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Missing from the phenylene topologies hitherto synthe-

sized—linear, angular, and trigonall'—is the zigzag variant,
exemplified by the title compounds 1la and 2a. These
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1b, R = SiMe;

molecules are important as substructure models for the one-
dimensional, zigzag phenylene polymer,” the two-dimen-
sional all-carbon net based on the anti-kekulene motif ¢ 2.3
and the three-dimensional carbon allotropes O,-C g and -
Cy (archimedene).Pl They are also interesting as members of
a family of phenylene isomers with different topologies, in
particular in comparison to their angular relatives in which
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each benzene ring exhibits the same local symmetry and the
molecules differ only in the sense of their overall connecti-
vity.l'>. ¢l Finally, they function as additional tests of the
accuracy of contemporary calculational techniques, for which
the phenylenes have proven to be attractive targets.> 3> We
report herein the synthesis of the parent systems 1a and 2a
and those of their respective derivatives 1b, 2b, and 2¢, the
latter prepared in order to obtain X-ray structural details.
The initial strategy to the zigzag [4]phenylene frame 1 was
patterned after that executed en route to its angular top-
omer,'? exploiting the regiocontrol exhibited by the Pd-
catalyzed alkynylation of 1,2-diiodobiphenylene 3, but invert-
ing the sequence in which the two alkyne substituents are
attached (Scheme 1).1 The resulting compound 4 was then

3 4, R = SiMe,(CMe,CHMe,)

Scheme 1. a) o-(HC,)C¢H,(C,R) (1.2 equiv; R see Scheme), 10% Cul,
10% [PACL(PPh,),], ELN, 23°C, 15 h; b) Me;SiC,H (10 equiv), 7% Cul,
6% [PACL,(PPh,),], 50°C, 2 d; ¢) Bu,N*F~, THF, 23°C, 40 min; d) [CpCo-
(CO),] (0.9 equiv), m-xylene, A, hv, 18 h (syringe addition of 4).

deprotected and cyclized in the presence of [CpCo(CO),] to
furnish 1a. As the latter did not crystallize in a manner
conducive to an X-ray investigation, an improved synthesis
was developed which also provided crystalline 1b. By starting
with the selective, stepwise alkynylation of 1,2,3,4-tetrabro-
mobenzene,l'!l the cumbersome construction of 3 was by-
passed,l'? and the basic carbon frame was assembled by a
cobalt-catalyzed cyclization of pentayne S in one step to give
1b (Scheme 2, Figure 1).[* 8 The latter is novel, in as much as
it constitutes the first such cooligomerization that is both
intra- and intermolecular. Protodesilylation of 1b resulted in
la.

R
Br, r Br, Br \\
Br Br —2 B — b9
66% 33%

R = SiMe,(CMe,CHMe,)

\ /7 \
)

= = \ d) 1b 1a
15% 74%

5
Scheme 2. a) 0-(HC,)C¢H,(C,R) (0.2equiv; R see Scheme), 6% Cul, 6%
[PACL(PPh;),], Et;N, 50°C, 24 h; b) Me;SiC,H (45 equiv), 30 % Cul, 30 %
[PACL,(PPhy),], piperidine, 100°C, 7d; c) Bu,N*F-, THF, 23°C, 2h;
d) (CH;)SiC,Si(CHj3); (solvent), [CpCo(CO),] (2.0 equiv), &, hv, 10h
(syringe addition of 5); e) CF;CO,H/CHCI, (1:25), 23°C, 12 h.
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Figure 1. Structure of 1b in the crystal: views from above (top) and the
side (bottom).

Scheme 3 summarizes the construction of 2a— ¢l through a
variant of an improved route to the angular [S]phenylene
nucleus,'l in which the hexaynes 6 are employed as substrates
in the final cyclization. X-ray structures were obtainable on
crystals of both 2b and 2¢ (Figure 2).[

B1>—<3r
Br Br a) / — — \

85% — -

R = SiMe,(CMe,CHMe,)

/7 N\ / \
o,/ _ _ \ _d

2a (2%)
2b (15%)
2¢ (23%)

6a, R = H (80%)

6b,R = Ph (52%)

6¢, R = Pr (50%)
Scheme 3. a) o-(HC,)CH,(C,R), (R see Scheme), 3% Cul, 3%
[PACL,(PPh;),], Et:N, 23°C, 5d; b) RC,H (20-100 equiv; R =SiMe;, Ph,
Pr), 1-2% Cul, 1-2% [PdCL,(PPh;),], piperidine, 80°C, 1-3d;
¢) BuN*F~, THF, 23°C, 2 h; d) [CpCo(CO),] (1 equiv), m-xylene, A, hv,
1-2 h (syringe addition of 6).

