), 4.85 (t, 16H] = 7.6 Hz), 2.23
(sxt, 16H,J = 7.2 Hz), 1.64 (quin, 16H] = 7.2 Hz), 1.08 (t, 24H,

J = 7.2 Hz). UV-vis (toluene)l nm (¢ x 107%): 330 (54.9), 407
(24), 739 (113), 760(132). Anal. Calcd fogfElgNgOs: C, 70.42;

H, 7.58; N, 10.27. Found: C, 70.46; H, 7.54; N, 10.22. MALDI
(m/z) 1090.7 [M™].

Dimethoxyphosphorus(V) 1,4,8,11,15,18,22,25-Octabutoxyph-
thalocyanine Hydroxide, [(BuO)s(Pc)P(OCH;),]TOH~ (2).
(BuO)PcH, (0.4 g, 0.37 mmol) was placed in a 50 mL flask
equipped with a condenser and gas inlet adapter. Amounts of
pyridine (10 mL) and POGIK4.0 g, 2.4 mL, 26.1 mmol) were added
sequentially to the flask, and the solution stirred at 1€8or 3 h.

The volatiles were then removed by vacuum distillation, and the
resulting solid was quenched with a solution of H/MeOH (50/

50 v/v). This mixture was allowed to stir for 0.5 h, reduced to
dryness, then redissolved in @El,, and washed twice with
deionized water. The lower (organic) layer was collected and
reduced to dryness to yield a purple/brown product. The resulting
solid was taken up in a minimal amount of g, and then
precipitated by the addition efFhexane to yiel® as a light purple
solid (0.29 g, 67%)H NMR (CDCly): 6 7.78 (s, 8H), 4.74 (t,
16H,J = 7.6 Hz), 2.19 (sxt, 16H) = 7.6 Hz), 1.63 (quin, 16H)

= 7.6 Hz), 1.08 (t, 24HJ = 7.6 Hz),—0.38 (d, 6H,3Jpy = 26.4
Hz). 3P NMR (400 MHz, CDCJ): 6 —179.8. UV-vis (CH;OH)

A nm (e x 107°9): 366 (31), 559 (14) 785 (25), 889 (91). MALDI
(m/z) 1181.6 [M'].

Dimethoxyphosphorus(V) 3,6,10,13,17,20,24,27-Octabutoxy-
triazatetrabenzcorrole, (BuO)g(TBC)P(OCHj3); (3). (BuO)PcH,

(2.1 g, 1.92 mmol) was placed in a 100 mL flask equipped with a
condenser and gas inlet adapter and dissolved in 7.5 mL of pyridine.
An amount of PBs (5.43 mL, 57.6 mmol) was added and the
resulting solution heated to 1T& and stirred for 1 h. After 1 h,

the volume of the reaction mixture was reduced by vacuum
distillation to 1-2 mL and then treated with a 50/50 solution of
CH,Cl,/MeOH. The resulting solution was filtered and the solvent
subsequently removed in vacuo. The green solid was dissolved in
CH.CI, and filtered to remove excess pyridinium bromide as a white
crystalline solid. The filtrate was reduced in volume under reduced
pressure and loaded onto a silica gel column for purification with
95/5 CHCI,/MeOH as the eluent. The first dark purple band to
elute was collected and dried under vacuum to @ivas a shiny
green solid (1.77 g, 79%fH NMR (CDCk): 6 7.63-7.77 (m,

8H), 5.05 (m, 16H), 2.35 (m, 16H), 1.84 (m, 16H), 1.19 (m, 24H),

85/10/5 CHCl,/acetone/ethyl acetate as the eluent. A dark purple
band was collected and concentrated to dryness todgagea shiny,
purple-green solid (1.74 g, 75%} NMR (CDCl): 6 7.64 (m,
8H), 4.89 (m, 16H), 2.34 (m, 16H), 1.76 (m, 16H), 1.18 (m, 24H).
3P NMR (400 MHz, CDCJ): ¢ —105.1. Anal. Calcd for
CeaHsN7O10P1: C, 67.39; H, 7.25; N, 8.60. Found: C, 67.06; H,
7.43; N, 8.32. U\*vis (CH,Clp) A nm (e x 1073): 334 (39), 365
(34), 490 (shoulder, 43), 526 (55), 656 (shoulder, 25), 690 (shoulder,
35), 726 (61). MALDImM/z 1139.7{[(BuO)s(TBC)P(OH)][OH]} *.
4,5-Dichloro-3,6-dibutoxy-1,2-benzenedicarbonitrile (5)This
procedure is modified from one previously reportéd®ver the
course of 10 min, 12.5 mL of ¥ was added dropwise to a
vigorously stirring slurry of diethyl ether (100 mL), b&Os (20.95
g, 110 mmol), and 2,3-dichloro-5,6-dicyano-1,4 benzoquinone (25.0
g, 110 mmol). After the addition of water, the reaction was stirred
for an additional 0.5 h and the solvent subsequently removed under
reduced pressure. A solution of KOH(aqg) (150 mL of a 1.9 M
solution) was then added to the dried product and stirred for 10
min after which tetrabutylammonium bromide (7.1 g, 22 mmol)
and 1-iodobutane (50 g, 271 mmol) were added. The reaction
mixture was allowed to reflux under argon for 6 h. The organic
layer was collected and reduced to dryness, and the resulting solid
was purified by crystallization from acetone to giSeas a white
crystalline solid. (33.41 g, 89%)H NMR (CDCl): 6 4.23 (t, 4H),
1.87 (sxt, 4H), 1.58 (quin, 4H), 1.01 (t, 6H). FAB-M&z 341.1
M + H*].
1,4,8,11,15,18,22,25-Octabutoxy-2,3,9,10,16,17,23,24-octachlo-
rophthalocyanine, (BuOXClgPcH, (6). A 250 mL flask containing
4,5-dichloro-3,6-dibutoxy-1,2-benzene-dicarbonitrile (5.2 g, 15.3
mmol) andn-butanol (15 mL) was heated to 76. Upon complete
dissolution of the dinitrile, chopped lithium metal (4.0 g, 570 mmol)
was slowly added to the vigorously stirred solution. Upon complete
addition of the lithium, the mixture was heated to reflux and allowed
to stir under argon for 1 h. The reaction mixture was then cooled
to room temperature and the solvent removed under reduced
pressure. The resulting solid was dissolved in acetic acid, allowed
to stir for 15 min and filtered, and the filtrate was subsequently
collected and dried under reduced pressure. The resulting solid was
then redissolved in C#Cl, and filtered to remove excess lithium
acetate. The filtrate was collected, placed in a separatory funnel,
and washed with several portions of equal volume of aqueous
NaHCG; until no more gas was evolved upon addition of the
bicarbonate solution. The organic layer was collected, dried with
NaSQO,, and filtered. The filtrate was reduced to dryness and
recrystallized from CHCI/MeOH to give 6 as a light green
crystalline solid (2.19 g, 42%}H NMR (CDCl): ¢ 5.05 (t, 16H,
J=7.0 Hz), 2.29 (sxt, 16H) = 7.2 Hz), 1.75 (quin, 16H) = 7.6

