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Abstract: In this paper we present the synthesis as well as a detailed study of the electrochemical and
photophysical properties of a series of neutral organic mixed-valence (MV) compounds, 1—7, in which
different amine donor centers are connected to perchlorinated triarylmethyl radical units by various spacers.
We show that this new class of compounds are excellent model systems for the investigation of electron
transfer due to their uncharged character and, consequently, their excellent solubility, particularly in nonpolar
solvents. A detailed band shape analysis of the intervalence charge-transfer (IV-CT) bands in the context
of Jortner’s theory allowed the electron-transfer parameters (inner vibrational reorganization energy 4.,
outer solvent reorganization energy 1., and the difference in the free energy between the diabatic ground
and excited states, AG°°, as well as the averaged molecular vibrational mode 7,) to be extracted
independently. In this way we were able to analyze the solvatochromic behavior of the IV-CT bands by
evaluating the contribution of each parameter. By comparison of different compounds, we were also able
to assign specific molecular moieties to changes in #,. For this class of molecules, we also demonstrate
that the adiabatic dipole moment difference Aua, and, consequently, the electronic coupling Vi, can be
evaluated directly from the absorption spectra by a new variant of the solvatochromic method. Furthermore,
an investigation of the electrochemistry of compounds 1—7 by cyclic voltammetry as well as spectroelec-
trochemistry shows that, not only in the neutral MV compounds but also in their oxidized forms, a charge
transfer can be optically induced but with exchanged donor—acceptor functionalities of the redox centers.

Introduction is a measure of the electronic communication between two states

Organic mixed-valence (MV) compounds are the focus of in which the charge is located at either redox center. In this
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recent research because they are simple and suitable model sy$espect also multidimensional MV compou?ﬁﬁfﬂ 2&"‘;‘;2;?5;
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(7) Lambert, C.; N8, G.; Schelter, JNat. Mater.2002 1, 69—73. Ed. 1994 33, 2106-2109.
(8) Lambert, C.; N8, G. J. Am. Chem. S0d.999 121, 8434-8442. (25) Rovira, C.; Ruiz-Molina, D.; Elsner, O.; Vidal-Gancedo, J.; Bonvoisin, J.;
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(with two degenerate redox centers) and asymmetficdaMV
species (with two non-degenerate redox centers) have been
investigated. The influence of temperafttrand solvent polar-
ity4647on electron transfer in organic MV compounds was also
studied. All the above-mentioned MV compounds are either
radical cations or radical anions. However, quite recently,
Veciana et al. synthesized organiaorganic hybrid MV
compounds consisting of an organic perchlorinated triarylmethyl
radical acceptor and a ferrocene donor ceffe®

While the evaluation of ET parameters in MV compounds is
of prime interest, the determination of these parameters often
involves major inaccuracies and, in particular, possibly errone-
ous assumptions about the effective ET distance. In this paper x=ET coordinate
we outline a procedure that yields reliable ET parameters within rjgyre 1. Diabatic (dashed blue) and adiabatic (solid red) potential energy
the given framework of the applied theoretical model. These surfaces (PES) of a one-dimensional MV system with two non-degenerate

parameters were evaluated using a specifically designed set ofedox Ce”tasvn '; tzeﬁCOUp”“g eﬂeffgyﬂr the Margus feorg?‘”izﬁtign

. - energy, andAG°° the difference in the free energy between the diabatic
suitable MV cqmpoun(j_s as described below. states. In the weak coupling regimé { — 0), ¥max cOrresponds to the sum
The adiabatic potential energy surfaces (PES) of the ground of 1 and AG°°.

