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Subphthalocyanine (SubPc)-fused dimers and trimers bearing fluorine, iodine, and thioether peripheral
substituents were synthesized and characterized. Absorption spectroscopy and electrochemical studies
revealed (i) that the substituents have a strong effect on the electronic properties of the macrocycles and
(ii) that there is good communication between the subphthalocyaninic moieties within the oligomeric
structures. Theoretical calculations at DFT/6-31G(d,p) computational level and electron density studies
support the experimental findings. The frontier orbitals in the dimers and trimers were also shown to be
significantly altered with respect to those of SubPcs as a consequence of the extension of the conjugation
associated with symmetry breaking. Time-dependent density functional theory calculations reproduced
the differences observed in the WVis spectra of the fused dimers and the monomeric SubPcs.

Introduction
SubphthalocyaninégSubPcs, Figure 1) are lower homo- ‘1
logues of phthalocyanines, consisting of three diiminoisoindole
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(1) (a) Torres, TAngew. Chem., Int. ER006 45, 2834-2837. (b) macrocycles comprise an aromaticzilectron system, which
Claessens, C. G.; Gofiea-Rodfguez, D.; Torres, TChem. Re. 2002 provides interesting electronic properties that allow their ap-
102, 835-853. plication as dyes for technological devideas supramolecular

(2) (a) Torres, T.; Claessens, C. G.; Iglesias, R. S.; Genzdodfguez, . : -
D.; Martinez-Dez, M. V. (Universidad Autooma de Madrid, Spain.) building blocks? as nonlinear optical chromophoresnd as

Spanish Patent ES 200401615, 2005. (b) Yanagimoto, T.; Yamada, H.; COmponents in photo- and electroactive dyads and tfiads.
Tsuchiya, M.; Kawasato, H. (Nippon Steel Chemical Co., Ltd., Japan) WO SubPcs were serendipituously discovered in 1972 by Meller and

2004067644, 2004Chem. Abstr.2004 141, 191923. (c) Zafirov, A, ; ; ;
Rakovski, S.; Bakardjieva-Eneva, J.; Prahov, L.; Assenova, L.; Marrandino, Ossko as they were trying to synthesize a boron phthalocyanine.

F. (Vivastar Mastering & Materials A.-G., Switz.) WO 2002080158, 2002, Instead, they Ob.tained amagenta compoqnd that was unambigu-
Chem. Abstr2002 137, 318007. ously characterized by elemental analysis and mass spectrom-
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€ - syn, syn
d - syn, anti

FIGURE 2. Structure of SubPc Dimers(b), Trimers €, d, 6, and monomeric SubP¢)(with different peripheral and axial substituenis-g).

etry. Two years later, an X-ray crystal structure further
confirmed the former structural claims.

desired feature for a molecule to present third-order nonlinear
optical behavior, and consequently may be employed in

One of our current research interests is focused on the nonlinear optical applicatiorts.

development of extendedsurfaces using phthalocyanines and
homologous macrocycles as building bloéksarge conjugated

Recently, significant ameliorati@rof the SubPc formation
reaction led us and others to the elaboration of more complex

molecules may present several interesting properties, as thestructures such as fused SubPc dimers and trimers (Figure 2),

electronic absorption in the visible region (Q-band) is shifted

to the infrared or near-infrared spectral regions (higher than

~700 nm), which can be explored in many applications such
as electrolithography (printing technologies), sensitization for
photovoltaic devices, or photodynamic theragieslso, ex-

tendedr-electronic surfaces are highly polarizable, which is a

(3) (a) Claessens, C. G.; Torres, Chem. Commur2004 11, 1298~
1299. (b) Berner, S.; De Wild, M.; Ramoino, L.; Ivan, S.; Baratoff, A.;
Guentherodt, H.-J.; Suzuki, H.; Schlettwein, D.; Jung, TPAys. Re. B
2003 68, 115410/1+11541.0/11. (c) Claessens, C. G.; TorresJTAm.
Chem. Soc2002, 124, 14522-14523. (d) De Wild, M.; Berner, S.; Suzuki,
H.; Yanagi, H.; Schlettwein, D.; lvan, S.; Baratoff, A.; Guentherodt, H.-J.;
Jung, T. A.Chem. Phys. Chen2002 3, 881—-885.

(4) (a) Claessens, C. G.; de la Torre, G.; Torres, Namlinear Optical
Properties of Matter: From Molecules to Condensed PhaBapadopoulos,
M.G., Sadlej, A.J., Leszczynski, J., Eds.; Springer, Dordrecht, The
Netherlands, 2006; Vol. 1, pp 56%35. (b) Claessens, C. G.; Golea
Rodrfguez, D.; Torres, T., Mam, G.; AgulloLopez, F.; Ledoux, I.; Zyss,
J.; Ferro, V. R.; de la Vega, J. M. Phys. Chem. BR005 109, 3800
3806. (c) Marm, G.; Rojo, G.; AgulleLopez, F.; Ferro, V. R.; Garaide
la Vega, J. M.; Mafnez-Daz, M. V.; Torres, T.; Ledoux, |.; Zyss, J.
Phys. Chem. B002 106, 13139-13145. (d) del Rey, B.; Keller, U.; Torres,
T.; Rojo, G.; AgulleL6pez, F.; Nonell, S.; Marti, C.; Brasselet, S.; Ledoux,
I.; Zyss, J.J. Am. Chem. S0d.998 120, 12808-12817.

(5) (@) Gonz&ez-Rodfguez, D.; Claessens, C. G.; Torres, T.; Liu, S.-
G.; Echegoyen, L.; Vila, N.; Nonell, SChem—Eur. J. 2005 15, 3881~
3893. (b) Iglesias, R. S.; Claessens, C. G.; Torres, T.; Aminur Arman, G.
M.; Guldi, D. M. Chem. Commun2005 2113-2115. (c) GonZaz-
Rodrguez, D.; Torres, T.; Guldi, D. M.; Rivera, J.; Herranz, M. A,
Echegoyen, LJ. Am. Chem. SoQ004 126, 6301-6313. (d) GonZez-
Rodrguez, D.; Torres, T.; Guldi, D. M.; Rivera, J.; Echegoyen,Qrg.
Lett. 2002 4, 335-338.

(6) (a) Garca-Frutos, E. M.; Fermalez-Lazaro, F.; Maya, E. M,
Vézquez, P.; Torres, TJ. Org. Chem.200Q 65, 6841-6846. (b) de la
Torre, G.; Martnez-Dez, V.; Ashton, P. R.; Torres, T. Org. Chem1998
63, 8888-8893. (c) Maya, E. M.; Vaquez, P.; Torres, TChem=Eur. J.
1999 5, 2004-2013.

(7) (a) Fabian, J.; Nakazumi, H.; Matsuoka, Ghem. Re. 1992 92,
1197-1226. (b) Perepichka, D. F.; Bryce, M. Rngew. Chem., Int. Ed.
2005 44, 5370-5373.
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hereafter referred to as Dimers and Trim¥&rs.

A similar Dimer was first mentioned in a preliminary
communication by Kobayashi et al. even if, at that time, the
author failed to fully characterize it. As a matter of fact, these
fused systems possess the added interest that they are among
the very few known examples of curvedsurfaces?

Unlike most of the fused phthalocyanii@and porphyrazing
dimers, which present very similar Uwis absorption features
with respect to the corresponding mononuclear macrocycles,

(8) (a) Zyss, J.; Ledoux, Chem. Re. 1994 94,77—105. (b) de la Torre,
G.; Torres, T.; Vaquez, P.; Agulld_6pez, F.Chem. Re. 2004 104 3723~
3750.

(9) (a) Claessens, C. G.; Torres,Ghem=—Eur. J.200Q 6, 2168-2172.
(b) Claessens, C. G.; Torres, Tetrahedron Lett200Q 41, 6361-6365.

(c) Claessens, C. G.; Gorlea-Rodfguez, D.; del Rey, B.; Torres, T.; Mark,
G.; Schuchmann, H.-P.; von Sonntag, C.; MacDonald, G.; Nohr, Rus.
J. Org. Chem2003 2547-2551.

