An intramolecular m—x interaction has no effect on the lifetime of an aryl

radical cation

Xiaoming Liu,@ Li Mei Lindy Chia,c Colin A. Kilner,2 Ledey J. Yellowleesp Mark Thornton-Pett,2 Swiatoslaw

Trofimenkod and Malcolm A. Halcrow*a

a School of Chemistry, University of Leeds, Woodhouse Lane, Leeds, UK LS2 9JT.

E-mail: M.A.Halcrow@chem.leeds.ac.uk

b Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ
¢ Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW
d Department of Chemistry and Biochemistry, University of Delaware, Newark, DE 19716-2522, USA

Received (in Cambridge, UK) 25th July 2000, Accepted 23rd August 2000

First published as an Advance Article on the web

The lifetimes of electrochemically generated
[Cu(L1-+)(TpPh)]2+ and [Cu(L1-+)(TpCy)]?+ are identical to
within experimental error.

We have recently reported that the complexes
[Cu(LY)(TpR)BF,; (Lt = 1-{pyrid-2-yl}-3-{2’,5-dimethoxy-
phenyl}pyrazole; [TpR]- = tris[3-arylpyrazolyl]borate:

1-BF4—3-BF,4, Scheme 1) exhibit an unusual, fully reversible L1-
based 1-electron oxidation by cyclic voltammetry in CH,Cl,/
0.5 M NBu4PFs at 298 K.1 This led us to suggest that an
intramolecular m— stacking interaction observed in 1-BF4—
3-BF, might be kinetically stabilising the [L1]*-containing
oxidation products. Thiswould not be without precedent, in that
others have detected unusual reversible voltammetric oxida-
tions of intramolecularly t—st-stacked monocyclic aryl moieties
in sesterbenzobicyclo[2.2.2] octane? and ortho-cyclophane3 de-
rivatives. In addition, a related n — x* charge-transfer
interaction leads to a 1000-fold increase in the lifetime of
sulfanyl radical cations in aromatic, compound to chlorinated,
solvents.4 If true, such a result would be of relevance to the
properties of proteins such as galactose oxidase (GOase), which
contains a tyrosyl radical that is involved in a m— interaction
with a tryptophan indole ring.5 This m—r interaction is vital to
the function of the enzyme® although its detailed role in
catalysisis unknown. \We now report the synthesis of acomplex
closely related to 1-BF,—3-BF,4 but lacking the t—w interaction,
which has allowed us to quantify the effects of n—t stacking on
the properties of [L1]*. We also describe the spectroelec-
trochemical characterisation of the aryl radical complex
products 12+ and 22+,
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Treatment of hydrated Cu(BF,4), with one molar equivalent
of LT and K[Tp<¥]7 in CH,CI, affords, following concentration
and layering with hexanes, adark green compound analysing as
[Cu(LY)(TpY)IBF, (4-BF,) in 55% vyield.t This complex
exhibitsad—d absorptionin CHxCl, at Vinax = 15.6 X 103cm—1
(€max = 104 M—1 cm~—1), which bears a low-energy shoulder.
X-band EPR spectroscopy of 4-BF, in 10:1 CH,Cl,:toluene
shows <g> = 2.13, <A[6365Cu} > = 65G, <A{“N} > =14
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Gat298K and gy = 2.25,9, = 2.04, A{6365Cu} = 167 G at
77 K. The close correspondence of these parameters to those
shown by 1.BF,—3:BF,;, which exhibit sguare pyramidal
geometries in the solid state and in solution,® strongly suggests
that the molecular structure of 4-BF, is essentially identical to
those of our earlier compounds. A single crystal X-ray analysist
confirmed the proposed molecular connectivity (Fig. 1). Apart
from the short apical distance Cu(1)-N(2) (Fig. 1), which we
have found to be a very plastic parameter in square-pyramidal
Cu(n)/trispyrazolylborate complexes,8 the co-ordination geom-
etry at Cu differsinsignificantly from that of 1-BF4.1
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Fig. 1 View of the complex cation in the crystal of 4-BF,4-2CHCl3 with 35%
probability ellipsoids, showing the atom numbering scheme employed. For
clarity, all H atoms have been omitted. Selected distances (A) and angles
(°): Cu(1)-N(2) 2.153(2), Cu(1)-N(13) 2.024(2), Cu(1)-N(24) 1.984(2),
Cu(1)-N(36) 2.029(2), Cu(1)-N(42) 2.0596(19), N(2)—-Cu(1)-N(13)
92.41(8), N(2)—Cu(1)-N(24) 93.80(8), N(2)—Cu(1)-N(36) 98.86(8), N(2)—
Cu(1)-N(42) 102.66(8), N(13)—Cu(1)-N(24) 85.70(8), N(13)—-Cu(1)—
N(36) 94.34(8), N(13)-Cu(1)-N(42) 164.25(8), N(24)—Cu(1)-N(36)
167.32(8), N(24)—Cu(1)-N(42) 97.69(8), N(36)—Cu(1)—-N(42) 78.99(8).

The cyclic voltammogram of 4-BF,; in CH,CI,/0.5 M
NBun,BF, at 298 K exhibits all the processes shown by 1-BF,—
3:BF, in this solvent.1 Hence, a chemically reversible L1-based
1-electron oxidation is obseved at E. = +1.06 V vs. ferrocene/
ferrocenium (AE, = 96 mV),§8 which is 6090 mV more
positive than the values we have recorded for 1.BF,—3:BF,. In
order to quantify any Kinetic stabilisation of 12+-32+ afforded by
intramolecular n—r stacking, we have measured the half-lives
of 12+, 22+ and 42+ at 298 K in the electrochemical cell using
convolution methods.® The values obtained are almost identical
within experimental error: 12+, t. = 1.7(2) s, 22+, t. = 1.39(17)
s, and 42+, t; = 0.98(11) s. Although it is unclear whether the
assumption of first-order decomposition kinetics employed by
the convolution procedureisvalid in our system, it is clear that
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the kinetic stabilities of 12+, 22+ and 42+ are essentialy
identical.