state and the excited state of a MV system with two redox states ) ) )

can be calculated in the context of a two-state model by solving CONtext, in the weak coupling regimevie — 0)*°* the
secular eq 1, where harmonic potentials are used for the diabatign@imum of the IV-CT band'max corresponds to the sum of
(non-interacting) states along an ET coordinatEigure 1)51-54 the Marcus reo.rgamzatlon e.nt.ar@;)and the dllffere.nce between
In MV compounds the optically induced ET from the ground the free energies of the minima of the diabatic staies™
state to the excited state is associated with a so-called interva{Figuré 1). We point out here that the PES in Figure 1 does
lence charge-transfer (IV-CT) band in the near-infrared (Figure &PPly for the situation of the MV systems outlined below. In

1). Within the framework of generalized MullikerHush these casesAG™ is in fact so strong compared to the
(GMH) theory54-57 the parameters describing the ET can be réorganization energy that no double minimum potential is
evaluated by analyzing the IV-CT band (eqs).58-53 In this present in the ground-state adiabatic potential curve.

The reorganization energycan be partitioned into two terms

(33) yoeégei‘é?-lggl\’fﬁ;’g'z'\"- N.; Zink, J. 1.; Telo, J.PAm. Chem. Soc.  (aq 5): the outer solvent reorganization energy which

(34) Nelsen, S. F.; Konradsson, A. E.; Weaver, M. N.; Telo, J. Am. Chem. characterizes the energy needed for the reorientation of the

(35) %gﬁézy‘?ose‘_;1zziﬂk‘1%"‘?';},\ll§§2rl1; S. B. Am. Chem. So@003 125 5935 solvent after ET has taken place, and the inner vibrational
5947. _ reorganization energy,, describing the energy corresponding

(36) googgpffénl%ll\é‘g'\fgffg"’ M.; Andre, J. M.; Bfas, J. LJ. Chem. Phys. 1, geometrical changes of the molecule during ET. However, it

(37) Low, P. J.; Paterson, M. A. J.; Puschmann, H.; Goeta, A. E.; Howard, J. js difficult to obtain the values foAG°®°, 1,, and/, separately
A. K.; Lambert, C.; Cherryman, J. C.; Tackley, D. R.; Leeming, S.; Brown,

B. Chem. Eur. J2004 10, 8391, by a Marcus-Hush analysi§® 3
(38) Nelsen, S. F.; Chang, H.; Wolff, J. J.; Adamus].JAm. Chem. Sod.993
115 12276-12289. V11 —E V12
(39) Nelsen, S. F.; Ismagilov, R. F.; Gentile, K. E.; Powell, DJRAmM. Chem. =0 (1)
Soc.1999 121, 7108 -7114. Vi, V,,— E
(40) Nelsen, S. F.; Ismagilov, R. F.; Teki, ¥. Am. Chem. Sod 998 120,
2200-2201. : _ 12 _ 2 oo
(41) Lahlil, K.; Moradpour, A.; Bowlas, C.; Menou, F.; Cassoux, P.; Bonvoisin, with Vll = AX and V22 - /1(1 X) +AG

J.; Launay, J.-P.; Dive, G.; Dehareng, D.Am. Chem. Sod995 117,

9995-10002. u bi;
(42) Elsner, O.; Ruiz-Molina, D.; Vidal-Gancedo, J.; Rovira, C.; Veciana, J. __ Tab” max ; ~ — oo

Nano Left 2001, 1, 117—120. V2= with  7,=AG*+1  (2)
(43) Yano, M.; Ishida, Y.; Aoyama, K.; Tatsumi, M.; Sato, K.; Shiomi, D.; )

Ichimura, A.; Takui, T.Synth. Met2003 137, 1275-1276.
(44) Lambert, C.; NBb, G. J. Chem. Soc., Perkin Trans.2D02 2039-2043.
(45) Nelsen, S. FChem. Eur. J200Q 6, 581—588. 3hceyIn10 gn
(46) Nelsen, S. F.; Trieber, D. A.; Ismagilov, R. F.; Teki,J¥ Am. Chem. Soc. Map = > >
2001, 123 5684-5694. 2000z°N (n°+ 2)
(47) Nelsen, S. F.; Ismagilov, R. B. Phys. Chem. A999 103 5373-5378.
(48) Elsner, O.; Ruiz-Molina, D.; Ratera, |.; Vidal-Gancedo, J.; Rovira, C.; > 5
Veciana, JJ. Organomet. Chen2001, 637—639, 251—-257. = ./
(49) Sporer, C.; Ratera, |.; Ruiz-Molina, D.; Zhao, Y.; Vidal-Gancedo, J.; Wurst, A‘ulz Aﬂab+ 4ﬂab (4)
K.; Jaitner, P.; Clays, K.; Persoons, A.; Rovira, C.; Vecianarigew.