(30) van Haeringen, C. J.; West, J. S.; Davis, F. J.; Gilbert, A.; Hadley, P.;
Pearson, S.; Wheldon, A. E.; Henbest, R. GPGotochem. Photobiol.
1998 67, 407-413.
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Hz), 1.14 (t, 24HJ = 7.2 Hz). Anal. Calcd for gH74NgOsClg:

C, 56.23; H, 5.47; N, 8.22. Found: C, 57.17; H, 5.69; N, 8.11.
UV —vis (CH,Cly) A nm (e x 1073): 331 (61), 680 (52), 769 (128).
MALDI m/z 1367.4 [M*].

Hydroxyphosphorus(V) 3,6,10,13,17,20,24,27-Octabutoxy-
4,5,11,12,18,19,25,26-octachlorotriazatetrabenzcorrole Hydrox-
ide, [(BuO)sClg(TBC)P(OH)]"OH™ (7). To a 100 mL flask was
added Bu@ClgPcH, (1.3 g, 0.95 mmol). The flask was purged

several times with argon, and pyridine (5 mL) was transferred into

the reaction vessel. An amount of BE2.7 mL, 7.78 g, 28.6 mmol)
was then added and the resulting solution heated to°Cl&nd
stirred for 0.75 h. After 0.75 h, approximatel of the solvent

was allowed to evaporate under a flow of argon. The mixture was
then poured into a water/ice bath and the resulting suspension

filtered to give a dark green solid. The solid was purified on a

silica gel column using 90/10 GEl,/acetone as the eluent. The

purple/green band was collected and concentrated prodicasy

a dark purple solid (0.52 g, 39%3 NMR (CDCl): ¢ 5.04 (br

m, 16H), 2.26 (m, 16H), 1.72 (m, 16H), 1.09 (m, 24FfP NMR

(400 MHz, CDC}): 6 —105.13. UV-vis (CH,Cly) A nm (e x

10°3): 349 (28.9), 500 (61), 652 (16.7), 685 (25.7), 722 (57.8).

MALDI m/z 1415.4{[(BuO)gClg(TBC)P(OH)][OHT *.
Electrochemistry. Cyclic voltammograms were measured with
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Scheme 1 @

OBu
CN

CN
OBu

l i

OBu BuO.

\\ N\ AN OB
u
BuO NH N= i
N
N /

N

3
N\
N H +
BuO f\\| _ /% OBu B> OBu BuO OH
N é\; Z
N,
X7XN
OBu BuO BuO H
N
N

1 N 1
N P

a(i) Li(s), n-butanol, 118°C, 1 h (62%); (ii) PBs, pyridine, 118°C, 1
h; (iiia) MeOH, CHCly, rt (79%); (iiib) EtOH, CHCIy, rt (75%).

important modification in the workup of the reaction was

an EG&G Princeton Applied Research potentiostat/galvanostat introduced. We found that washing the crude product with

model 263A at scan rates 6:8.025 V s'. A three-electrode
configuration made up of a platinum working electrode, a Ag/AgCI
reference electrode (3.5 M KCI), and a platinum wire auxiliary

electrode was employed. Measurements were performed at ambien

temperatures under nitrogen with 0.10 M tetrltitylammonium

a saturated sodium bicarbonate solution, instead of 10% HCI
as described by Cook, resulted in significantly higher yields
£62% versus 21%). Purification of (BugPcH. was ac-
complished by recrystallization from GBI,/MeOH.

hexafluorophosphate (recrystallized 3 times from ethanol and stored The octabutoxy-substituted Fowas selected as the best

in a vacuum oven at 50C for 5 days prior to use) in Ci&l, as

phthalocyanine candidate for ring-contraction studies because

the supporting electrolyte. The ferrocenium/ferrocene couple Of its excellent solubility in common organic solvents, and

(FeCp*) was used as an external reference.
Physical Measurements!H NMR spectra were recorded on a
Varian Unity plus 400 spectrometer (400 MHz) at ambient probe

temperature with either 0.1% tetramethylsilane or residual proteo-

chloroform used as the internal referen#® NMR spectra were
recorded on the same spectrometer wit§P6; as the external

because it is quite easy to synthesize. Previously, Fjiki,
Yao” and Hanack had described the synthesis of different
metalated (e.g., P, Ge, Si) TBCs from the ring-contraction
of the parent, unsubstituted phthalocyanine (PcHhe
parent PcHis notoriously insoluble in all common organic
solvents, making it very difficult to purify and characterize,

reference. Electronic absorption spectra were taken on an Agilent 54 we suspected that the TBC product would show similar
8453 UV—vis spectrqmeter. Electron paramagnetic resonance (EPR)squbiIity problems. Thus, we sought substituted Pc precur-
spectra were obtained on a Bruker EMX EPR spectrometer - .

sors that would be freely soluble in organic solvents. The

controlled with a Bruker ER Q4X G microwave bridge. The field/ . .
frequency was calibrated by measuring thealue of DPPH. FAB latter study by Hanack showed that in addition to BaHe

mass spectra were recorded at the Mass Spectrometry Laboratory,subStituu:*'d Pc's, t{Bu)sPcH, (CsHr)sPch,, and (GHiye-
Department of Chemistry, Johns Hopkins University, using a VG PCH, could be converted to ring-contracted TBC products
analytical 70-S mass spectrometer. The MALDI data were collected Upon treatment with PBr Although the ring-contractions

on a Voyager DE-STR (Applied Biosystems) at the AB Mass proceeded smoothly and the alkyl-substituted phthalocya-
Spectrometry/Proteomics facility at the Johns Hopkins School of nines had better solubility properties than the parent,PcH
Medicine. these precursors still had certain drawbacks. For the tetra-
tert-butyl precursor tBu)4PcH, ring-contraction led to a
mixture of regioisomers, and in the case of the octaalkyl-
substituted Pc’s (§H7)sPcH, and (GH11)sPcH;, a lengthy
synthesis is required for their preparatidnie were thus
motivated to find a phthalocyanine starting material that is
easy to synthesize and could be expected to result in a
triazatetrabenzcorrole as a single regioisomer with excellent
solubility in common organic solvents. The octabutoxy-
substituted phthalocyanink was selected as a potentially
ideal TBC starting material. The phthalonitrile precursor
needed to preparé is commercially available, and the