Attempts to electrogenerate bulk samples of 12+ and 22+ for
EPR measurements were unsuccessful, resulting in appreciable
decomposition of the sample over the timescale of the
experiment. In situ spectroelectrochemical characterisation of
the oxidised species 12+ and 22+ was therefore undertaken.
Electrooxidation of 1-BF, in CH»Cl»/0.5 M NBu"yBF, at 243 K
a a potential corresponding to the 1*/12+ couple using an
optically transparent electrode proceeds isosbestically and
resultsin substantial changesin the UV, visand NIR regions of
the spectrum (Fig. 2). The oxidised solution for 12+ ShOwS Vyax
= 12.4 (gmax = 1000), 19 (sh), 22.2 (3 400), 26 (sh) and 32.5
X 103 cm—1 (15500 M-t cm~1) at 243 K (Fig. 2). The
absorption spectrum of 22+ generated under identical conditions
isbarely distinguishable from those of 12+, Re-reduction of both
samples at 0 V also proceeds isosbestically and quantitatively
regenerates 1+ or 2+, demonstrating the chemical reversibility of
this process under these conditions.

/103 em™!

Fig. 2 Oxidation of 1* to 12+ by controlled potentia electrolysisin CH,Cl,/
0.5 M NBu,PFg at 243 K.

The [CeH4(OMe)-1,4]* radical cation exhibits Ve = 21.7
(€max = 9540 M—1cm—1), 23.3 (9 040) and 33.3 x 103 cm—1
(13000) in aqueous solution,1° but is optically transparent in the
range 11-21 X 103cm—111The 22.2, 26 and 32.5 X 103cm—1
bands from 12+ and 22+ quite closely match those shown by
[CeH4(OME),-1,4]+; we therefore assign these bands to local
excitation transitions within the [L1]* moiety. The 12.4 x 103
cm—1 absorption can be attributed to a [TpP]—[L1]* LLCT
transition. By comparison, the [(CeHg)(CioHsg)]-+ complex
exhibitsagas-phaseintra-dimer CT band at 10.9 x 103cm—1,12
while [(CgHe)(C7Hg)]-* exhibits three such bands, at 8.5, 10.8
and 14.9 x 103 cm—1.13 The observation of such atransition for
12+ and 22+ is clear evidence that the intramolecular s—-
stacking interaction in these complexes is retained following
oxidation. The assignment of the shoulder near 19 x 103 cm—1
is uncertain; we tentatively suggest that this may correspond to
asecond LLCT transition, or to a Cu—[L1]* MLCT band.

To conclude, we have demonstrated that the intramolecular
s—t interaction exhibited by 1* and 2+ is retained following
their 1-electron oxidation, but that this interaction has no
measurable effect on the kinetic stability of the resultant aryl
radical. The unusual longevity of the dimethoxyphenyl radical
cation species 1+ and 2+, and those formed from sesterbenzobi-
cyclo[2.2.2]octane? and ortho-cyclophane® derivatives, pre-
sumably originates rather in steric protection of the radical
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center afforded by the overlying aryl ring. These results
demonstrate that the tyrosyl/tryptophan s—m interaction in
GOase probably haslittle or no effect on the chemical reactivity
of the tyrosyl radical in this enzyme, except to shield it from
externa solvent. We are continuing to investigate the effects of
n—m stacking on the spectroscopic and luminescent properties
of aryl radicalsand their complexes, and will report theseresults
in due course.
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Notes and references

T Analytical data for 4-BF,: Found: C 58.1, H 6.2, N 13.8%: calcd. for
C43H55BoCuF4NgO,: C 58.0, H 6.2, N 14.1%.

F Crystal data for 4-BF4-2CHCl3: CysHs7BCleCuFsNgO,, M, = 1129.86,
monoclinic, P2;/n, green prism, 0.56 X 0.49 X 0.30 mm, a = 11.8709(2),
b = 20.8196(3), ¢ = 21.6065(4) A, B = 98.7150(11)°, U = 5278.34(15)
A3, Z = 4, T = 150(2) K, u(Mo-Ka) = 0.778 mm—1; Enraf-Nonius
KappaCCD diffractometer, 34102 measured reflections, 11965 independ-
ent, Ry = 0.058; R(F) = 0.053, wR(F?) = 0.151, S = 1.019. Both solvent
molecules were disordered, one over two equally occupied orientations and
oneover three orientations with occupancies of 0.5, 0.25 and 0.25. All C-Cl
bonds were restrained to 1.75(2) A, and Cl---Cl distances to 2.86(2) A. All
non-H atoms with occupancy =0.5 were refined anisotropically. CCDC
182/1760. See http://www.rsc.org/suppdata/cc/b0/b0060050/ for crystallo-
graphic filesin .cif format.

§ In addition to these oxidative voltammetric processes, 4-BF, exhibits an
irreversible Cu(u/i) reduction at E,c = —0.58 V, with an associated
daughter wave at Ep, = +0.25 V. A weak daughter wave at Ep = +0.03V
becomes apparent following multiple scanning of the 4+/42+ oxidation.
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