(10) (a) Claessens, C. G.; Torres,Angew. Chem., Int. ER002 41,
2561-2565. (b) Fukuda, T.; Stork, J. R.; Potucek, R. J.; Olmstead, M. M.;
Noll, B. C.; Kobayashi, N.; Durfee, W. SAngew. Chem., Int. EQ2002
41, 2565-2568.

(11) Kobayashi, NChem. Commuri991 1203-1204.

(12) (a) Yamaguchi, YJ. Chem. Phys2004 120, 7963-7970. (b)
Kawase, T.; Tanaka, K.; Shiono, N.; Seirai, Y.; Oda, Ahgew. Chem.,
Int. Ed.2004 43, 1722-1724. (c) Scott, L. TAngew. Chem., Int. E@003
42,4133-4135. (d) Reiher, M.; Hirsch, AChem—Eur. J.2003 9, 5442
5452,

(13) (a) Makarov, S.; Litwinski, C.; Ermilov, E. A.; Suvorova, O.; Roeder,
B.; Wohrle, D. Chem—Eur. J.2006 12, 1468-1474. (b) Zhang, Q. M,;
Li, H.; Poh, M.; Xia, F.; Cheng, Z.-Y.; Xu, H.; Huang, ®lature 2002
419,284-287. (c) Liu, C.; Wang, X.; Gong, Q.; Liu, Y.; Qiu, W.; Zhu, D.
Chem. Phys. Let2001 347, 378-382. (d) Kobayashi, N.; Fukuda, T.;
Lelievre, D.Inorg. Chem200Q 39, 3632-3637. (e) Ishii, K.; Kobayashi,
N.; Higashi, Y.; Osa, T.; Leliere, D.; Simon, J.; Yamauchi, Shem.
Commun.1999 969-970. (f) Zhang, Y. J.; Li, L. S.; Jin, J.; Jiang, S;
Zhao, Y.; Li, T. J.; Du, X.; Yang, SLangmuir1999 13, 2183-2187. (g)
Kobayashi, N. Lam. H.; Nevin, W. A.; Janda, P.; Leznoff, C. C.; Koyama,
T.; Monden, A.; Shirai, HJ. Am. Chem. S0d.994 116 879-90.
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TABLE 1. Yields of SubPc 1f and Dimer (1a-1b) Obtained at i
Various Tetrafluorophthalonitrile/Tetracyanobenzene Ratios o o NC  CN
tetrafluorophthalonitrile/ yield (%) F °
entry tetracyanobenzene ratio dimers SubPc J\ 7\ F
1 12 <1 26 e Mol o oL NH
2 11 3 32 NN NN I
3 5:1 5 40 F SN F F N F
4 10:1 20 43
: FF FF F F F F
5 20:1 16 58 ° 10 "

aYields correspond to the sum of tlati and syntopoisomers. o )
FIGURE 3. Octafluorophthalimide SubPg; dicyanooctafluoro SubPc

10, and tetrafluorophthalimidé1.

the Dimers and Trimers were shown to display a huge
bathochromic shift of their Q-band (120 and 180 nm, respec-
tively) when compared to the corresponding monomeric SubPc
thus conferring them a distinctive blue color in solution.

Furthermore, the Q-bands of both Dimers and Trimers have a . ; ) ) .
Q 24 h. In this way, axially functionalized DimeBa-b and3a-b

very typical multiband fine structure comprising four major . - . - ;
absorptions, a fact that has not received any explanation so farVere obtalr)ed in 13 and 19% yields, respegtlvgly. Reactlon of
purela-b with the corresponding phenol derivatives in toluene

onlrt]htglf):tr(ttlglrigv gfvmledgsggt?()en(lc))fas?)rrlﬁfesgfjctjf):eotrgk(])itl?:Lusgr(t::nt at reflux I_e-d to2a-b and3a-bin 11 and 17% overall yields
reaction parameters involved in the preparation of the Dimers from starting tetracyanobenzene. . e

. o o r ) - Other relevant compounds were identified in the course of
and Trimers so as to optimize their yield of formation and (ii) the purification procedures (Figure 3). Thus for example, an

:jhf? sub;squer?t S¥nth§S'S. Olf nf)wt.tD |m(tarsFar;tdh Trimers tEea”nr?asymmetric octafluoro-phthalimido SubPuevas isolated in 16%
nerent peripheral and axial substituents. Furthermore, throug yield when a 2:1 tetrafluorophthalonitrile/tetracyanobenzene

:nZo:zltzl;al:aslf[:;tlﬁion?h\évee\ll\ggt?g::i:%egg?tlg:h?pﬁnéglr?dn Iﬁ; ratio was employed (Table 1, entry 1) and fully characterized.
UV —vi '\é " ”3(;’ ta of th . II t'VI ’ d This compound helps to give a deeper insight into the mech-
Vis absorption data of these singuiar aromatic Compounds. 5 ism of SubPc formation since it can only results from the

hydrolysis of a more reactive intermediate that most probably
Results and Discussion comes from the reaction between a dicyanoSutfPand boron

) _ ) trichloride. Tetrafluorophthalimidé 11 could also be isolated
Synthesis. The condensation reaction between tetrafluo- from this reaction in 12% yield.

rOphthalonitrile and 1,2,4,5'tetracyan0benzene in the presenceé pimers4a—b could not be isolated from the condensation
of boron trichloride that led to Dimerka—b and Trimerslc—e  reaction between 4-iodophthalonitrile and tetracyanobenzene in
was studied more thoroughly in order to determine the optimal the presence of boron trichloride as a consequence of their low
reaction conditions. The choice of tetrafluorophthalonitrile relied solubility. Instead, Dimer&a—b were obtained in a one-pot
on the following assumptions: (i) it provides solubility to the  procedure by reacting the crude from the condensation reaction
macrocycle, (ii) its symmetry allows an easier NMR charac- hetween 4-iodophthalonitrile, tetracyanobenzene, and Bith
terization, and (|||) it is stable under the SubPc formation 4_tert_buty|pheno| in toluene at reflux. Compounaa,b can

The axial functionalization of Dimersa-b was achieved by
refluxing the crude product from the condensation reaction
"between tetrafluorophthalonitrile, tetracyanobenzene and boron

trichloride with phenol or 4ert-butylphenol in toluene for 16

reaction conditions. Furthermore, topoisomgesand 1b can  potentially exist as 14 different isomers §ynand 7anti), six
be easily purified by column chromatography on silica gel and of them being chiral structures (Figure 4). Even if the isolation
characterized individually. of each possible isomer could not be achieved, two groups of

The synthesis was performed with five different tetrafluo- synisomers and one dnti were isolated, in very low yields
rophthalonitrile/tetracyanobenzene ratios (Table 1), leaving all (less than 1% for each group), by column chromatography on
the other reaction parameters unchanged. The three ratiossilica gel.
involving higher quantities of tetracyanobenzene (entrie8)1 Dimers6a—b could not be isolated as a consequence of their
resulted in very poor yields of Dimers (less than 5%), probably quick decomposition on silica gel. Instead, octaoctylthioether-
as a consequence of the formation of insoluble tetracyanoben-substituted Dimer§a,b were obtained in 16% yield7é, 9%;
zene polycondensation products. When the ratio is greater than7b, 7%) from the condensation of 3,4-dioctylthiophthalonitrile
10:1 (entries 45), reasonable yields of Dimers (around 20%) and 1,2,4,5-tetracyanobenzene in the presence of boron trichlo-
were obtained. In order to minimize the formation of dodecaf- ride in p-xylene followed by axial substitution with tert-butyl-
luorosubphthalocyaningf a 10:1 phthalonitrile/tetracyanoben-  phenol following the above-mentioned procedure. Their puri-

zene ratio was used in all subsequent reactions. fication was somewhat tedious as a consequence of their ten-
The condensation reaction was carried out at temperaturesdency to form aggregates in polar solvents as it_may be antici-
ranging from 8C°C to reflux temperature gi-xylene (138°C), pated from the presence of eight long alkyl chains. The corre-

and the best yield was obtained at reflux, which is also the sponding Trimer§c—e could also be isolated and characterized
optimal temperature for the synthesis of SubPcs under similaras a mixture of the three possible topoisomers in 0.2% yield.
conditions? Characterization. All compounds were characterized Hy
NMR, high-resolution mass spectrometry, elemental analysis,
and UV-vis spectrophotometry among other techniques.