Results and Discussion

Synthesis. (a) Design and Preparation of the Phthalo-
cyanine Precursor (BuQ)PcH; (1). The octabutoxy-
substituted phthalocyanine precursbrwas prepared as
shown in Scheme 1, following a modified method of C8dk.
The 3,6-dibutoxy-phthalonitrile was convertedltby a Li-
templated macrocyclization reaction in refluxing butanol. The
initial product of the cyclization is most likely L(BuO)s-
Pc], which is then rapidly protonated upon addition of acetic
acid to give (BuOyPcH.. The cyclization reaction was carried
out on a larger scale than that described previously (11.5
mM vs 3.8 mM of phthalonitrile starting material), and an

(31) Pawlowski, G.; Hanack, MSynthesisl98Q 287—289.
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a(i) H20, N&S;0s, diethyl ether, 0.5 h (99%); (ii) KOH(aq), TBAB, 1-iodobutane, @) 6 h (90%); (iii) Li(s),n-butanol, 118C, 1 h (42%); (iv) PBs,

pyridine, 118°C, 1 h; (v) HOlice (39%).

symmetrical substitution pattern of the butoxy substituents refluxing in pyridine. Initially, we followed this procedure
ensures a single regioisomer for both Pc and TBC products.and attempted to quench the ring-contraction reactioh of

In addition, Pcl is freely soluble in many common organic
solvents (e.g., hexane, GEl,, ethyl acetate).

(b) Synthesis of Triazatetrabenzcorroles (BuQJTBC)P-
(OCHy3), (3) and [(BuO)g(TBC)P(OH)]*OH~ (4). Ring-
Contraction of (BuO)gPcH, (1). An obvious problem with

with water but found that this method gave a large amount
of insoluble solid byproducts, making it difficult to extract
and isolate the desired TBC product and invariably resulted
in low yields. However, formation of the insoluble byprod-
ucts was avoided by quenching the reaction with a mixture

usingl as a TBC precursor is the possible steric repulsion of alcohol (MeOH or EtOH) and methylene chloride,
between butoxy substituents that might be expected toaffording the TBC compound8 and 4 in good vyields.
interfere with ring-contraction to give the triazatetrabenzcor- Although the use of MeOH leads to axial methoxide ligands

role nucleus. We were pleased to find that®PPegndergoes
facile ring-contraction to give the triazatetrabenzcorrdes
and4. The synthesis of TBC8 and4 is shown in Scheme
1. The ring contraction of was induced by refluxing with
excess PByin pyridine far 1 h under the strict exclusion of

attached to the phosphorus atom, addition of wet EtOH at
the end of the reaction resulted in the formation of the
dihydroxy compound}, and not the expected bis(ethoxide)

product. However, if water is excluded from the quenching
step by using dry EtOH that has been freshly distilled over

air and water. In order to ensure a good yield of TBC, the CaH, and kept under argon, evidence for the presence of

pyridine must be carefully distilled over CaHand the

axial ethoxy substituents is obtained By NMR spectros-

phthalocyanine starting material must be dried in a heatedcopy. Peaks atv —1.93 and—2.15 ppm are observed,

(50 °C) vacuum oven for several hours immediately prior

corresponding to axiakOCH,CH; resonances that are

to use. Itis likely that any trace water in the reaction mixture clearly upfield-shifted by ring current effects. Also, purifica-

rapidly reacts with the PBreagent to give POBy which
then reacts withl via phosphorus insertion to give phos-

tion of the initial dihydroxy product using ethanol/QEl,
mixtures as eluent on silica gel leads to evidencefOCH,-

phorus phthalocyanine instead of the ring-contracted product,CH; axial ligands by*H NMR spectroscopy. These data show

resulting in a lower yield of TBC. At the end of the reaction,
the excess PBmust be neutralized. If the reaction mixture
is quenched with CKCl,/MeOH (50/50 v/v), the dimethoxy
compound (BuQ)TBC)P(OMe}) (3) is obtained after pu-
rification by silica gel chromatography (95/5 @El,/MeOH
as the eluent) in good yield (79%). In contrast, if EtOH is
used in place of MeOH as the quenching agent {CIH
EtOH (50/50 v/v), the dihydroxy compound [(BugD)BC)-
P(OH)I"OH" (4) is isolated instead of the expected diethoxy
product (BuO)(TBC)P(OEt). Purification of 4 was ac-
complished by chromatography (SIC@H,Cl./acetone/ethyl
acetate 85/10/5) to givé in good yield (75%).

(c) Axial Ligation at the Phosphorus Center.The earlier
work on PBg-induced ring-contraction describes the forma-
tion of P(V)=0 products'® as opposed to-POH or P-OR

products. The terminal oxo ligand was presumably derived

from quenching the reaction mixture with water after

that EtOH will eventually exchange with the axial OH group
to give a P-OEt ligated center. Interestingly, we have not
seen any evidence for thed® ligation for any of our TBC
derivatives (vide infra).

(d) Synthesis of (BuO)ClgPcH, (6). There has been a
great deal of interest in electron-poor porphyrinoid species,
and in particular, much effort has gone into the synthesis of
polyhalogenated syster?s:3¢ We thought it of interest to
determine the effects of halogenation on the physical

(32) Birnbaum, E. R.; Hedge, J. A.; Grinstaff, M. W.; Schaefer, W. P.;
Henling, L.; Labinger, J. A.; Bercaw, J. E.; Gray, H.IBorg. Chem.
1995 34, 3625-3632.

(33) Takeuchi, T.; Gray, H. B.; Goddard, W. 8. Am. Chem. S0d.994
116, 9730-9732.

(34) Biffinger, J. C.; Sun, H.; Nelson, A. P.; DiMagno, S.@Gxg. Biomol.
Chem.2003 1, 733-736.

(35) Dolphin, D.; Traylor, T. G.; Xie, L. YAcc. Chem. Resl997, 30,
251-259 and references therein.