2f§d17 ©)

Chem., Int. Ed2004 43, 5266-5268. whereE is the eigenvecto¥, the Marcus reorganization energy,
(50) Ratera, I.; Ruiz-Molina, D.; Renz, F.; Ensling, J.; Wurst, K.; Rovira, C.;

Gitlich, P.; Veciana, JJ. Am. Chem. So@Q003 125, 1462-1463. A=1 +2 (5)
(51) Sutin, N.Prog. Inorg. Chem1983 30, 441—498. o v

(52) Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187, 233-254.

(53) Creutz, CProg. Inorg. Chem1983 30, 1-73. i oo i

(54) Creutz, C.; Newton, M. D.; Sutin, N. Photochem. Photobiol. A: Chem. x the I.ET qurdmateAG the. free energy dlffer?.nce between
1994 82, 47-59. the adiabatic ground and excited statggthe transition moment

(55) Cave, R. J.; Newton, M. BChem. Phys. Let1996 249 15-19. i H A H H

(36) Cave. R. J" Newton' M. 0L Chem. Physi997 106 9213-9226. between the adiabatic sta}t@s)a_x th(_e absorption maximum of

(57) Newton, M. D.Adv. Chem. Phys1999 106 303-375. the IV-CT band Aui, the diabatic dipole moment differende,

(58) Hush, N. SCoord. Chem. Re 1985 64, 135-157. Planck’s constantc the speed of lightgo the permittivity of

(59) Hush, N. SElectrochim. Actal968 13, 1005-1023.

(60) Reimers, J. R.; Hush, N. €hem. Phys1989 134, 323-354.
(61) Hush, N. SChem. Phys1975 11, 361—366. (63) Newton, M. D.; Cave, R. J. IMolecular ElectronicsJortner, J., Ratner,
(62) Cave, R. J.; Newton, M. DChem. Phys. Lettl996 249, 15-19. M. A., Eds.; Blackwell Science: Oxford, UK, 1997; p 73.
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the vacuumN Avogadro’s numbern the refractive index of 2 (2 2 -

9 - ; S n“+ 2 © €
solvent,e the extinction coefficientAua, the adiabatic dipole /3 = 2000N7 ( ) K Z) SS1 - X
moment difference}, the outer solvent reorganization energy, 3¢,In10 9n & ! 4hcd KT

and, the inner vibrational reorganization energy.

cott ho(jv, + 1, — v + AG®°)
Because both the solvent reorganization enégggnd AG°°

ex

(6)

depend on the polarity of the solvent, IV-CT bands are expected 44 KT
to show a solvatochromic behavior. However, because of the ] .
charged character of organic MV compounds, their solubility, with Huang-Rhys factor ~ S= (4,/7,)

especially in nonpolar solvents, usually is not high enough to

allow the study of the solvent dependence of IV-CT bands in a This model, which can be applied to the analysis of both
broader range of solvent8.While the transition momentay fluorescence emissidh’”and absorption spectfa/”78is based

of the IV-CT band can be determined easily with eq 3 by on a semiclassical approach that considers a classical solvent
integration of the reduced absorption b&fd, is much more mode and a single high-temperature averaged molecular vibra-
complicated to obtain a reliable value for the diabatic dipole tion mode#,, which is treated quantum chemicafiythereby,
moment difference between the two diabatic stétes, which the values foAG°?, ¥y, and the reorganization energigsand