(14) (a) Luo, Q.; Cheng, S.; Tian, Hietrahedron Lett2004 45,7737—
7740. (b) Garrido Montalban, A.; Jarell, W.; Riguet, E.; McCubbin, Q. J.;
Anderson, M. E.; White, A. J. P.; Williams, D. J.; Barrett, A. G. M; (15) Gething, B.; Patrick, C. R.; Tatlow, J. @.Chem. Soc. Abst$961,
Hoffman, B. M.J. Org. Chem200Q 65, 2472-2478. 1574-1576.
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TABLE 2. Chemical Shifts of the Phenoxy Axial Groups of
U IR i | i I . Dimers 3a—b, 5a—b, and 7a—b and Corresponding SubPcs 3f, 5f,
1‘&'1--5“+ NC” ~F eN 2 4BuPhencl and 7f
H HP
, I a I I ﬁ I I _O < >
H H SubPc / SubPcDimer
1 I L [ Ha Hb
+ 4+ LR ERNSSTIF e SR 3a 5.25/5.28 6.71/6.73
“ 3b 5.39/5.42 6.86/6.89
_/QQ Q - 3f 5.25/5.28 6.78/6.81
P! 44 . 5a 5.22/5.28 6.65/6.71
R AT =S g 5b 5.41/5.48 6.83/6.90
(BT e X i 5f 5.23/5.29 6.72/6.78
g Y iiieaip A o 7a 5.28/5.34 6.66/6.72
i il 7b 5.41/5.47 6.81/6.87
~ Ll - ' P 7f 5.30/5.36 6.74/6.80

FIGURE 4. Possible isomers of the iodo-substituted Dimers: isomers

Iglesias et al.

536, 5a0, 5a0, 5bs, 5bd, and5by are chiral structures.
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FIGURE 5. Experimental (a) and theoretical (b) isotopic pattern for
the [M]* ion of Trimers7c—e as determined by matrix-assisted laser

ring. Even if the magnetic environment of these protons is
identical in the case ofyn and anti topologies, it is quite
sensitive to the nature of peripheral substituents (10.40 ppm
for 2a and 10.29 ppm for7a).

The signals corresponding to axial phenol protons appear at
0 = 5.2-5.5 and 6.76.9 ppm in all Dimers Za—b, 3a—Db,
5a—b, and7a—b) and Trimers {c—e and 7c—e). Signals at
5.2-5.5 ppm that correspond to the protons that are closer to
the w-surface of the SubPc moiety were employed as probes
for the assignment of each topoisori&r While in the anti
isomer the chemical shifts of the aromatic phenolic protons are
very similar to those of the corresponding SubPc, in ske
isomer the proximity of the axial groups (less than 3 A) and
their resulting interaction shifts significantly the signals with
respect to those of the SubPc (ca. 0.2 ppm, Table 2).

UV—Vis. The UV—visible spectra of the Dimers exhibit, as
phthalocyanines and related compoundsal8 or Soret band
at ca. 320 nm and a Q band in the visible region at ca. 560 nm.
Compared to the SubPcs, the Q band of the Dimers is highly
red-shifted, by ca. 120 nm (Figure 6).

This is a strong indication that in the Dimers theelectron
conjugation is more extended than in the SubPcs, involving the
central benzene ring as observed in electron density calculations
(see below). Furthermore, the Q band of the Dimers has a very
characteristic shape, presenting always four well-defined bands,

desorptior-ionization time-of-flight (MALDI-TOF) mass spectrometry. possibly due to the lower symmetry, resulting in less orbital

Mass Spectrometry.In all cases, peaks corresponding to the degeneration, compared to that of the SubPcs.
molecular ions of all new species were observed. Moreover, It can be noticed that the axial substitution of the Dimers
peaks corresponding to the loss of one, two, or three axial causes only a very small blue-shift, an effect which is also
substituents, in accordance with the compound, could also beobserved in the SubPcs. In SubPcs, it was observed (and
observed. As could be expected, the presence of more than onsupported by theoretical study) that this hipsochromic shift is

axial substituent increases the relative proportion of {M
n(axial substituents)} with respects to [M}. The experimental
isotopic pattern for [M} was found to be in accordance with

dependent on the atom directly linked to the boron atom,
increasing in the order & CI| > Br.1617 On the other hand,
the peripheral substitution has a very strong effectthe

the theoretical one in all cases as illustrated in the case ofabsorption of compounds substituted with donor group octylth-
Trimers7c—e in Figure 5. ioether is red-shifted by around 40 nm with respect to the

IH NMR. The phenol groups in axial position not only (acceptor) fluoro-substituted compounds. The same behavior was
provide increased solubility and stability to SubPcs and Ditfers observed in the case of SubPé§ he iodo-substituted Dimers
but also in the case of the Dimers the possibility to assign the 5a—b absorb around 700 nm, a small red-shift compared to the
synandanti topologies by means dH NMR1%2 spectroscopy
(see characterization belowdd NMR spectra of the Dimers
exhibit as a “fingerprint” a singlet around 16-:20.5 ppm,

(17) (a) Ferro, V. R.; Garaide la Vega, J. M.; Claessens, C. G.; Poveda,

corresponc_ilng to t.he two f_]lgh_ly d_eshlelded protons of the central L. A.; GonZdez-Jonte, R. HJ. Porphyrins Phthalocyanine001, 5, 491—
benzene ring. This deshielding is undoubtedly a consequenceygg’ (b) Ferro, V. R.; Poveda, L. A.; Claessens, C. G.; Glezaonte, R.

of the high diatropic magnetic currents on the central benzeneH.; Garéa de la Vega, J. Mint. J. Quantum Chen2003 91, 369-375.

(16) GonZ#&ez-Rodfguez, D. Ph.D. Thesis, Universidad Aotima de
Madrid, 2003.
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TABLE 3. Redox Potentials Obtained from Cyclic Voltammetry for the Binuclear SubPc Dimers lab, 3a—b, and 7a—b and Reference
SubPcs 1f, 3f, and 7f (THF, in mV vs Fc/F¢)

compound Elod EZd EL12, red E2112, red compound Elod E%d E12, red E212 red E312, red E*12, red
1f +1001 —923 —-1614 1b (anti) +907 +1041 —836 —1130 —168% —-1918
la(syn +870 +1060 —820 —1129 —1551 —-1773

3f +989 —1001 —1648 3b (anti) +865 —928 —1232 —1645 —1857
3a(syn +840 —915 —1213 —1676 —1870

7f +620 +1000 —1493 —2006 7b (anti) +526 +820 —1285 —1585 -2119 —2348
Ta(syn +500 +798 —1250 —1515 —1964 —2209

a Since these oxidative processes are irreversible, only anodic peak potentials are ré®ineglthese reductive processes are irreversible, only cathodic
peak potentials are given.

14 -
3
<
|-
£
=
o
1"0 o',o -1',0 »2',0 3,0
Potential / V vs Fe/Fc*
FIGURE 6. UV—vis spectra of compoundl (purple line),1b (red 00
line), 3b (blue line),7b (dark green line), andc—e (light green line).
=
&
fluoro-substituted one2a—b and3a—b. This is due to the lower S ]
acceptor effect of iodine compared to that of fluorine. @
Also, as expected, the Dimers have a higher molar extinction 5 2001
coefficient than SubPcs (log around 4.9 in the Dimers and
4.5 in SubPcs), since they possess a larger molecular surface, 4004 3a
absorbing more light per molar units.

Electrochemistry. The electrochemical behavior of SubPcs — T
1f, 3f, and 7f and Dimersla—b, 3a—b, and 7a—b was ' oo S )
investigated by cyclic voltammetry in THF as summarized in Potential / V'vs Fe/Fe
Table 3 and Figure 7. The three SubPcs studléd3f, and7f)
exhibit several reduction peaks, with an always reversible first
reductive process that involves one electron. At more negative
potentials several processes are observed, being the reversibility
of them dependent upon the substitution on the macrocycle. In
the oxidative part, an irreversible wave is generally observed
between 620 and 1001 mV that seems to involve one electron.