Inspection of the spectral data of these systems (Table 1) is
most instructive when the compounds are compared with each
other and with the respective isomeric topologies. Thus, the
electronic spectra bear the typical features of the phenylenes,
with two sets of bands, one at higher energies exhibiting
relatively large ¢ values, the other in the long wavelength
range with much diminished intensity.'l As predicted by
theory,?®4l the highest wavelength absorptions are much less
bathochromically shifted (and hence the HOMO-LUMO
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Figure 2. Structure of 2 ¢in the crystal: views from above (top) and the side
(bottom).

gap less rapidly diminished) along the zigzag series ([3]-—
[4]- —[5]phenylene; A, 428 —464 —484 nm) than those of its
linear counterpart (A, 432 —492—530 nm). Interestingly,
however, 1a and 2a exhibit distinctive (albeit small, A, ~
15 nm) shifts of their highest wavelength bands to lower
energy, relative to those of their respective angular relatives,
indicative of an associated longitudinal transition dipole
moment.’] In contrast, the 'H NMR spectra of the zigzag
phenylenes are almost identical to those of their angular
isomers, the “internal” benzene hydrogen atoms revealing
incremental deshielding compared to the linear phenylenes
and relative to angular [3]phenylene (6 =6.18). The corre-
sponding shifts are: 1a: 0y, =6.27, Oy, = 6.34; 2a: Oy, = 6.23,
Oy, =6.20, Oy, =6.51. This effect can be attributed to the
cumulative influence of bond alternation in the internal
benzene nuclei, resulting in relatively lesser paratropicity of
the inside compared to the outside cyclobutadienoid rings, a
view supported by nucleus-independent chemical shift
(NICS) calculations.® Theoretical estimatesP 6acdel also
predict zigzag fusion in the [N]phenylenes to be energetically
advantaged over linear fusion (e.g. AAH; (linear —zigzag) ~
—(4.6-4.7) kcalmol~! for N=4, ~ —(71-10.4) kcalmol"
for N=5) and, curiously, the zigzag topology to be slightly
more stable (AAH;~0.1-0.2 kcalmol™') than the angular
one (HF/6-31G* and B3LYP/6-31G*). The *C NMR data of
the respective zigzag (e.g. 1a, 2¢) and angular topomers['*<
are virtually superimposable (Ad <2). In short, the spectral
data indicate strong similarities between the zigzag and
angular topological series (at least up to N=5), both
pronouncedly deviating in comparison to those of the linear
phenylenes.

The X-ray data on 1b, 2b, and 2c¢ corroborate these
observations structurally and demonstrate the effect of one-
and twofold angular benzocyclobutadienannelation of angu-
lar [3]phenylene (Figure 3).
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Table 1. Selected physical data for 1a, 1b, 2a—c, and 8.")

1a: light yellow powder, m.p. >265°C (decomp); MS (70 eV): m/z (% ): 300
([M+],100), 298 (25), 150 (10); 'H NMR (400 MHz, CDCl;): 6 = 6.90-6.86
(m, 4H), 6.82-6.77 (m, 4H), 6.34 (d, J=6.7 Hz, 2H), 6.27 (d, J=6.7 Hz,
2H); BC{'H} NMR (100 MHz, CDCl,): 6 =150.9, 150.2, 149.5, 147.3, 137.2,
135.6,128.8,128.4,119.0,118.1,116.5,114.4; IR (KBr): 7 = 3054, 1448, 1414,
1360, 1345, 1252, 1156, 1057, 936, 834, 820, 746, 731 cm~!'; UV/Vis (THF):
Amax (1g€) =256 (4.14), 278 (4.44), 284 (4.47), 299 (4.76), 313 (5.03), 338
(4.28), 356 (4.33), 376 (4.29), 399 (3.93), 465 (3.15) nm. High-resolution MS
caled for C,yH;,: 300.093900; found: 300.093896.