is needed for the evaluation of the electronic couphgvia Ay can be extracted separately from the absorption spectrum by
eq 2. However, the diabatic dipole moment differenge, can a least-squares fit of the IV-CT band varying these four
be calculated by eq 4 from the difference of the adiabatic dipole parameters in eq 6. However, while a Hush analysis is only
momentsAuap and the transition moment,, Unfortunately, accurately applicable for nearly Gaussian-shaped bands, a Jortner
Auap cannot be obtained directly by a Hush analysis of the IV- fitis generally limited to unsymmetrical bands, since otherwise
CT band but must be either estimated from the geometrical the parameters are dependent and too ambiguous. The main
distance between the two redox centers or calculated by quantunfactors that determine the asymmetry of the IV-CT bands are
chemical methods. Both methods are afflicted with major the averaged molecular vibration modg and the inner

inaccuracie$® and the experimental determination &fio, by
means of electro-optical absorption measurements (EGAKA)

reorganization energy,. The ratioS = A,/7, (Huang-Rhys
factor) is a measure of the electrophonon coupling, i.e., the

unfortunately is very complicated for charged species becausenumber of vibrations generated during the vertical electronic

of ion migration in the electric field.

transition. Large factors produce Gaussian-shaped bands, while

All the above-mentioned disadvantages can be circumventedsmall factors lead to asymmetric absorption bafidghus, only
by using neutral MV systems, a class of organic molecules systems with small HuargRhys factors may be analyzed with
which has, to our knowledge, never been investigated in detail Jortner’s theory accurately.

before our quite recent communication on the synthesis of the

first neutral organic MV compountl’*72The neutral character
of 1 facilitated the acquisition of ultraviolet/visible/near-infrared
(UVNisINIR) spectra in a broad variety of solvents, ranging
from totally nonpolar i§-hexane) to strongly polar (acetonitrile),

In the following we present the synthesis and electrochemical
properties of a series of neutral MV compounis,7, where
perchlorinated triarylmethyl (PCTM) radical centers are linked
by various spacers to nitrogen donor centers. Furthermore, owing
to the neutral character of these MV compounds, we were able

and allowed us to accomplish a band-shape analysis of the IV-to perform a detailed investigation of the solvatochromic

CT band of this MV compound with the aid of a golden rule
expression (eq 6j in the context of Jortner’s theory- 76

(64) Birks, J. B., EdPhotophysics of Aromatic Moleculé#/iley-Interscience:
New York, 1969; Chapter 3:53.7.
(65) While ab initio and semiempirical UHF methods tend to overemphasize

charge localization, DFT calculations usually overemphasize charge delo-

calization; see ref 11 in Lent, C. S.; Isaksen, B.; Liebermann]JMAm.
Chem. Soc2003 125 1056. Nelsen et al. recently demonstrated that the
often used N-N distance in bis(triarylamine) radical cations results in too
large effective ET distances; see ref 34.

(66) Wortmann, R.; Kimer, P.; Glania, C.; Lebus, S.; Detzer, Ghem. Phys.
1993 173 99-108.

(67) Oh, D. H.; Sano, M.; Boxer, S. G. Am. Chem. S0d.991, 113 6880~

890.
(68) Brunschwig, B. S.; Creutz, C.; Sutin, Roord. Chem. Re 1998 177,
61-79.

(69) Treynor, T. P.; Boxer, S. G.. Phys. Chem. 2004 108 1764-1778.

(70) Coe, B. J.; Harris, J. A.; Jones, L. A.; Brunschwig, B. S.; Song, K.; Clays,
K.; Garn, J.; Orduna, J.; Coles, S. J.; Hursthouse, MJBAmM. Chem.
S0c.2005 127, 4845-4859.

(71) Heckmann, A.; Lambert, C.; Goebel, M.; Wortmann,Agew. Chem.,
Int. Ed. 2004 43, 5851-5856.