Similarly to the electrochemical properties reported for other
SubPc¥ a more difficult reduction and an easier oxidation were
observed with the increasing donor ability of the substituents
in the axial position (chlorine iif vs tert-butylphenol in3f).

In addition, the peripheral substituents on the macrocycle modify o oo 1o 20 30
strongly the reduction and oxidation potentials of the SubPcs. . +

The SGH;7 derivative7f is much easier to oxidizé=lo, = +620 Potential /V vs Fe/ke

mV) than the SubPcs bearing fluorine substituetftand 3f FIGURE 7. Cyclic voltammograms of Dimerka—b, 3a—b, and7a—b

(Elox = +1001 and+989 mV, respectively). The reduction and the corresponding reference SubBigs3f, and 7f.

potentials follow the same trend, the first reduction process for

7f is more than 500 mV cathodically shifted, in comparison tions strongly endorse the complete conjugation ofittedectron

with its fluorine-containing analogsf and 3f. system in the SubPc Dimers, as previously anticipated.

Thes-extended electronic structure of binuclear SubPc dimers  SubPc Dimers exhibit a first oxidation process %0 mV
strongly impacts the ground state features and, consequentlynegatively shifted when compared to those of the corresponding
the electrochemical properties of these structures with respectSubPcs. The second oxidation process, which takes place in
to those of their corresponding SubPcs (see Table and Figure)the other SubPc subunit, appears up to 300 mV positively shifted
The electronic communication between the two SubPc units is when compared to the first one.
clearly appreciated from the variations observed in the redox In the cathodic scan, the three series of SubPc Dimers exhibit
potentials of the Dimers and reference SubPcs. These observaseveral reduction peaks, with the first two always being

Current / a.u.
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TABLE 4. Root-Mean-square Deviation from the Calculated to 0
Experimental (X-ray Crystallography 1% Bond Distances for
Compounds 1a and 1b -2 — —
bond type B3LYP/6-31G(d,p) (A) (i
> 4 unoccupied orbitals
CC (benzene) 0.015 ()
CC (pyrrole) 0.006 e occupied orbitals
Ca—Nn 0.001 g
Ca—Np 0.002 2 4 - =
B—N 0.008 w il
B—Cl 0.013 10 — — i
total 0.013 i
8f 8a 8b 8c
-12
TABLE 5. Calculated Total Electronic Energies (E) and Heat of Compound
Formation (AHs) of Some Representative Dimers and SubPcs
compound E (a®) AH¢ (kcal/mol) FIGURE 9. Frontier orbital energies (eV) of Dime8a,b, Trimer 8c,
and reference SubR8f calculated at the B3LYP/6-31G(d,p) compu-
la —4826.3177940 —263.2 tational level.
1b —4826.3179259 —263.8
1f —2926.1765430 —286.6 . .
2a c —234.6 both B—Cl and C-C (in the benzene groups) bond distances
4a c 466.7 with the B3LYP/6-31G(d,p) method. Geometry optimization
6a ¢ 389.6 employing the semiempirical AM1 parametrization yielded poor
Sa 3238752008 3 results, even if qualitatively reliable, as the minimized struct
b 3238 7544775 396.4 . , nif qualitatively reliable, as the minimized structures
8c —4742.0045783 584.2 did not retain the expected (for tisgnisomer)C,, symmetry.
8f —1735.5344175 209.0 Energy. Table 5 shows the total electronic energies calculated

aB3LYP/6-31G(d,p) calculatior? AM1 calculation on the B3LYP/6- at the B3LYP/6-31G(d,p) computational level as well as the
31G(d,p) optimized geometrie3Optimized geometries using semiempirical  heat of formation, calculated with the AM1 method on the
AM1 method. B3LYP/6-31G(d,p)-optimized geometries, of Sub”REandsf,
a representative selection of Dimers and one Trimer. Despite

reversible and corresponding to the first redox processes on eacfihe large size of the structures, calculated energies and heat of
one of the SubPc subunits. At more negative potentials severalformation reproduce well the expected behavior for size increase
processes (up to 7 fdm) were observed, being the reversibility (SubPc units added) and substituent effects, in a similar way as
of them slightly influenced by the substitution on the macro- reported in theoretical studies on SubPt$he energy differ-
cycle. The strong coupling existing between both SubPc subunitseénce betweesyn(laand8a) andanti (1b and8b) topoisomers
is also evidenced by the 16@50 mV positive shift that the IS negligible (<1 kcal/mol) suggesting that they do not differ
first reduction potentials experiment when compared with the in stability. In contrast, the nature and numbers of substituents
corresponding SubPc. The second reduction process, which take# the periphery strongly affect the heat of formation thus, for
place in the other SubPc subunit, appears up to 300 mV €xample, its absolute values for some selected derivatives follow
negatively shifted when compared with the first one. the order: AH; (1a) < AHr (6a) ~ AH; (83) < AHs (4d). In
Finally, it is important to mention that the electronic com- fact, experimentally, it was corroborated that Direris much
munication observed between both SubPc subunits in thesemore stable than Dime#a, 6a, and8a both in solution and in
Dimers is slightly stronger in the case of tegnvs theanti the solid state. Axial substitution was shown to affect the
isomers. Oxidation potentials appear around 30 mV positively stability of the overall structureAH; (1a) < AHs (23)), most
shifted for theanti isomers and the same behavior is observed probably as simple consequence of the increase in size by
on the reduction potentials, being up to 30 mV negatively shifted addition of phenoxy groups. The orientation of the phenoxy axial
in the case of thanti isomers when compared with tisyn groups in Dimer2a has only minor effects oAH;. Conforma-
Theoretical Calculations. Geometry As expected, the DFT-  tions with both phenyl groups pointing away from each other
optimized structures employing the B3LYP/6-31G(d,p) method are more stable than those with the groups in proximity, by ca.
correlate well with the X-ray crystal structures of Dimdrs 2 kcal/mol. The same trend is observed in émei topoisomers
and 1b as shown by the relatively small root-mean-square 2b, indicating that differences imMH; are not related to
deviations from the calculated bond distances to the experi- interactions between the axial groups.
mental ones (Table 4). The main discrepancies between Electron Density Distribution. Figure 8 shows the contour
experimental and calculated data lies in the overestimation of surfaces of the electron density deformations forsyxeDimer

FIGURE 8. Contour surface of the electron density deformation forsyreSubPc Dimer (a) and its single (b) and double (c) negatively charged
derivatives. (Only the charge accumulation is represented. Contour ¥au@01 au. The electron density was calculated at B3LYP/6-31G(d,p)
level. The electron density profiles obtained for singly and double charged cations are similar to those of the single and double anions.)
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Highest occupied orbitals Lowest unoccupied orbitals

Dimers

Dimers - | UMO+3
SubPc .= HOMO g
_4/
\
HOMO ™._
“w HOMO-1

¥ ala, "

FIGURE 10. Frontier orbitals (highest occupied and lowest unoccupied) of Dd&aand SubP@&f calculated at the B3LYP/6-31G(d,p) computational
level.