(36) Terazono, Y.; Dolphin, DJ. Org. Chem2003 68, 1892-1900.
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a(j) POCE, pyridine, 118°C, 3 h; (ii) 50/50 CHCI,/MeOH, 0.5 h (67%).

properties and reactivity of the Pc and TBC compounds only the phosphorus phthalocyanine, and none of the ring-
described in this work. We realized it would also be of contracted product. A similar method of phosphorus insertion
interest to show that the scope of the ring-contraction reactionwas used previously to prepare a phosphorus-containing
could be expanded to include phthalocyanine substituted atalkyl-substituted phthalocyaniri&The reaction mixture was
all 16 peripheral positions, which has not been demonstratedquenched with MeOH, which provided the axial methoxide
thus far. The synthesis of the phthalocyanine precussor ligands to the central phosphorus atom. The product was
was accomplished in 2 steps as shown in Scheme 2 via apurified by via silica gel chromatography using 95/5 £H
modified literature procedur®.Reduction of dicyanodichlo-  Cl,/MeOH as the eluent. The purple band was collected and
robenzoquinone (DDQ) to the dihydroquinone and subse- recrystallized from CEHCl./n-hexane to give? as a purple
quent alkylation of the dihydroquinone with 1-iodobutane crystalline solid (67%).
affords 5 in good yield. We note that it is important to Interestingly, although phosphorus porphyrins have been
maintain efficient stirring of the reaction mixture at all times  known for quite some time and there are many examples of
in order to keep the dihydroquinone suspended as a finesuch compounds, the first phosphorus phthalocyanines were
powder and prevent it from aggregating during the alkylation not prepared until quite recently. To our knowledge, there
step. The alkylated product is then purified via recrystalli- are only three authentic Pc(P) compounds that have been
zation from acetone and used in the next step. Formation ofreported to date outside of the patent literature, the tetra-
6 is carried out in refluxingi-butanol in the presence of Li BusPcP’(0)(OH) 28 dihydroxyphosphorus(V) phthalocyanine
After workup, the Pc produ@ s purified by recrystallization hydroxide, and dihydroxyphosphorus(V) 2,9,16,23-tétra-
from CH,Cl/MeOH to yield a light green powder. butylphthalocyanine hydroxid&:28 An early report of the

(e) Synthesis of [(BuOjClg(TBC)P(OH)] *OH™ (7). The reaction of PBg with PcH, claimed that Pc-# and Pc-P
ring-contraction of6é was induced by the addition of PBr compounds had been synthesizedhut these compounds
just as in the case df, as shown in Scheme 2. The reaction were later correctly identified as the ring-contracted TBC
was quenched with an ice/water mixture resulting in the products'®
precipitation of TBC7, which after purification was recov- NMR Spectroscopy. (a)'H NMR Spectroscopy of
ered in reasonable yield (39%). The successful use of an(Bu0),(Pc)H; (1), [(BUO):(Pc)P(OCH:);]*OH " (2), (BUO)e-
aqueous workup fo¥ contrasts the results obtained during (TBC)P(OCH3), (3), and [(BUO)(TBC)P(OH)] "OH" (4).
the synthesis 08, for which an aqueous workup resulted in The 14 NMR spectra of3 and4 in CDCl; can be assigned
insoluble byproducts and very poor yield. For the casé,of g the basis of the spectra farand2. For the symmetric
only a small amount of insoluble material was formed which p.'s1 and 2. the tautomerization rate of the internat-M
did not interfere with the isolation of the product. The workup protons is likely to be fast, providing pseudo-4-fold symmetry
of the ring-contraction o6 with alcohol (CHCIl,/MeOH) (Dar-symmetryy” and resulting in all aromatic protons
did not result in an improvement in the yield. Purification appearing as two sharp singlets&.62 and 7.78 ppm,
by silica gel chromatography was carried out by using an regpectively. The symmetry is reduced for the ring contracted
acetone/CkHLCl; solution as the eluent, rather than an ROH/ 1pcs 3 and 4, causing the resonances for the aromatic
CH,CI; solution, to avoid any axial ligand exchange with protons to appear as a multipleta?.63-7.77 ppm for both
alcohols. compounds. A second multiplet f@rand4 is centered ab

(f) Synthesis of [(BUO}(Pc)P(OCHy)]] "OH™ (2). The 5 05 and 4.89 ppm, respectively, and these peaks are assigned
phosphorus phthalocyani@avas prepared in order to obtain {5 ihe overlapping triplets from the four OGH groups,
a Pc analogue of the (BuSYBC)(P') complexes for  \yhich are expected to be inequivalent due to e
comparison of spectroscopic properties (NMR, s, symmetry of the TBC ring. The analogous protons in the
electrochemistry). Insertion of phosphorus into the central symmetric Pc’sl and2 appear in the same region as well
cavity of 1 was accomplished by reacting the metal-free Pc (a501ved triplets:d 4.85 ppm,J = 7.6 Hz forl andd 4.74

with POCE in pyridine under reflux for 3 h, as shown in ppm,J = 7.6 Hz for2. The peaks for the remaining alkyl
Scheme 3. It was found that longer reaction timeg ()

Q|d not increase yields, and only resulted in partial Qegrada- (37) Cook, M. J.: Cracknell, S. J.. Moore, G. R.; Osborne, M. J.:
tion of the product. The use of POGh place of PBs gives Williamson, D. J.Magn. Reson. Cheni991, 29, 1053-1060.
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Table 1. 3P NMR Data and Structural Information for Selectetl Fhthalocyanines, Porphyrins, Corroles, and Triazatetrabenzc@rroles

coordination

compound no. 3P NMR X-ray ref
[(BuO)s(Pc)P(OCH)2]*OH (2) 6 —179.8 no this work
(BuO)(TBC)P(OCH): (3) 6 —186.1 no this work
[(BuO)g(TBC)P(OH)["OH™ (4) 5 —-105.1 no this work
[(BuO)sClg(TBC)P(OH)JFOH™ (7) 5 —105.1 no this work
[P(OH)(tBusPc)](OH) 6 —166.07 no 18
PO({BusTBC) 6 —186.7 no 18
[(TBP)sCzP(OH)]OH 5 —111.2 no 14
(TBP)%CzP(OCH), 6 -192.1 yes 14
(OEC)RP=0O 6 —99.40 no 42
[(EMC)P(OH)["CI~ 5 —-102.5 yes 41
[P(OEP)(CHCH3)(OH)]*CIO4~ 6 —179.8 yes 39
[P(OEP)(GHs)(OCH,CH,CHg)] *ClO4~ 6 —186.7 yes 39

a Abbreviations: tBusPc = 2,9,16,23-tetrdert-butylphthalocyaninetBu,TBC = 4,11,18,25-tetraert-butyltriazatetrabenzcorrole, (TBf)z = octa-4-
tert-butylphenylcorrolazine, OEG octaethylcorrole, EMG= 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrole, OERctaethylporphyrin.

protons of3 and4 appear as multiplets in the expected region in both cases the solid state structures confirm the coordina-
0 1.19-2.35 ppm. The resonances for the axiaDCHs; tion number predicted by th8P chemical shifts. The TBC
ligands of3 are shifted significantly upfield by the aromatic 3 exhibits an intense peak at186 ppm confirming the
ring-current effect from the macrocycle, appearing as a assignment of a 6-coordinate structure, although a small
doublet centered at1.72 (d,J = 24 Hz), while the proton  minor peak at-105 ppm was also observed. The latter peak
for the OH bound to the central phosphorus atord is not falls within the 5-coordinate range, being very close to the
observed. Interestingly, the ring-current effect induced by 5-coordinate corrole [[EMC)P(OH)]CH(—102.5 ppmit as

the Pc macrocycle in [(Bu@Pc)P(OCH);] " is considerably  well as the 5-coordinate corrolazine (TB®)z)P(OHY (o
smaller; the methoxide resonance2rappears ad —0.38 —111.2 ppm}-* We interpret this peak as arising from a small
ppm (d,3Jpn = 26 Hz). amount of axial ligand dissociation, giving [(Bu0)BC)P-