1b: light orange crystals, m.p. 209-210°C; MS (70 eV): m/z (%): 444
([M+],100), 429 (8), 413 (15), 371 (10), 356 (12), 341 (8), 207 (10), 168 (12),
73 (25); '"H NMR (400 MHz, CDCLy): 6 =7.12 (s, 2H), 6.89 (m, 2H), 6.80
(m, 2H), 6.39 (d, /=6.7Hz, 1H), 6.34 (d, /=64 Hz, 1H), 6.31 (d, J=
6.8 Hz, 1H), 6.28 (d, /=6.4 Hz, 1H), 0.36 (s, 9H), 0.35 (s, 9H); *C{'H}
NMR (100 MHz, CDCl;): 6 =151.3, 150.8, 150.2, 149.8, 149.5, 148.6, 148.4,
147.9,147.4,147.2,138.2,137.1,135.9,135.7,128.8, 128.3,124.4,123.6, 118.9,
118.1, 116.6, 116.4, 114.7, 114.4, 2.17, 2.15; IR (KBr): 7#=2953, 1543, 1509,
1458, 1411, 1345, 1247, 1055, 855, 828, 754, 730, 669 cm~!'; UV/Vis (THF):
Amax (1g€) =259 (4.22), 289 (4.51), 304 (4.77), 318 (4.99), 3.41 (4.30), 361
(4.34), 381 (4.31), 468 (3.06) nm. High-resolution MS calcd for C;yH,sSi,:
444.172958; found: 444.172806.

2a: dark orange powder, M.p. >260°C (decomp); MS (70 eV): m/z (%):
374 ([M~*], 100), 372 (18), 187 (10), 78 (34), 69 (46), 57 (48), 55 (50);
"H NMR (300 MHz, CD,Cl,): 6 =6.93-6.89 (m, 4H), 6.86-6.79 (m, 4H),
6.51 (s,2H), 6.26, 6.23 (AB, J = 6.6 Hz, 4H); UV/Vis (CH,Cl,): 4,,.x (Ige) =
315 (3.97), 326 (4.01), 350 (3.78), 366 (3.79), 484 (2.45) nm. High-resolution
MS calcd for C3Hy,: 374.1096; found: 374.1098.

2b: orange-yellow crystals, M.p. > 300°C; MS (70 eV): m/z (%): 526 ([M*],
100), 446 (15), 263 (18), 149 (6); '"H NMR (500 MHz, CDCl;): 6 =7.31 (dd,
J=72,1.0Hz,4H), 6.98-6.93 (m, 4H), 6.89(m, 2H), 6.86(m, 2H), 6.78 (br
dd, /=17.8,7.4Hz, 4H), 6.68 (br dd, J=7.5, 7.4 Hz, 2H), 6.58 (s, 2H), 6.42
(s, 2H); BC{'H} NMR and DEPT 90 (100 MHz, CDCl,): 6=151.0 (C),
150.2 (C), 148.9 (C), 147.7 (C), 143.3 (C), 138.5 (C), 136.1 (C), 135.5 (C),
134.6 (C), 131.2 (C), 128.8 (CH), 128.7 (CH), 128.6 (CH), 128.2 (CH), 125.9
(CH), 119.0 (CH), 118.4 (CH), 116.1 (CH), 115.5 (CH); IR (KBr): 7 = 3053,
1415, 1336, 1149, 814, 744, 737, 694 cm~'; UV/Vis (CH,Cl,): Amax (Ige) =
261 (sh, 4.71), 280 (4.82), 321 (4.93), 339 (4.78), 362 (4.59), 382 (4.64), 446
(4.06), 476 (4.04), 504 (3.60) nm. High-resolution MS calcd for C,, Hy:
527.1755; found: 527.1758.