TL ooy K JISK : -
XX

- =
| HOMO-1 :Qi }:}: - unoccupied orbitals

occupied orbitals

HOMO-1

Energy / eV
&

" HoMO-2
Dimer m :{K -8 —

Trimer 10 = —

Ba 1a 2a 4a Ta

FIGURE 11. Central benzene highest occupied molecular orbitals of

Dimer 8a and Trimer8c. Compound

o . . FIGURE 12. Effect of substituents on frontier orbitals of some SubPc
8aand its single and double anions. The neussal Dimer (a) Dimers.

shows a strong-conjugation in the central part of the molecule

involving the condensed benzene ring and the two neighboring - These orbitals are combinations of the SubPc HOMO orbital,
pyrrole units. Thisz electron cloud is connected to theelouds  peing similar in shape, with differences contributions in the
of the SubPc monomers throughout the electron lone pairs of cantral benzene (Figure 10).

the meso nitrogens. The HOMO and HOMO-1 orbitals of the Dimers are further
Adding/extracting one or two electrons to/from the Dimer gplit into three orbitals when a third SubPc unit is added
partially breaks itsz-conjugation. Ther-electron cloud of the  (Trimers), now as a consequence of a linear combination of
fused benzene is broken, and as can be expected, the conjugatiofhe central benzene different contributions in the HOMO and
of the pyrrole units within the individual SubPc moieties is HOMO-1 of the fused dimers (Figure 11).
reinforced with a greater meso nitrogens participation. The lowest-unoccupied molecular orbital (LUMO) of SubPcs
Molecular Orbitals. Orbital energies of some representative are doubly degenerates(andey) as a consequence of ti@3
SubPc Dimers§a—b), a SubPcTrimer§c), and a reference  symmetry of the structur®. This degeneracy is broken, and
SubPc 8f) are represented in Figure 9. It is clearly noticed that the orbitals are split in the SubPc fused compounds, giving rise
there are no substantial differences between the frontier orbitalsto four orbitals very close in energy. Th& SubPc orbitals
belonging to theanti andsynisomers8a and8b, as would be becomes amy, (or a, for the anti topoisomer) (LUMO) and a
expected considering their nearly identical BVis spectra. The by (or by) (LUMO+-3) in the SubPcDimers, while theg becomes
most important feature is the breaking of g, symmetry of ar/b, (LUMO++1) andby/ag (LUMO+2) orbitals (Figure 10).
the SubPcs brought about by condensation of the macrocycles, |t is interesting to notice that no significant destabilization
which causes many of its orbitals to split in the fused of the HOMO orbital is detected with increasing number of
compounds. The HOMO orbital, for example, is divided in a SubPc¢ units. On the contrary, the LUMO orbitals are substan-

more unstabl®, (or by for anti isomer) orbital and a stabilized  tially stabilizedwith each added SubPc (Figure 9). This not
a, (a, for the anti) orbital in the Dimers, corresponding to the

higheStTOCCUpied molecular orbital (HOMO) and HOMO-1, (18) Kobayashi, N.; Ishizaki, T.; Ishii, K.; Konami, H. Am. Chem.
respectively. So0c.1999 121, 9096-9110.
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TABLE 6. Calculated (TDDFT) and Experimental Electronic Transitions of SubPcDimer 1a

transition wavelength(eV)

electronic transitioh oscillator strength calcd exptl
HOMO — LUMO (0.64p 0.97 2.02 1.80
HOMO — LUMO+1 (0.66) 0.25 2.17

1.89

HOMO-1— LUMO (0.64) 0.02 2.47
HOMO — LUMO+3 (0.28) 1.93
HOMO-1— LUMO (0.17) 0.05 2.73
HOMO — LUMO+3 (0.60)
HOMO-1— LUMO+2 (0.67) 0.33 2.82 2.07

aQOnly transitions with oscillator strength higher than 0.01 are shéWumbers between parenthesis represent transition coefficients.

only accounts for the reduction of the band gap and bathochro-from the HOMO-1— LUMO+3 to the HOMO— LUMO

mic shift of the visible absorptions but also represents an (Table 6).

opposite trend (also observed witt fused dimer¥) as that

observed for the frontier orbitals of mononucleaconjugated Concluding Remarks

macrocycles (naphthalocyanines, anthracocyanine&-€jcin

the later chromophores, both HOMO and LUMO orbitals New SubPc-fused Dimers and Trimers bearing donor and

become less stable with increasing extension-abnjugation, ~ acceptor substituents in their peripheral positions were synthe-

in particular the HOMO is strongly destabilized (thus the net sized and characterized. Photophysical and electrochemical

effect is a band gap decrease). This overall destabilization of studies revealed (i) that the substituents have a strong effect on

the frontier orbitals could be a possible explanation for the lower the electronic properties of the macrocycles and (ii) that there

stability of mononuclear-extended structures, with respect to i good communication between the subphthalocyaninic moieties

polynuclear analogues that absorb at similar wavelengths (for within the oligomeric structures. Theoretical calculations at DFT/

example, subnaphthalocyaninesDimers). 6-31G(d,p) computational level along with electron density
The peripheral substitution alters significantly the orbital Studies support the experimental findings. The frontier orbitals

energies in that acceptor substituents such as fluorine atomdn the Dimers and Trimers were shown to be significantly altered

stabilize the orbitals systematically, while weaker acceptor With respect to those of SubPcs as a consequence of the

substituents such as iodine atoms produce a smaller stabilizatiorextension of the conjugation associated with symmetry breaking.
(Figure 12). TDDFT calculations were shown to reproduce the differences

Thioether donor groups7é) have an overall minimum  ©bserved in the UVvis spectra of the Dimers and the SubPcs.

destabilization effect on the frontier orbital, with respect to the
unsubstituted SubPc Dime8&a,b, although in this compound Experimental Section
the HOMO-2 orbital, that corresponds to theorbital of the

sulfur atoms, is strongly destabilized, being close to the HOMO- performed using the GaussiabBrogram package. Stri@s,, Co,.

1. This destabilization accounts for the appearance-of'n 53¢, symmetry conditions were imposed for geometry optimiza-
transitions around 400 nm in the UV spectra. Axial substitution tjons of the SubPc monomers, the Dinsgm and the Dimeanti,

has no significant effects in the orbital shape and energies, asrespectively. The functional used in DFT calculations was the
most frontier orbitals have no contributions in the axial B3LYP2 and the basis sets selected were the 6-31G(d,p). Semiem-
substituents or in the boron atom. This is in agreement with pirical AM1 calculations were performed for estimating the heat
the observed negligible changes in the UV spectra upon axial of formation of the studied compounds as well as for the geometry
functionalization. optimization of some molecules having atoms not defined for the

As a result of the frontier orbital split-up, the UWis 6-31G(d,p) basis sets. The electronic transitions for comp@&and

. . . Iculated, over the DFT optimized structures, using the time-
absorption spectra of the SubPcDimers present a very distinct/ c'e ca i .
Q band in which four peaks are clearly defined, where the one dependent DFT (TDDFT) methodology at 6-31G(d,p) level with

. . - the same B3LYP functional, spanning 8 orbitals (4 virtual and 4
in the red end being the most intense, followed by the one on o¢cypied). Single and double cations and anions were calculated
the blue end (Figure 7).

In an effort to assign the orbl'gal transitions to the observed (22) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.: Scuseria, G. E.; Robb,
UV —vis peaks in the Q band, a time-dependent DFT (TDDFT) M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
calculation of the electronic excitations was performed on the 'f:l/l Burant, é- CC MI!Iarl\r/!l, J-SM-i lyer_\gé(lsr, SRS-: T?\lmaSPL tJ Barong, VA:

H : H ennuccl, i 0ossl, ., ocalmanl, . ega, ., rPetersson, . .
_SubF_’chmerig, As solvatlon_ (_effects are not take_n into account Nakatsuji, H.. Hada, M.; Ehara, M.. Toyota, K. Fukuda, R.; Hasegawa, J.
in this calculation, the transitions are systematically shifted to |shida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
the blue with respect to the experimental spettrdhe X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C,;

i it ing Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
calculation results show 5 transitions for the Q band, ranging Cammi, R.: Pomelli, .. Ochterski. J. W.: Ayala. P. ¥ - Morokuma, K.
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
(19) Kobayashi, N.; Lam, H.; Nevin, W. A.; Janda, P.; Leznoff, C. C.; S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

Computational Method. DFT and AM1 calculations were

Koyama, T.; Monden, A.; Shirai, Hl. Am. Chem. S0d.994 116, 879 D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

890. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
(20) Kobayashi, N.; Nakajima, S.; Ogata, H.; FukudaChem-Eur. Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

J. 2004 10, 6294-6312. M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(21) (a) Menucci, B.; Toniolo, A.; Tomasi, J. Phys. Chem. 2001, Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Gdussian

105,4749-4757. (b) Jacquemin, D.; Preat, J.; Wathelet, V.; Fontaine, M.; 03, Revision C.02; Gaussian, Inc.: Wallingford CT, 2004.