(72) See footnote 19 in ref 71.

(73) We derived eq 6 from eq 4a given in ref 74, where we repla€ad? by
(M,hv)? (given in their notation). Thus, in contrast to ref 74, we assume a
frequency-independent transition mombht which is an observable, rather
than a frequency-independent prodi€\u?, which consists of diabatic
(not observable) quantities. See also: Marcus, RI.Rhys. Cheml989
93, 3078-3086.

(74) Gould, I. R.; Noukakis, D.; Gomez-Jahn, L.; Young, R. H.; Goodman, J.
L.; Farid, S.Chem. Phys1993 176, 439-456.

(75) Nelsen, S. F.; Ramm, M. T.; Wolff, J. J.; Powell, D.RAm. Chem. Soc.
1997 119 6863-6872.

(76) Cortes, J.; Heitele, H.; Jortner, J. Phys. Chem1994 98, 2527
2536.

behavior of these compounds in the context of Jortner’s theory
which will yield insight into the parameters governing the ET
behavior in1—7. In addition, we investigated the solvatochromic
behavior of these ET parameters in order to obtain reliable
values for the diabatic dipole moment differena®g;,. The
latter will allow us to calculate accurately the electronic coupling
V12 by eq 4 of all compound&—7.

Results and Discussion

Synthesis.The last step of the syntheses of all PCTM radicals
is thein situ generation of the corresponding carbanions starting
from the a-H compounds and their oxidation to the radicals
with p-chloranil in dimethylsulfoxide (DMSO). The synthesis
of radicall was described previousfy.In order to synthesize
a great number of differently substituted triarylmethyl radicals,
the perchlorinated compoui®ds a useful intermediate (Scheme
1). With this compoun@®, we were able to synthesize the donor-
substituted triarylmethyl radicaly 5, 6, and7 with an alkynyl
spacer via Stille coupling, compouddwith a biphenyl spacer
by a Suzuki coupling, and radic8lvia a Buchwald-Hartwig

(77) Kapturkiewicz, A.; Herbich, J.; Karpiuk, J. Chem. Phys. A997 101,
2332-2344.

(78) Stahl, R.; Lambert, C.; Kaiser, C.; Wortmann, R.; JakobeCHem. Eur.
J. 2006 12, 2358-2370.

(79) B@ssler, H.; Schweitzer, BAcc. Chem. Red999 32, 173-182.
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Scheme 1

L
s

S,Cly, ACly
I
SO,Cl,, reflux, 10 h

84 %

Br

Cls

amination. The synthesis of compoudwas achieved by
perchlorination reaction ° with the so-called BMC method
of Ballester et af! in good yield (Scheme 1).

The donor and acceptor units thwere linked by a Stille
coupling®? of the terminal alkynel (8 and the perchlorinated
triarylmethane8 (Scheme 2). The low yield may be due to the
steric hindrance oB. Unfortunately, HagiharaSonogashira
coupling reactiorf$-8> of 8 and 10 using different catalyst
systems gave no better yields. Finally, tivéd compoundll
was transformed into the radicahs mentioned above (Scheme
2).

The synthesis of radica8 is shown in Scheme 3. Starting
from 8, 4,4-dimethoxydiphenylamine was directly connected
to the perchlorinated ring system by a Pd-catalyzed Buchwald
Hartwig aminatiorf®87 Also in this case, the low yield could
be traced back to the steric hindrance3oAfter transformation
into the radical 3 can be isolated as an auburn solid (Scheme
3).

(80) Brook, A. G.; Gilman, H.; Miller, L. SJ. Am. Chem. So&953 75, 4759
4762

(81) Ballester, M.; Castaner, J.; Riera, J.; Ibanez, A.; PujaddsQkg. Chem.
1982 47, 259-264.

(82) Stille, J. K.Angew. Chem1986 98, 504-519.