2c¢: yellow crystals, m.p. 269-270°C; MS (70 eV): m/z (%): 458 ([M*],
100), 413 (14), 398 (5), 229 (12), 207 (13), 199 (10), 91 (15), 57 (9); '"H NMR
(400 MHz, CDCly): 6 =6.96-6.91 (m, 4H), 6.83-6.79 (m, 4H), 6.49 (s,
2H), 6.13 (s,2H), 2.44 (t,J =7.5, Hz, 4H), 1.63 (sex, J=7.5 Hz, 4H), 0.97
(t, J=7.4,Hz, 6H); 'H NMR (500 MHz, CD,Cl,): 6 =6.96-6.91 (m, 4H),
6.89-6.82 (m, 4H), 6.54 (s, 2H), 6.18 (s, 2H), 2.46 (t,J=7.3 Hz, 4H), 1.63
(sex, J=7.3 Hz, 4H), 0.99 (t, J=7.4 Hz, 6H); “C{'"H} NMR (100 MHz,
CD,Cl,): 6=150.9, 150.8, 149.6, 147.8, 145.0, 137.7, 135.3, 134.8, 1324,
128.9,128.8,119.1, 118.5, 116.9, 116.4, 34.4, 23.4, 13.7; IR (KBr): 7 =3059,
2953, 2928, 2869, 1415, 1340, 1158, 867, 829, 742 cm~'; UV/Vis (CH,CL,):
Amax (1g€) =278 (4.37), 318 (4.81), 327 (4.83), 350 (sh, 4.57), 371 (4.65), 381
(sh, 4.61), 400 (sh, 4.30), 444 (3.90), 488 (3.48) nm. High-resolution MS
calcd for C;gH,: 458.2035; found: 458.2040.

8: pale yellow crystals, m.p. > 200°C (decomp); MS (70 eV): m/z (%): 490
([M+], 100), 461 (9), 368 (12), 289 (10), 256 (18); '"H NMR (400 MHz,
CD,Cl,): 6=7.50-7.38 (m, 4H), 7.08 (d, /=73 Hz, 1H), 7.00 (m, 2H),
6.98 (d, J=7.4Hz, 1H), 6.97 (m, 1H), 6.92 (m, 1H), 6.34 (t, J=1.6 Hz,
1H), 6.17 (s, 1H), 2.34-2.14 (m, 4H), 1.68-1.42 (m, 4H), 1.01 (t, J=
7.4 Hz,3H), 0.89 (t,/=7.3 Hz, 3H); IR (KBr): 7= 3070, 2962, 2927, 2855,
1687, 1262, 1097, 1018, 802, 744 cm~".

Because the structural features of 2¢ are identical within
experimental error with those of its angular isomer,['l we can
be confident that the following arguments apply equally to
both the zigzag and angular series. Thus, in angular [3]phenyl-
ene, maximizing the aromatic it delocalization in the terminal
benzene rings (in addition to o strain effects)!'? causes
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s Interestingly, however, the
(1.361) compound (in CH,Cl,) transforms
[1363] (albeit in low yield), slowly in air,
faster on exposure to O,, while
irradiating with visible light, to
give enyne-(Z)-dione 8, ®l stereo-
and regiospecifically, possibly
through perepoxide 7 (Scheme 4),
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[1.456) (1354) 1.503
(i-:g;) [1370) ([112(1)% in analogy to the similar oxidation
1370 (li3§559)[ 207 ' 1.365 1370 of linear [3]phenylene, perhaps
e [1.368] e ] signaling increased activation of
1400 200 the affected benzene nuclei rela-
(1.446) 1417 i i -
(a2 E1A448i tive to the central ring. The spec

tral data of 8 are as expected for a
substituted angular [3]phenylene,
and the X-ray determination re-

Figure 3. Comparative bond length data [A] for angular [3]phenylene,' the unsubstituted portion of 1b
(in parentheses), and the internal fragment of 2 ¢ (in brackets; numbers are averaged for ideal symmetry).
Bold numbers indicate the extent of bond alternation (in pm) according to the equation [Z single bonds —

> double bonds]/3 (x 100).