Perpee, E. A.J. Am. Chem. So2006 128 2072-2083. (23) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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at 6-3HG(d,p) computational level. The electron density analysis 1537, 1517, 1483, 1402, 1281, 1220, 1166, 1112, 1058, 1017, 858,
was carried out by the method of deformed atoms in molecules 794, 706, 653, 578 cm; UV/vis (CHCL): Amal0g(€)) = 755 (4.9),
(DAM).24 In this method, the molecular electron density is 697 (4.6), 661 (4.5), 637 (4.4), 585 (4.5), 317 (4.6), 280 nm (4.6);
partitioned into minimally deformed pseudoatomic densities, which MALDI-TOF: m/z1495.6 [Mf]; HR-LSIMS calcd for GoH4N1gF20B3-

are achieved by assigning to each atom the charge distributionsClz [M*] m/z1493.9892, found 1493.9936; elemental analysis calcd
centered on its nucleus plus the parts of the two-center ones nearest%) for CsoH4N18F20B3Cls: C 48.19, H 0.27, N 16.86; found: C

to it. The resultingatoms(actually, pseudoatomic fragments) keep 48.54, H 0.41, N 16.33.

an almost spherical shape with slight deformations caused by the = SubPc 1f.Purple powder, 260 mg (43%). Compound possessing
molecular environment, thus connecting with the intuitive view of identical physical properties as described previodfly.

atoms in molecules shared by the great majority of the chemical  compounds 2a,b,f: Method A.A mixture of phenol (500 mg,
community. Furthermore, the small deformations of every atom 5.3 mmol) and the crude product from the previous reaction in
can be separated from the largely dominant spherical term, andtoluene (2 mL) was warmed up to reflux overnight. The resulting
are easily decomposed in multipole-type components (dipole, solid was then subjected to various column chromatographies on
quadrupole, octapole, etc.), the corresponding effective multipoles sjlica gel using dichloromethane, ethyl acetate/hexane (1/4), and
being represented by analytical functions of the distance in a acetone/hexane (1:0 to 1:4) as successive eluents.
straightforward manner. As it has been recently profethe Dimer 2a. Dark-blue powder, 23 mg (7%); mp 250 °C; H
analysis of these deformations brings much insight about the lone NvR (300 MHz, CDC}, 25°C): & = 10.36 (s, 2H), 6.9056.72
pairs of atoms and bond scheme in molecules. The DAM calcula- (m, 6H), 5.49 ppm (dJ = 8.2 Hz, 4H); IR (KBr): » = 1531,
tions were performed by the program package developed by 1477 1396, 1265, 1225, 1103, 995, 903, 760, 708, 644, 594;cm
Ferniandez Rico and co-workeP4.The electron density plots were  jy/pis (CHCh): Amaxl0g(€)) = 689 (4.9), 657 (4.4), 631 (4.4),
visualized with the gOpenMol progra?ﬁ.Contour surfaces of the 601 (4.5), 586 (sh), 441 (3.9), 319 (4.5), 273 nm (4.5); MALDI-
electron density deformations were obtained for different contour Tof- /7 1186.8 [M] and [M* + H]; HR-LSIMS calcd for
values but taking especially into account those corresponding to CsaH1N1F16B,0, [M*] m/z1187.1137, found 1187.1190; elemental

0.001 au because it has been _sc_)lidly proved tr_lat_ typical ar_om‘_elticana“ysiS calcd (%) for GH1 N1 F1B,0,: C 54.67, H 1.02, N 14.17;
compounds like benzene exhibit a characteristic delocalization 5 ,nd: C 54.95 H 1.27. N 13.64.

pattern at this deformation level. Dimer 2b. Dark-blue powder, 20 mg (6%); mp 250 °C; *H
Compounds la-f. BCl; (10.1 mL d a 1 M solution inp-xylene) NMR (300 MHz CDC} p25 oc):' 5 = 1%_(40 ()s ZED 6.756.60
was added dropwise to a solid mixture of tetrafluorophthalonitrile (m, 6H), 5.36 pbm (d,]l = 7.6 Hz, 4H): IR (K,Br): 5 = 1529

(561 mg, 2.81 mmol) and 1,2,4,5-benzenetetracarbonitrile (50 mg, 1477 1393 1275. 1213 1161. 1107. 1080. 968 899 702. 644
0.28 mmol) under argon and magnetic stirring. The reaction mixture 5gg ¢y Uvjvis (CHCE): Amal(l0g(c)) = 688 (4.9), 657 (4.4),
was refluxed fo 3 h and after cooling down to room temperature g3 (4.4)’ 600 (4.5), 587 (sh), 441 (3.7), 319 (4.4) 274 nm (4.3).
was flushed with argon. The resulting dark-purple slurry was then \ia| DI-TOE: m/z1186.9 [M*]’and M+ r HI; HR-LSIMS caled
evaporated under vacuo. SubRd)(was separated from Dimers ¢, CsaH1oN1F16B8,0, [M+] m/z 1187.1137,’ found 1187.1146:

and Trimers (compounds$a—e) by column chromatography on  gjemental analysis calcd (%) forsfEl1N1F16B,02 C 54.67, H
silica gel using dichloromethane/hexane (3:2) as eluent. Dif®@rs 1 9o N 14.17: found: C 55.11. H 1.32. N 13.77.

and 1b and Trimerslc—e were further separated using hexane/
acetone (1:4) as eluent.

Dimer la. Blue-reddish powder, 33 mg (11%); n¥p 250 °C;
IH NMR (300 MHz, CDC}, 25 °C): 6 = 10.46 ppm (s); IR
(KBr): »=1535, 1481, 1400, 1273, 1219, 1165, 1111, 1070, 1016,
966, 856, 795, 708, 658, 586 cf UV/vis (CHCL): Amaflog(e))

SubPc 2f.Purple powder, 224 mg (34%). Compound possessing
identical physical properties as described previodly.

Method B. A 1:1 mixture of Dimersla—b (48 mg, 0.044 mmol)
was reacted with phenol (42 mg, 0.44 mmol, 10 eq.) in toluene
(1 mL) at reflux overnight. The workup was identical as the one

—_ described in Method A. Dime2a, 16 mg. Dimer2b, 18 mg (66%).

= 692 (4.9), 662 (4.4), 636 (4.4), 605 (4.5), 592 (sh), 441 (3.9),

320 (4.5), 278 nm (4.4); MALDI-TOF:m/z 1071.7 [M‘] and Compounds 3ab,f: Method A.0.970 g (5.6 mmol) of tet-

[M*+H]; HR-LSIMS caled for GHaN1oFigBoClo [M*] miz rafluorophthalonitrile, 0.1 g (0.56 mmol) of _1,2,4_1,5-tetracyano-

1069.9833, found 1069.9825; elemental analysis calcd (%) for P€nzene, and 6.2 mL (6.2 mmol) of BGolution in p-xylene.

CasHNiF1eB,Cly: C 47.10, H 0.19, N 15.69; found: C 47.61, H Reaction time: 2 . o

0.31, N 15.51. 1.54 g (10.2 mmol) of 4ert-butylphenol. Phenol reaction time:
Dimer 1b. Blue-reddish powder, 27 mg (9%); n¥p 250 °C: 30 h (solvent: toluene (1 mL)). Crude washed with MeOkIH

IH NMR (300 MHz, CDCh, 25 °C): 6 = 10.48 ppm (s); IR 1 o _ _

(KBr): » = 1539, 1487, 1400, 1285, 1225, 1165, 1067, 1020, 962, A first column in silica gel using hexane/dichloromethane (1:1)

858, 789, 638, 592, 557 crfy UV/vis (CHCL): Ama(log(e)) = as eluent separated the corresponding Su8iHmm the Dimers

693 (4.9), 661 (4.4), 635 (4.4), 604 (4.5), 592 (sh), 441 (3.7), 319 3a and3b. The second column chromatography (hexane/acetone

(4.5), 278 nm (4.4); MALDI-TOF:m/z1070.7 [M] and [M* + 3:1) separate@a from 3b.