(b) 3P NMR Spectroscopy of [(BuOy(Pc)P- (OCHg)]*. The analogous Pc compouBaxhibits only one
(OCH3),]"OH~ (2), (BuO)(TBC)P(OCH3), (3), and peak at—179.8 ppm, indicating that P2 is less prone to
[(BuO)g(TBC)P(OH)] *OH~ (4). It is well established that  axial ligand dissociation. This observation can be rationalized
the chemical shifts of phosphorus nuclei #P NMR by the fact that the overall cationic charge2pfvhich results
spectroscopy are sensitive to the coordination number of thefrom the Pc ring having one less negative charge than the
phosphorus centét.In particular, for P porphyrins there  TBC ring, produces an increased affinity for the negatively
is a clear trend for 6-coordinate phosphorus compoundscharged RO donors. For compound, only one peak is
[(porph)P(L);] which predominantly appear at180 to  observed at-105.1 ppm which is most similar to [([EMC)P-
—200 ppm, whereas 5-coordinate compounds [(pordl)P  (OH)]* and [(TBPYCzP(OH)T, and therefore it is safe to
are mostly found at-90 to —110 ppm¥*~* In contrast to  conclude that also has a 5-coordinate,{POH]* structure.
porphyrins, there are only a few examples of phosphorus- |t must be noted that thetBu,)(TBC)(P=0) compound
(V) phthalocyanines and corroles for comparison, but these prepared by Hanack and co-workers exhibits a 6-coordinate
few examples appear to follow the same trends. Relevantsigna| at—186 ppm, whereas P shift reported by Vogel
literature values for Pcs, TBCs, corroles, and some repre-and Kadish for the similar corrole complex (OEGP is
sentative porphyrins are given in Table 1 together with the _gg 4 ppm2 At this time, we cannot reconcile the upfield
experimental data for the phosphorus compounds examined:hemical shift observed for the latter complex.
in this study. It is also not_ed in Table 1 whether a parucula_r (c) *H and P NMR Spectroscopy of (BUO)Cls(Pc)Hs
entry has been characterized by X-ray crystallography. It is (6) and [(BUO)Cls(TBC)P(OH)] *OH~ (7). Compoundé

;Ieaer ;rrgrgléf;i t;bllgéht?,t'_lfﬁenerfl’ai(?-:%?(r:glc:ﬁii—;g P displays a sharp triplet @ 5.05 ppm assigned to the OgH

Tgpc appears close to-185 F,)[g _’190 ppm. We have protons whereas in TBZthis resonance is split into several

previously used*P chemical shifts to determine the coor- peaks betw_een 4.8 and 5.6 ppm. These peaks are sprer?\d over
a much wider range than the corresponding multiplet

dination number of the phosphorus triazacorroles [(EBP) N
_ : observed for TBC8 and4, indicating that, fof7, the reduced
CzP(OH)IOH", and (TBP)CZP(OCH),, which are also symmetry of the macrocycle influences the OQeésonances

listed in Table 1 for comparison. This latter complex is one
! I par ! pex! to a greater extent than found f8rand4. The other alkyl

of only two corrole-type compounds for which the phos- .
phorus coordination number has been determined by X-ray resonances fo8 and7 are found in the expected range. The
3P NMR spectrum fof7 reveals a single peak at—105.1

crystallography, the other of which is [[EMC)P(OH)knd ) . .
y graphy [ JP(OF)R ppm, which can be assigned to the 5-coordinate compound

(38) Mason, JMultinuclear NMR Plenum Press: New York, 1987.
(39) Akiba, K.; Nadano, R.; Satoh, W.; Yamamoto, Y.; Nagase, S.; Ou, (41) Paolesse, R.; Boschi, T.; Licoccia, S.; Khoury, R. G.; Smith, K. M.

Z.; Tan, X.; Kadish, K. M.Inorg. Chem.2001, 40, 5553-5567. Chem. Commuril998 1119-1120.
(40) Rao, T. A.; Maiya, B. Glnorg. Chem.1996 35, 4829-4836 and (42) Kadish, K. M.; Ou, Z. P.; Adamian, V. A.; Guilard, R.; Gros, C. P;
references therein. Erben, C.; Will, S.; Vogel, Elnorg. Chem.200Q 39, 5675-5682.
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Figure 1. MALDI mass spectra (norharman matrix, positive ion mode)

of the molecular ion regions and theoretical isotopic distributions foB,(a)
(BuO)X(TBC)P(OCH)2, and (b)7, [(BuO)sClg(TBC)P(OH)["OH".

[ enama
1160

(BUOXClg(TBC)P(OH)" on the basis of the’P NMR
assignments discussed in the previous section.

MALDI Mass Spectroscopy of Phthalocyanines and
Triazatetrabenzcorroles. We have found MALDI mass
spectroscopy to be very useful for characterizing the
structures of the new compounds synthesized in this study,
and in particular, for identifying the axial ligands attached
to the central phosphorus ion in the TBE{Rand Pc(M)
compounds. The characterization of phthalocyanihe,
and6 by MALDI-MS (positive ion mode) resulted in well-

Fox and Goldberg

Figure 2. UV —vis spectra ofl, (BUOgPcH,, (5.3 x 1076 M) in CHxCl;
(black, ++), 2, [(BuO)(Pc)P(OCH)Z]TOH", (3.3 x 10°5 M) in CH3OH
(red,—), and3, (BuO)(TBC)P(OCHy)z, (1.44x 105 M) in CH.Cl; (blue,
--o).

resolved isotopic envelopes centered at 1090.7, 1181.6, and

1367.4 m/z, respectively. These peaks correspond to the
molecular ions M* (M = (BuO)PcH; or (BuO%ClgPcH,)

and M™ (M = (BuO)(Pc)P(OCH),). The assignment of

for 1 and6 corresponds to the phthalocyanine radical cation,
which is the dominant intact molecule ion species observed
in the mass spectrum. Detailed MALDI studies on porphy-
rins, phthalocyanines, and multiporphyrin arrays have shown
that the radical cation M, as opposed to protonated [¥

H]*, is often the dominant ionized species observed for these
types of compound$:**A cluster centered around the radical
cation for TBC 3 at 1167.7m/z is also observed in the
MALDI-MS, and this spectrum is shown in Figure la
together with the corresponding simulation. Interestingly, for
TBCs 4 and 7, the major species observed in the MALDI
corresponds to the intact ion pair ([(TBC)P(OH)](OH)and

the spectrum for the octachloro-substituted TB{S shown

in Figure 1b together with its simulation. As can be seen in
the figure, the complex isotopic envelope fodue to the
eight Cl substituents matches nicely with the theoretical
simulation. Observance of intact ion pairs in MALDI-MS is
not uncommort® and we suggest that the facile ionization
of the TBC as already noted results in the formally dicationic

(43) Srinivasan, N.; Haney, C. A; Lindsey, J. S.; Zhang, W. Z.; Chait, B.
T. J. Porphyrins Phthalocyanines999 3, 283-291.