pronounced bond alternation in the central cyclo-
hexatriene. Additional single annelation of one
terminus, as in 1, compromises delocalization in
the latter, thus attenuating the extent of bond
alternation of the “original” cyclohexatriene, that
is in 1 the two internal benzenes are less s-bond
localized than their counterpart in angular [3]phe-
nylene, while the terminal six-membered rings
(exemplified in Figure 3 for 1b by its unsilylated
end) remain essentially unchanged. A second annelation, as in
2, has more subtle consequences, arguably (considering
standard deviations and the presence of substituents in 2b
and 2¢) reinforcing bond alternation in the noncentral
internal benzene rings, while somewhat attenuating it in the
central ring. The terminal benzene nuclei (not shown in
Figure 3) again retain a geometry essentially identical to that
of their counterparts in angular [3]- and zigzag [4]phenylene,
with minimal bond alternation and, as a consequence,
considerably shortened bonds of fusion to the adjacent four-
membered rings, signaling relatively stronger cyclobutadie-
noid, hence paratropic, character in the latter (compared to
their “inside” counterparts), in agreement with NICS calcu-
lations!® and "H NMR data (vide supra). It is noteworthy that
the experimental structural data are reproduced closely by
calculations (for the parent systems)P* %2l at the HF/6-31G*,
and even better at the B3LYP/6-31G* density functional
levels. Finally, the previously observed!™ and calculate-
dra 5. 6edel ready deformability of the phenylenes is evident in
Figures 1 and 2 (side views). For 1b the dihedral angles
between the mean planes of adjacent rings range from 0.94 to
5.62°, for 2b from 0.59 to 2.55°, and for 2¢ from 1.15 to 2.53°.

While a thorough investigation of the chemistry for 1 and 2
will be the subject of future efforts, some preliminary
experiments on 2¢ appear to be consistent with the conclu-
sions presented above. Thus, 2¢ is inert to catalytic hydro-
genation under conditions (5% Pd/C, 12.2 atm (180 psi))
which lead to hexahydro angular [3]phenylene,'® and, in
contrast to angular [3]phenylene,l'”) it does not react with
dimethyl butynedioate in the presence of AlCl;, indicative of
lesser cyclohexatrienic reactivity.
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veals a highly nonplanar frame
(Figure 4) with a distorted ten-

Scheme 4. a) O,, hv, 12 h.

Figure 4. Structure of 8 in the crystal: views from above (top) and the side
(bottom).

membered ring in which the double bond, the two oxo
functions, and the fused benzene rings are held at relatively
large angles to each other.
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Coordinative Approach to Mediated Electron
Transfer: Ruthenium Complexed to Native
Glucose Oxidase**

Ekaterina S. Ryabova, Vasily N. Goral, Elisabeth
Csoregi, Bo Mattiasson, and Alexander D. Ryabov*

Mediated electron transfer to or from active sites of
oxidoreductases!!! is often accomplished by covalent binding
of a redox-active species either to the enzyme surface>> or to
the enzyme active site.[’) Transition metal complexes such as
ferrocene derivatives and osmium compounds are most
commonly used. In addition, there are reports on using
ruthenium compounds;” ® however, these did not find wide-
spread application, and this seems rather surprising taking
into account the lower cost of Ru compounds and their higher
reactivity toward glucose oxidase (GO)P! with respect to
related Os complexes. Also, an attractive feature of ruthe-
nium complexes of the type cis-[Ru(LL),Cl,] (LL=Dbpy or
phen-type ligands) is associated with their ability to coordi-
nate monodentate nitrogen donor ligands like pyridine or
imidazole (Q) [Eq. (1)].

cis-[Ru(LL),CL] +Q = cis-[Ru(LL),ClQ]*Cl- (1)

If proteins are considered as potential ligands, enzymes
appear to be superior, since many of them, including
oxidoreductases, contain histidine residues in their active
sites. Therefore, it was anticipated that the interaction
between an enzyme and cis-[Ru(LL),Cl,] would result in
binding of the ruthenium center to the imidazole side chain of
histidine in such a way that it is delivered close to the active
site and thus provides an efficient electron transfer relay
(Scheme 1). Glucose oxidase from A. niger is a very advanta-
geous enzyme because it contains two imidazole side chains,
His516 and H559, close to FAD.[' Therefore we decided to
carry out a “coordinative” loading of the complexes cis-
[Ru(LL),Cl,] (LL=bpy (1) and phen (2)) into GO and to
investigate electrocatalytic characteristics of ruthenium-
modified GO (Ru(LL)-GO). As a result, we succeeded in
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