(83) Lin, J.-H.; Elangovan, A.; Ho, T.-I. Org. Chem2005 70, 7397-7407.

(84) Thorand, S.; Krause, N. Org. Chem1998 63, 8551-8553.

(85) Hundertmark, T.; Littke, A. F.; Buchwald, S. L.; Fu, G.@rg. Lett.200Q
2,1729-1731.

(86) Harris, M. C.; Buchwald, S. LJ. Org. Chem200Q 65, 5327-5333.

(87) Hartwig, J. F.; Kawatsura, M.; Hauck, S. |.; Shaugnessy, K. H.; Alcazar-
Roman, L. M.J. Org. Chem1999 64, 5575-5580.
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Scheme 2

1. n-Buli, Et,0, -78 °C
2. BuzSnCl, Et,0, -78 °C
3. 8, Pd(PPhs), THF, reflux

-

17 %

10
-0 Clg
Cly @ 1. KO-t-Bu
2. p-chloranil
= z
DMSO, 20°C, 3 h
1" @ 80 %
—0 I
Scheme 3
Cl _
N 0O
Pd,(dba)z e CHCl3 al
P(t-Bu);, NaO-tBu @ 1 4 ; KO;]tl-Bu .
4,4’-dimethoxydiphenylamine @ - p-chiorani 3
toluene, reflux, 48 h @ DMSO,20°C, 3h
70 %
13% 12
Clg =
Scheme 4
| |
(0] (0]
@ O 8, Pd(PPh),
N Na,CO3, H,0
J R ——
@ toluene, reflux, 24 h
B 31 %
[elae]
13
Cls fo
.|- 1. KO-t-Bu
2. p-Chloranil
N R —— -

DMSO, 20°C,3h
27 %

Q

\|/ C_

Cls

Radical4, in which the two redox centers are connected by
a biphenyl spacer, was synthesized by a Suzuki coupling
according to the literatur&:8° Starting from pinacole borane
13,13 the radical precursadt4 was synthesized in 31% yield by
a Pd-catalyzed Suzuki coupling with The somewhat better
yield indicates that the Suzuki coupling is not as strongly
affected by steric effects as the Stille, HagihaBonogashira,
or Buchwald-Hartwig coupling (Scheme 4).

Compounds5 and 6 were both synthesized in a similar
manner (Scheme 5). The terminal alkyrd&sP® and15b° were
coupled to the perchlorinated triarylmethyl comp@aly a Stille
coupling reaction. Thex-H compoundsl6a and 16b were
transformed to the corresponding radicaland6 as described
above.

In Scheme 6, the synthesis of the dimethylamino-substituted
perchlorinated radical is sketched. The synthesis is straight-
forward and analogous to those of radicaland6.

Electrochemistry. In order to investigate the redox properties
of 1-7, cyclic voltammograms (CVs) in dichloromethane/
tetrabutylammonium hexafluorophosphate (TBAH) solution

(88) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457-2483.

(89) Suzuki, A.J. Organomet. Chenml999 576, 147-168.