(44) Stulz, E.; Mak, C. C.; Sanders, J. K. M.Chem. Soc., Dalton Trans.
2001, 604-613.
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Figure 3. UV —vis spectra 0B, (BuO)xClgPcH, (6.7 x 1076 M) in CH-
Cl, (green,—) and7, [(BuO)sClg(TBC)P(OH)I'OH™, (1.47 x 1076 M) in
CHzclz (red, -- -).

species [(BuQClg(TBC)P(OH)FP*, which then has a greater
attraction for the OH counterion leading to the observance
of the intact ion pair.

UV —Vis Spectroscopy of Phthalocyanines. (Bu@PcH,
(1), [(BuO)s(Pc)P(OCHgs),] *OH ™ (2), and (BuOXClsPcH,
(6). The UV—vis spectra of phthalocyaningsand 2 are
shown in Figure 2, and the spectrum 6is shown in Figure
3. All three compounds exhibit Soret (near-UV) and Q-type
(visible) bands that are typical of 48~ aromatic Pc systems.
These bands can be assigned by using the simple four-orbital
model put forth by Gouterman, in which the Soret arises
from an g(LUMO) — a(HOMO — 1) transition and the
Q-band stems from an@UMO) — a,(HOMO) transition

(45) Kriger, R.; Karas, MJ. Am. Soc. Mass Spectro2002 13, 1218—
1226.
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(in D4y symmetry)!® A previous study on various'®-
alkoxy-substituted Pc’s showed that the alkoxy substituents
in these positions caused a marked red-shift in the Q-band
as compared to that of unsubstituted ?P¥. Indeed, the
Q-band ofl in CH.CI, is found at 760 nm, compared to
698 and 663 nm (split Q-band in chloronaphthalene) for
unsubstituted PckP>*8 Curiously, the positions of the Soret
and Q-bands for octachloro-substitutédn Figure 3 are
nearly the same as thoseDfThis finding contrasts the fact
that the Cl substituents have a significant effect on the redox
couples as shown in the electrochemical section (vide infra)
and, thus, would be expected to have an effect on the
electronic transitions as well.

As seen in Figure 2, upon insertion of a phosphorus(V)
center into Pd, the Q-band is further red-shifted dramati-
cally by 129 nm, to givemax 889 nm for compoun@. Such
a large red-shift was quite unexpected, given that the few
other known PcPcompounds show only modest blue-shifts
in the Q-band region compared to the corresponding metal-
free phthalocyanine (e.g., for 2,9,16,23-tetea-butyl-ph-
thalocyanine Ama(Q) = 695 nm, and for oxophosphorus
2,9,16,23-tetrdert-butyl-phthalocyanine hydroxidé,.(Q)
= 680 nm)?® The red-shift caused by the insertion of
phosphorus into Pd is even larger than that caused by
increasing the size of the entiveconjugation system, as
seen by comparing the Q-band for (Bf)@aphthalocyanine)-
H,, at 867 nnt® which is shifted by 107 nm to longer
wavelength compared to the Q-band seen for (BEChHL.

To the best of our knowledge, the Q-band absorption of
compound?2 represents the longest Q-band wavelength
absorption in a phthalocyanine yet studied. Compounds with
absorption into the near infrared are of particular interest
regarding medical, electronic, and military applicatiétis!

For example, compounds with absorption in the range-600
850 nm are of potential use in photodynamic therapy (PDT)

(2) [(BuO)s(Pe)P(OCH3)] OH'

(1) (BuO)sPcH,

(6) (BuO)sClsPcH,

i o5 0 05
Potential (V vs Ag/AgCl)

Figure 4. Cyclic voltammograms of compounds 2, and6 in CHxCl»
containing 0.1 M TBAP.

" _‘1 .5‘

and a blue-shift in the Q-band compared to the Pc
precursoit®-18 For example, the Soret band reported for the
phthalocyanine'PrO)PcH, is located at 338 nm, while the
Soret band reported for the analogous TBC compound
(PrOy(TBC)P(O) hastmax 450 nm. The Q-band (658 nm)
for this TBC compound displays a blue-shift compared to

as these wavelengths most satisfactorily penetrate humarthe Pc (708 nm}’ Likewise, the germanium TBC compound

tissue®?53 It is possible that compoun® could have some
utility in these regards.

UV—Vis Spectroscopy of Triazatetrabenzcorroles.
(BuO)s(TBC)P(OCHy3), (3), [(BuO)s(TBC)P(OH)]TOH~
(4), and [(BuO)sClg(TBC)P(OH)] *OH~ (7). The UV—vis
spectra of compoundsand4 are nearly identical, and thus,
only the spectrum foB is shown in Figure 2. The spectrum
for the chloro-substituted TBE, which is also quite similar
to 3 and4, is shown in Figure 3. These spectra have some
similarities with the spectra previously reported for other
TBC macrocycles, including a red-shift in the Soret band

(46) McHugh, A. J.; Weiss, C.; Gouterman, Mheor. Chim. Actdl972
24, 346-348.

(47) Kobayashi, N.; Sasaki, N.; Higashi, Y.; Osa,lfforg. Chem.1995
34, 1636-1637.

(48) Aldrich Chemical Co. database.

(49) Gupta, K. K.; Nishkam, A.; Kasturiya, N. Ind. Text2001, 31, 27—
42

(50) Leznoff, C. C. InPhthalocyanines: Properties and Applications
Leznoff, C. C., Lever, A. B. P., Eds.; VCH: Weinheim, 1989; Vol.
1, pp 341-420.
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TBCGeOH displays a 78 nm red-shift in the Soret band (444
nm) compared to PcH366 nm), and a 35 nm blue-shift in
the Q-band (698 to 663 nmj.The former red-shift is likely

a result of the destabilization of the HOMO1 (&) orbital
caused by the removal ofraesenitrogen atom. In addition,

we have shown that the related corrolazine [(TEBRJP(OH)}
exhibits a 70 nm red-shift in the Soret-band and a 48 nm
blue-shift in the Q-band compared to the tetraazaporphyrin
precursor. Interestingly, there is a dramatic increase in the
red-shift of the Soret bands for the new TBC compounds
described here: Soret f8 520 nm;4, 526 nm; and’, 500

nm. All of these are~140 nm red-shifted relative to the
analogous phthalocyanine. The Q-bands are blue-shifted by
~40 nm, which is in accord with the other TBC compounds.
The shoulders that appear at shorter wavelengths near the
Q-bands of the TBC compounds can be assigned to vibra-
tional bands.