H]; HR-LSIMS calcd for GoHuN1F16B2Cly [M*] m/z1069.9833, Dimer 3a. Dark-blue solid, 58 mg (8%); mp 250°C; *H NMR

found 1069.9845; elemental analysis calcd (%) fiHEN1oF16B2- (300 MHz, CDC}): 6 = 10.37 (s, 2H), 6.87 (d, = 8.8 Hz, 4H),

Cly: C47.10, H 0.19, N 15.69; found: C 47.56, H 0.26, N 15.25. 5.41 (d,J, = 8.8 Hz, 4H), 1.15 ppm (s, 18H); IR (KBr)v= 2961,
Trimers 1c—e. Dark-blue powder, 6 mg (3%); mp 250 °C; 2360, 1625, 1533, 1483, 1393, 1260, 1217, 1099, 996, 963, 902

H NMR (300 MHz, CDC}, 25 °C): 6 = 10.58 (s), 10.53 (s),  cm % UV—vis (CHCE): Amadlog(e)): 689 (4.9), 657 (4.5), 633
10.51 (s), 10.48 (s), 10.44 ppm (s); IR (KBry. = 1733, 1625, (4.5), 601 (4.6), 589 (sh), 449 (3,9), 317 nm (4.6); MALDI-TOF:
m/z1299 [M]+, 1149 [M-one axial group} elemental analysis calcd
for CgoHogBoF16N1205: C, 57.35; H, 2.17; N, 12.94; found: C,

(24) (a) Fernadez Rico, J.; Lpez, R.; Ema, |.; Ramez, G. J.Chem.

Theory Comput2005 1, 1083-1095. (b) Ferhadez Rico, J.; Lpez, R.; 57'1_9; H, 199, N, 12.79. )

Ranirez, G.J. Chem. Phys1999 110 4213-4220. (c) Ferhadez Rico, Dimer 3b. Dark-blue solid, 80 mg (11%); mp 250 °C; H

3; Lopez, R.; Ema, I; Raitez, G, J.Comput. Chem2004 25, 1347~ NMR (300 MHz, CDCH): & = 10.40 (s, 2H), 6.72 (d), = 8.8

\1/35J4-C(gr)nzﬁzn%dﬁezn%gfz&sﬂqg?;j-1;3%3"182, G Ema,l;Lude’na, E.  Hz, 4H), 5.26 (dJ, = 8.8 Hz, 4H), 1.02 ppm (s, 18H); IR (KBr):
(25) (a) Laaksonen, L1. Mol. Graphicsi992 10, 33-34. (b) Bergman, ¢ 29622’ 1633';15,’33\'/1432' 13H93' ?35’4' 1|265’ 1217, 1}107' 998,

D. L.; Laaksonen, L.; Laaksonen, A. Mol. Graphics1997, 15, 300-306. 963, 902, 830 cm’; UV—vis (CHCE): Amaflog(c)): 688 (4.8),

(c) gOpenMol is a freeware program that can be found in: www.csc.fii 656 (4.3), 631 (4.4), 600 (4.4), 588 (sh), 439 (3,8), 314 nm (4.5);

gopenmol/. MALDI-TOF: m/z 1299 [M + H]*, 1149 [M + H-one axial
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group]"; elemental analysis calcd fog,sB2F16N1,0,: C, 57.35;
H, 2.17; N, 12.94; found: C, 57.22; H, 2.25; N, 12.83.

SubPc 3f. Purple powder, 550 mg (45%); mp 250 °C; H
NMR (300 MHz, CDC}): 6.80 (d,J, = 8.9 Hz, 2H), 5.27 (dJ,
= 8.9 Hz, 2H), 1.10 (s, 9H); IR (KBr):» = 2963, 1632, 1535,
1484, 1221, 1165, 1112, 966 citp UV —vis (CHCk): Amaxlog-
(€)): 570 (4.7), 555 (sh), 530 (4.2), 307 nm (4.4); MALDI-TOF:
m/z = 761 [M + H]"; elemental analysis calcd for s;s-
BF12NgO: C, 53.71; H, 1.72; N, 11.05; found: C, 53.88; H, 1.69;
N, 10.98.

Method B. A 1:1 mixture of Dimersla—b (52 mg, 0.049 mmol)
was reacted with 4ert-butylphenol (46 mg, 0.49 mmol, 10 equiv)
in toluene (1 mL) at reflux overnight. The workup was identical as
the one described in Method A. Dim8g, 22 mg. Dimer3b, 26
mg (75%).

Compound$a,b,f: BCl; (6.2 mL o a 1 M solution inp-xylene)
was added dropwise to a solid mixture of 4-iodophthalonitrile
(1.4 g, 5.6 mmol) and 1,2,4,5-benzenetetracarbonitrile (0.1 g,
0.56 mmol) under argon and magnetic stirring. The reaction mixture
was refluxed fo 2 h and after cooling down to room temperature
was flushed with argon. The resulting dark-purple slurry was then
evaporated under vacuo. 1.54 g (10.2 mmol) eér-butylphenol
and toluene (1 mL) were then added, and the resulting solution
was refluxed for 30 h. The resulting reaction crude was washed
with MeOH/H,O 5:1. The first column chromatography on silica
gel using toluene as eluent separated the corresponding SfibPc
from the Dimerssaand5hb. Further column chromatographies using
toluene/dichloromethane (1:1), hexane/acetone (3:1), and dichlo-
romethane/hexane (3:1) isolated three groups of Dirbeys$b,
and5b'.

Compound 5a.Dark-blue solid, 6 mg (0.7%); mp 250 °C;
1H NMR (300 MHz, CDC}): 6 = 10.21 (s, 2H), 9.229.13 (m,
4H), 8.57-8.39 (m, 4H), 8.26-8.07 (m, 4H), 6.96-6.83 (m, 4H),
5.48-5.41 (m, 4H), 1.14 ppm (s, 18H); IR (KBrJz = 2924, 1853,
1636, 1508, 1458, 1384, 1260, 1180, 1124, 1068-‘ctdV —vis
(CHCL): Amaxlog(e)): 706 (4.8), 675 (4.3), 647 (4.3), 609 (4.4),
599 (sh), 441 (3.8), 339 nm (4.4); MALDI-TORmz 1515 [M +
H]*, 1365 [M + H-one axial group]; HR-LSIMS calcd for
CeeHseB2laN1202: [M*T]: m/z 1578.1014, found 1578.0953.

Compounds 58 and 5b". 5b'. Dark-blue solid, 9 mg (1%); mp
> 250°C; 'H NMR (300 MHz, CDC}): 6 = 10.30 (s, 2H), 9.33
9.25 (m, 4H), 8.76-8.58 (m, 4H), 8.3+8.26 (m, 4H), 6.68 (dJ,
= 8.8 Hz, 4H), 5.25 (dJ, = 8.8 Hz, 4H), 1.00 ppm (s, 18H); IR
(KBr): v=2923, 1636, 1458, 1261, 1124, 1090, 1059 &)V —
vis (CHCL): Amaxlog(e)): 700 (4.9), 672 (4.6), 644 (4.5), 606 (4.6),
443 (4.0), 336 nm (4.6); MALDI-TOFm/z 1515 [M + H]*, 1365
[M + H-one axial group]; HR-LSIMS calcd for GeHseB2l saN120,
[M+] m/z1578.1014, found 1578.1067.

5b". Dark-blue solid, 4 mg (0.5%); mp 250 °C; 'H NMR
(300 MHz, CDC}): 6 =10.30 (s, 2H), 9.339.25 (m, 4H), 8.7%+
8.58 (m, 4H), 8.3+8.26 (m, 4H), 6.69 (dJ,= 8.8 Hz, 4H), 5.26
(d, Jo= 8.8 Hz, 4H), 1.00 ppm (s, 18H); IR (KBr)y = 2960,
2924, 2854, 1602, 1507, 1458, 1377, 1261, 1094, 104%;ddV/ —
vis (CHCk): Amadlog(e)): 704 (4.9), 672 (4.6), 643 (4.5), 607 (4.6),
443 (4.0), 321 nm (4.6); MALDI-TOFmz 1515 [M+ H]*, 1365
[M + H-one axial group]; HR-LSIMS calcd for GeHseB2lsN120;
[M*] m/z1578.1014, found 1578.0989.