(90) Elangovan, A.; Chen, T.-Y.; Chen, C.-Y.; Ho, T@hem. Commur2003
2146-2147.
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Scheme 5 being a weaker donor than piperidine or dimethylanit®the
1. n-BuLi, Et,0, -78°C AE value of6 is larger than that ob or 7.
2. BuzSnCl, Et,0, -78 °C . . .
P 3.8, Pd(PPhg),, THF, reflux UV/Vis/NIR Spectroscopy. The UV/Vis/NIR absorption
X\_,N'©+H —_—> spectra ofl—7 in dichloromethane are shown in Figure 2. In
X0 31% " all spectra, an intense band A at ca. 25500 troan be
132 x=cy observed which is assigned to a localized absorption of the
Cl perchlorinated ring systef:92.93Furthermore, all spectra show
one or two weak absorption bands B and C at about 19 000
— 2 pohiosani cm™L, which are characteristic for PCTM radical systeth¥!
N__ X Dwsozcan 26 The absorption maximénax and the corresponding extinction
N1/ X = CHy: 61 % coefficientse of these bands are summarized in Table 2. It is
| 16a: x=cr, X=0:80% noteworthy that, for3 and 4, the radical bands B and C are
5 16b:x=0 y that, Tor> ands, :
° very weak, which is obviously due to the lack of either alkenyl
Scheme 6 or alkynyl spacer units.
1. n-BuLi, E,0, -78 °C The absorption bands in the NIR region at ca. 12 000'cm
z g";ﬁ;"fgh';f’ﬁﬁ < are the focus of our interest. These bands can be assigned to an
)\l—@-%H T > optically induced ET from the donor center to the triarylmethyl
radical unit. As can be seen from Figure 2 and Table 3, the
17 extinction coefficients of all these IV-CT bands are similar,
Gls except for radica#l, which shows a much weaker IV-CT band
@ Cla 1.KO-+Bu intensity. This indicates a much lower electronic communication
—=){ _pooent 4 between the two redox centers as a result of a twist of the
@ \ DMS0, 20°C, 3 h aromatic biphenyl spacer unit caused by therio-substitution
18 0% of one benzene suburiftin radical3, a related effect might be
ls compensated by the shorter distance between the two redox

centers.
Table 1. Redox Potentials of Radicals 1—7 in Dichloromethane/ .
0.1 M TBAH Solution with Fc/Fc™ as Reference The neutral character of compountis7 and their excellent

solubility gave us the chance to investigate the IV-CT bands in

En(Red1)¥mV Eyp(OX1)timvV AEMV ) i :
13 solvents of different polarity, ranging from totally nonpolar
% :g;g igig gég (n-hexane) to strongly polar (acetonitrile). All compounds show
3 —650 +445 1095 a weak but superficially nonsystematic dependencggf on
4 —645 +305 950 the solvent polarity. On the other hand, we observed a systematic
g :ggg iigg 1%22 dependence of the band shape on the polarity of the solvent,
7 570 +385pc 955 i.e., higher extinction coefficients and smaller bandwidths at
half-height?,,, in nonpolar solvents such as cyclohexane than
2 All values were determined with a maximum errorgh mV. ® Quasi- in polar solvents like acetonitrile (Figure 3). Furthermore, the

reversible under semi-infinite conditions but irreversible in thin-layer

measurements.Second oxidation at540 mV. IV-CT bands show a more or less intense vibronic fine structure

in nonpolar solvents like the hexanes.

In order to understand this behavior, we applied Jortner’s
were measured (Table 1). The chemical reversibility of all model (eq 6) to fit the IV-CT bands in each solvent by varying
observed redox processes was also checked by thin-layerthe parameters for the inner reorganization energgnd the
measurements. All donor-substituted compouhdg show one solvent reorganization enerdy, as well as the parameters of
reversible reduction process at abdti, = —600 mV vs the difference in the free energy between the diabatic ground
ferrocene, which is assigned to the reduction of the triarylmethyl and excited stateAG°° and the average molecular vibrational
radical to the carbanion. Radicdls-7 also show at least one  mode?,. In this way, we achieved an excellent least-squares
oxidation signal, corresponding to the oxidation of the nitrogen fit of the IV-CT bands of compounds 2, and5—7 (see Figure
center to the radical cation. This oxidation is reversible for all 4 for a typical example).
radicals 1—4 with dianisylamino moieties. A signal for the However, we were unable to fit the IV-CT band of radidal
oxidation of the triarylmethyl radical center was not observed in polar solvents because the bands are too symmetrical to obtain
in any case up tot+1000 mV potential. For the dialkyl-  a fit with acceptable maximum errors. For the fit of radiBal
substituted radical8, 6, and7, the amine-based oxidation is
reversible under semi-infinite conditions only. We assume that (91) féf?a”%irgﬂbiﬂﬁhe“ P.; Schoeller, W. W.; Stohrer, WTdrahedron
a-H elimination processes are responsible for the instability of (92) Veciana, J.; Armet, O.; Rovira, C.; Riera, J.; Castaner, J.; Molins, E.; Rius,
the generated radical cations. For raditale observed a second 2 Miravitles, C.; Olivella, S.; Brichfeus, J. Phys. Cheml.987, 91, 5608