Electrochemistry of (BuO)sPcH;, [(BuO)sPcP(OCH),] -
OH~, and Clg(BuO)gPcH,. The cyclic voltammograms of
the three phthalocyanine compourig®, and6 are shown
in Figure 4, and their redox potentials are given in Table 2.
The metal-free Pt exhibits two reversible oxidations at 0.79

Inorganic Chemistry, Vol. 42, No. 25, 2003 8189



Fox and Goldberg

Table 2. Half-wave Potentials (V vs Ag/AgCl) of Phthalocyanines (7) (BuO):Cly(TBC)P(OH),
(BuO)PcH: (1), [(BuO)g(Pc)P(OCH)z] "OH"™ (2), (BUOXClsPcH; (6),
PcH,, and ¢-Bu)sPcH,

oxidation reduction
com pd 1st 2nd 1st 2nd AEox—red ) [BUOMTBOPOTOH
1 0.45 0.79 —0.91 —-1.23 1.36
2 0.95 1.24 —-0.23 —-0.62 1.18
6 0.88 1.15 -0.64 —0.96 1.52
PcHPe57 0.69 - —0.61 —-1.01 1.70 (3) (BuO)((TBC)P(OCHs),
(t-Bu)4PcH,P456 0.62 094 —-0.82 —-1.19 1.44

a AEox-red i given as the difference between the first reduction and first
oxidation potentials? Values were converted from V vs SCE to V vs Ag/
AgCl via E1(SCE)= Ej/2(Ag/AgCl) + 0.045 V.¢ Data collected in DMF,
0.1 M tetrabutylammonium hexafluorophosphate vs StFata collected
in CH.Cl,, 0.1 M tetrabutylammonium hexafluorophosphate vs SCE.

V (0.74 V vs SCE) and 0.45 V (0.40 V vs SCE), and two | e
reversible reductions at0.91 V (—0.96 V vs SCE) and e 15 1 05 0 05 -1 -5 -2

—1.23 V (—-1.28 V vs SCE). These potentials can be Potential (V vs Ag/AgCl)

compared with those reported for unsubstituted Rdtdble Figure 5. Cyclic voltammograms of compounds 4, and7 in CH,Cl;

2), in which the first oxidation has been given as 0.64 V (vs containing 0.1 M TBAP.

SCE), and the first and second reductions givern-8%6

and —1.06 V (vs SCE) in DMF. As expected, the butoxy be expected from the insertion of a positively charged ion
substituents have an electron-donating effect, makingth such as P. In fact, a linear correlation has been drawn by
easier to oxidize and more difficult to reduce than R&H Lever for unsubstituted phthalocyanine which relates the
The same trend holds even in comparison to the relatively redox potentials to the radii/charge ratio of the insertecbion.
electron-rich tetraalkyl-substitutettBu)sPcH (Table 2); the  The small radii/charge ratio of the/Ron (31 pm/%) in 2 is

two oxidations for the Bu),PcH, are ~150 mV more expected to cause a significant positive shift in the redox
positive than the respective oxidations seen¥pand the  Potentials based on this correlation.

two reductions for Bu),PcH, are more positive than the For many porphyrins and phthalocyanines, the first oxida-
corresponding reductions observed foClearly, the butoxy ~ tion and first reduction correspond to the removal or addition
substituents have the effect of pushing electron density ontoOf an electron from the frontier orbitals of the system,
the macrocycle. The octachloro-substituted analdyjalso ~ and the potential differenc@Eox-—rea = Eox — Ered) between
exhibits two reversible oxidations and two reversible reduc- them is very similar for a given series of compounds,
tions, as shown in Figure 4, and from the redox potentials corresponding to the HOMELUMO energy gag® For

for 6 given in Table 2, it is clear that the eight chloro metal-free Pc's,AEo-red = 1.4 V on averagé] and
substituents have a large electron-withdrawing effect. The compoundsl and6 conform nicely to this trend (Table 2).
first and second oxidations are shifted 430 and 360 mV more However, the smallAEox-req Value of 1.18 V for2 is
positive than those of, respectively, and both reversible considerably out of the normal range for either metal-free
reductions occur at a potential 270 mV more positive than (AEox-rea= 1.4 V) or main-group P¢’sXEox-rea= 1.5 V)*’
those ofl. Indeed, both the oxidations and second reduction In fact, given the relatively positive value of the first
for 6 occur at potentials more positive than the respective reduction potential fo2, we suggest that this process is a
waves for the unsubstituted PgHThese data suggest that reduction of phosphorus rather than the ring, or involves a
the electron-withdrawing capacity of the chloro substituents 7 orbital with significant phosphorus character, and therefore,
overpowers the electron donation of the butoxy groups, and AEox-red do€s not correspond to the HOMQUMO energy
makes the octachloro substituted macrocycle electron-poorgap of the aromatie-system.

in comparison with unsubstituted PgH (b) Electrochemistry of (BuO)s(TBC)P(OCHy),, [(BuO)e-

An extensive literature exists on the electrochemistry of (TBC)P(OH)]*OH~, and [(BuO)sClg(TBC)P(OH)] "OH".
many main-group phthalocyanines, but phosphorus Pc’s, asThe cyclic voltammograms fo8, 4, and 7 are shown in
mentioned earlier, in general are notably absent. It is of someFigure 5, and the corresponding redox potentials are given
interest, therefore, to compare the electrochemical propertiesn Table 3. As seen in Figure 5, the overall electrochemical
of the phosphorus Pzagainst those df and6. Interestingly, behavior of the three TBC compounds is similar, with two
the electrochemistry o is markedly different frontl and oxidation waves and one or two reduction waves observed
6, as seen in Figure 4 and listed in Table 2. The insertion of Within the solvent window. The difference in axial ligands
a phosphorus(V) ion has caused dramatic positive shifts inbetween3 and 4 has only a small effect on the redox
the redox potentials fo2 compared tol, making the potentials. As expected, the chlorinated TBCexhibits
phosphorus complex much more difficult to oxidize and —
easier to reduce than the metal free RcFhis effectis to () Lvee 5 S o B o e o oia, -