Compoundsf was isolated by column chromatography in silica
gel (toluene as eluent) as two regioisome@s: (5f') andC; (5f").

5f' (Cs). Purple powder, 150 mg (9%); np 250°C; 'H NMR
(300 MHz, CDC}): 6 =9.19 (s, 3H), 8.54 (dJ, = 8.5 Hz), 8.20
(dd, J, = 8.5 Hz,J, = 1.2 Hz, 3H), 6.75 (dJ, = 8.5 Hz, 2H),
5.26 (d,J, = 8.5 Hz, 2H), 1.08 (s, 9H); IR (KBr):» = 2923,
1602, 1509, 1460, 1438, 1303, 1259, 1177, 1057 ¢V —vis
(CHCLy): Amaxlog(e)): 571 (4.5), 530 (sh), 318 nm (4.1); MALDI-
TOF: m/z 923 [M + H]*, 773 [M + H-axial group]; elemental
analysis calcd for @H.:BIsNgO: C, 44.29; H, 2.40; N, 9.11;
found: C, 44.05; H, 2.56; N, 9.30.
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5f" (Cy). Purple powder, 450 mg (27%); mp 250°C; H NMR
(300 MHz, CDC}): 6 =9.16-9.19 (m, 3H), 8.52-8.56 (m, 3H),
8.18-8.22 (m, 3H), 6.75 (dJ, = 8.6 Hz, 2H), 5.26 (dJ, = 8.6
Hz, 2H), 1.08 (s, 9H); IR (KBr):» = 2957, 1601, 1511, 1460,
1442, 1310, 1290, 1257, 1177, 1062, 1039 ~EmUV—vis
(CHCL): Amaxlog(€)):571 (4.8), 530 (sh), 320 nm (4.4); MALDI-
TOF: m/z 923 [M + H]*, 773 [M + H-axial group]; elemental
analysis calcd for @H2.BIsNsO: C, 44.29; H, 2.40; N, 9.11;
found: C, 44.02; H, 2.51; N, 9.23.

Compounds 7a,b,f.BCl; (1.85 mL d a 1 M solution in
p-xylene) was added dropwise to a solid mixture of 4,5-dioctylth-
iophthalonitrile (700 mg, 1.7 mmol) and 1,2,4,5-benzenetetracar-
bonitrile (30 mg, 0.17 mmol) under argon and magnetic stirring.
The reaction mixture was refluxedrf8 h and after cooling down
to room temperature, was flushed with argon. The resulting dark-
purple slurry was then evaporated under vacuo. 460 mg (3 mmol)
of 4-tert-butylphenol and toluene (1.5 mL) were then added, and
the resulting solution was refluxed for 18 h. The resulting reaction
crude was washed with MeOH#B 5:1. Column chromatography
on silica gel (hexane/acetone 30:1) separated the correspondent
SubPc7f from the Dimers7a-b. A second column in hexane/
dichloromethane 1:1 separated the two topoisomers.

Compound 7a. Viscous green solid, 33 mg (9%); mp
250°C; 'H NMR (300 MHz, CDC}): 10.29 (s, 2H), 8.66 (s, 4H),
8.55 (s, 4H), 6.84 (dJ, = 8.6 Hz, 4H), 5.44 (d,), = 8.6 Hz, 4H),
3.32-3.17 (m, 16H), 1.951.80 (m, 16H), 1.76:1.47 (m, 16H),
1.45-1.10 (m, 64H), 1.13 (s, 18H), 0.99.78 (m, 24H); IR
(KBr): »=2925, 2853, 1597, 1458, 1259, 1126, 1061 gV —
vis (CHCE): Amaxlog(e)): 739 (5.0), 704 (4.6), 676 (4.5), 630 (sh),
605 (4.7), 421 (4.7), 294 nm (5.1); MALDI-TORN/z 2164 [M +
H]*, 2015 [M+ H-one axial groupf; elemental analysis calcd for
Cro6H17BoN120,Ss: C, 69.90; H, 8.01; N, 7.76; found: C, 69.90;
H, 8.20; N, 7.68.

Compound 7b. Viscous green solid, 26 mg (7%); mp
250°C; *H NMR (300 MHz, CDC}): 10.29 (s, 2H), 8.69 (s, 4H),
8.63 (s, 4H), 6.69 (dJ, = 8.8 Hz, 4H), 5.31 (dJ, = 8.8 Hz, 4H),
3.43-3.20 (m, 16H), 1.971.84 (m, 16H), 1.721.50 (m, 16H),
1.51-1.16 (m, 64H), 1.01 (s, 18H), 0.99.80 (m, 24H); IR
(KBr): »=2925, 2854, 1603, 1461, 1260, 1125, 1079 gV —

Vis (CHCE): Amaxlog(e)): 736 (5.0), 703 (4.6), 672 (4.5), 629 (4.6),
620 (sh), 430 (4.4), 336 (sh), 298 nm (4.8); MALDI-TOvz
2164 [M + H]*, 2015 [M + H-one axial group]; elemental
analysis calcd for GgH17:B2N1,0,Ss: C, 69.90; H, 8.01; N, 7.76;
found: C, 69.77; H, 8.18; N, 7.67.

Compound 7c-e. Light-green solid, 1 mg (0.2%); mp
250°C; H NMR (300 MHz, CDC}): 10.39 (s, 2H), 10.34 (s, 2H),
8.78-8.57 (m, 10H), 6.886.63 (m, 6H), 5.49-5.33 (m, 6H), 3,-
30—3.20 (m, 20H), 1.951.80 (m, 20H), 1.761.50 (m, 20H),
1.45-1.20 (m, 80H), 1.151.00 (m, 27H), 0.950.8 (m, 30H); IR
(KBr): v = 2924, 2854, 1461, 1261, 1082, 1025, 803, 698 %m
UV —vis (CHCE): Ama{log(€)): 807 (5.0), 735 (4.9), 697 (4.8),
617 (4.7), 433 (4.6), 350 (sh), 298 nm (5.0); HR-LSIMS calcd for
Cl7d'|22d31182N1803810 [M Jr] m/z2916.537327, found 2916.547100.

Compound 7f. Red-blue viscous solid (310 mg, 39%); mp
250°C; 'H NMR (300 MHz, CDC}): 8.59 (s, 6H), 6.77 (d)o =
8.9 Hz, 2H), 5.33 (dJ, = 8.9 Hz, 2H), 3.33-3.17 (m, 12H), 1.9%
1.81 (m, 12H), 1.651.54 (m, 12H), 1.451.28 (m, 48H), 1.09 (s,
9H), 0.92-0.85 (m, 18H); IR (KBr): v = 2924, 2853, 1597, 1511,
1459, 1418, 1258, 1181, 1079, 1055, 816 ¢nJV —vis (CHCE):
Amaxlog(e)): 599 (5.0), 560 (sh), 406 (4.5), 389 (4.5), 298 (4.8)
nm; MALDI-TOF: m/z 1409 [M + H]*, 1260 [M + H-axial
group]"; elemental analysis calcd forgf1,:BNsOSs: C, 69.85;

H, 8.65; N, 5.96; found: C, 69.66; H, 8.86; N, 5.98.

Compound 9.Mp > 250°C; IH NMR (300 MHz, CDC}): 9.39
(s, 2H), 8.22 (s, 1H); IR (KBr):» = 2926, 1776, 1730, 1514, 1406,
1282, 1120, 1040 cr; UV —vis (CHCL): Amad10g(€)): 586 (4.7),
573 (4.6), 545 (4.3), 523 (4.2), 310 (4.5), 280 (sh), 241 (4.6) nm;
HR-LSIMS calcd for GeHzBCIFgN;O,: [M*]: m/z 643.00021,
found 643.00214.
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Compound 11.Mp > 250 °C; 'H NMR (300 MHz, CDC}): Martin at Complutense University of Madrid to whom we are
7.90 (s, 1H); IR (KBr): v = 3230, 3092, 2731, 1788, 1721, 1643, very grateful. MAH would also like to thank Profs. Martand
1499, 1406, 1300, 1141, 1038, 920, 756, 652; HR-EI calcd for Echegoyen for their continuous support.

CgHNOSF,: [MT]: 218.9943, found 218.9940.
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