(57) Leznoff, C. C. InPhthalocyanines: Properties and Applications
(54) Wohrle, D.; Schmidt, VJ. Chem. Soc., Dalton Tran$988 549— Leznoff, C. C., Lever, A. B. P., Eds.; VCH: Weinheim, 1989; Vol.
551. 3, pp 12-23.
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Octalkoxy-Substituted P(V) Triazatetrabenzcorroles

Table 3. Half-wave Potentials (V vs Ag/AgCI) of
Triazatetrabenzcorroles (Bug§pJBC)P(OCH) (3),
[(BuO)s(TBC)P(OH)I'OH™ (4), and [(BUO)Clg(TBC)P(OH)J*OH~ (7)

oxidation reduction
compd 1st 2nd 1st 2nd AEox—red
3 0.32 0.78 -1.16 1.48
4 0.42 0.85 —1.08 1.50
7 0.64 1.04 —0.85 —-1.27 1.49

a AEox—red IS given as the difference between the 1st reduction and 1st
oxidation potentials.

marked positive shifts in both the reduction and oxidation
potentials compared ®and4, in keeping with the expected
electron-withdrawing effect of the Clsubstituents. This

effect appears to be large enough to cause a second reductio

at—1.22 V to come into view, as opposed to the other TBCs
3 and4, which show essentially only one reduction. To our
knowledge, the electrochemical properties of a triazatetra-
benzcorrole macrocycle have only been reported recently for
the silicon complex TBCSi(OSigt>® The cyclic voltam-
mogram of this complex is somewhat similar to the TBCs
described here, exhibiting two reduction couples-4t22
and —1.66 (V vs Ag/AgCl) and two oxidation couples at
0.63 and 1.14 (V vs Ag/AgCl). However, th&Eyy req =
1.85 V is rather different from the avera@édEqy—req Of 1.49

V for compounds3, 4, and 7. As already discussed, the
observed difference between the first reduction and first
oxidation for phthalocyanines iAEqy—req ~ 1.50 V, which
typically corresponds to the HOMELUMO gap. Interest-
ingly, the average\Eq«req Values observed for the triaza-
tetrabenzcorroles examined in this study agree well with this
range and suggest this value may represent the HOMO
LUMO gap for the TBCs. TheAEgx—req Value for the Si
derivative may not correspond to the HOMQUMO gap

of the -system in this particular TBC compound.

The most dramatic effect is observed if one compares the
redox potentials for the TBC compounds versus the corre-
sponding phthalocyanines. The Rand TBC3 have the
same internal metal ion and axial ligation and, therefore,
provide a good pair of compounds for direct comparison.
The first and second oxidations for TBXare 630 and 460
mV more negative than the corresponding processes for P
2. In addition, the reduction f@ is several hundred millivolts
more negative than both reductions farThese dramatic
shifts indicate that TBC3 is much more electron-rich
compared to the analogous Pc molecule. Such a finding is
perfectly consistent with the formak3charge of the TBC
ring [(TBC(3—)PY(OMe),], as compared to the-2 charge
of the corresponding Pc, [Pc2PY(OCHs),]". However,
these differences in redox potential may also be attributed
to the difference in overall charge, i.e., a cationic Pc complex
versus a neutral TBC complex. In any case, these findings
are consistent with the general notion that corroles help
stabilize higher oxidation states.

Chemical Oxidation of [(BuO)g(TBC)P(OH)] TOH ™ (4).

The TBC4 was oxidized by the addition of a stoichiometric

(58) Kobayashi, N.; Furuya, F.; Yug, G. C.; Wakita, H.; Yokomizo, M.;
Ishikawa, N.Chem. Eur. J2002 8, 1474-1484.

C

amount of AQNQ to a solution o in toluene/methanol (1/1
v/v) in an EPR tube. An immediate color change was
observed from purple to dark green, and the solution was
then degassed, placed under argon, and frozen in liquid
nitrogen prior to transfer to the EPR instrument. A singlet
centered ay = 2.003 with a peak-to-trough separation of
13 G is observed. A control EPR spectrum4ofvas taken
prior to addition of Ag, and no EPR signal was observed.
The spectrum is typical of a simple-cation-radical por-
phyrinoid specie8? %! which we assign to the oxidized
product [(BuO}(TBC)P(OH)F'. Although the site of oxida-
tion in metalloporphyrinoid compounds often can be difficult
to assign (ring vs metal), in this case the phosphorus ion is
ﬂlready in the highest accessible oxidation state and the EPR
spectrum clearly points to an oxidized ring system. The color
of the oxidized product persists for long periods (hours) at
room temperature, suggesting that theation radical is
quite stable. The formal potential of Agn CH,Cl, has been
given as 0.65 V (vs SCE¥,which falls conveniently between
the first and second oxidation couples #r(see Table 3
and Figure 5). Although the chemical oxidation was done
in toluene/methanol for EPR measurements, we propose that
this m-cation-radical species is the product of the first
oxidation seen in the cyclic voltammogram.

Conclusions

In conclusion, we have synthesized a new series of TBC
macrocycles based on the octabutoxy-substituted framework.
We have shown that, despite the possible difficulties from
steric crowding, the '36'-butoxy-substituted Pc'4 and 6
undergo facile ring contraction to the TBC compounds. It is
possible to define the axial ligation of th& Benters through
an examination of the spectroscopic data, especidly
NMR, in which there is a clear trend in chemical shift with
axial ligation state. Examination of UMis properties has
shown that the TBCs prepared in this study have a dramati-
cally red-shifted Soret band, even more red-shifted than
previously characterized TBCs. We have also shown that
the insertion of P into the Pcl leads to an unexpected
dramatic red-shift of the Q-band, as seen in the-tiis for
2. To our knowledge, this Q-band is the farthest red-shifted
Q-band for a Pc molecule reported to date. From cyclic
voltammetry, we have demonstrated that the TBCs are easier
to oxidize and more difficult to reduce than their Pc
counterparts, which is consistent with the notion that corroles,

in general, tend to stabilize high oxidation states.

Acknowledgment. D.P.G. is grateful to the NSF
(CHE0094095 and CHE0089168) for funding, and for the
awarding of an Alfred P. Sloan Research Fellowship (B.R.-
4153) in part to fund this work.

1C034792K

(59) Myers, J. F.; Canham, G. W. R.; Lever, A. B.IRorg. Chem1975
14, 461—-468.

(60) Ough, E.; Gasyna, Z.; Stillman, M. lhorg. Chem1991, 30, 2301~
2310.

(61) Fajer, J.; Davis, M. S. lithe PorphyrinsDolphin, D., Ed.; Academy

Press: New York, 1979; Vol. IV, p 197.
(62) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.

Inorganic Chemistry, Vol. 42, No. 25, 2003 8191