oxidation signal that also is irreversible in thin-layer experi- (93) Ballester, M.; Riera, J.; Castaner, J.; Badia, C.; Monso, J. Mm. Chem.
ments So0c.1971, 93, 2215-2225.
' (94) The UVNis/NIR spectra 016a 16b, and18 show no absorption in this
The redox potentials of radicaB—7 with constant spacer region, so we can exclude that the bands at ca. 21 500 are due to an
K . . absorption associated with the morpholine, piperidine, or dimethylamino
but varying donors show that the donor unit has no influence moieties.
; ; (95) Low, P. J.; Paterson, M. A. J.; Goeta, A. E.; Yufit, D. S.; Howard, J. A.

o_n the reduction of the radical center beca_luse of the Iarge K., Cherryman, J. C.: Tackley, D. R . Brown, B. Mater. Ghem2004
distance between the two redox centers. Owing to morpholine 14, 2516-2523.
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Figure 2. UVIvis/NIR absorption spectra of radicals-7 (black) and of the corresponding anions (red) and cations (blue) in dichloromethane generated by
spectroelectrochemistry.
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Table 2. Absorption Maxima and Extinction Coefficients of Bands knowledge, the first time that a difference in averaged molecular
A, B, and C of 17 in Dichloromethane mode#, can directly be assigned to a molecular parameter, i.e.,
vlem ™t (/M em?) C=C double bond vs &C triple bond®”
band A band B band C Estimation of Electronic Coupling V1,. As we outlined in
1 25700 (35800) 20000 (7700) 17800 (4600) the Introduction, estimation of the electronic coupliig via
2 25600 (25300) 21200 (11500) 17800 (4200) egs 2 and 4 requires knowledge of the diabatic dipole moment
z 32288 g%ggg; 18288 8383; differenceAuas Quite recently, we evaluated this dipo7lf moment
5 25600 (44700) 21400 (16000) 18200 (6700) difference forl by EOAM, which yielded 19+ 1 D.”t Here
6 25900 (33900) 21700 (15400) we apply a quite different and much less laborious methodology
7 25600 (47600) 21500 (10500) 18200 (6100) which is based on the evaluation of band shape parameters
2 Shoulder. only: according to Lippert and Matada? the difference in

absorption and fluorescence energy can be correlated with the
Onsager solvent parameter as given in eq 7, with the assumption
of a spherical chromophore geometry with radigs(for a
derivation of eq 7, see the Appendix in the Supporting
Information). Based on a purely classical model (with parabolic
potentials for the ground and the excited states), the total
reorganization energy is given by eq 8%

the same problems appeared but in an alleviated form. The
symmetry and, as a consequence thereof, the problems in fitting
the IV-CT bands of3 and 4 can be traced back to a high
Huang-Rhys factorS. We assume that the lack of an unsatur-
ated C-C bridge unit in3 and 4 causes a lower average
vibrational modey,, which makesS high and the IV-CT bands
symmetrical. The vibronic fine structure of the IV-CT bands in

nonpolar solvents mentioned above is a consequence of the Iowz(’lv +Ao) = Vaps™ Ty =
solvent reorganization energy, compared to the average (Aﬂab)2 5 - gas_ - ga
molecular vibrational modé,. The data of all fits are sum- m (f(D) — f(n) + @2~ 71 (7)
marized in Table 3. €nc
It is apparent from the data in Table 3 that the Marcus 2

o . - . _Db-1 n_ nN"—1

reorganization energy is dominated by the solvent part, except  with f(D) = and f(n%) =
2D+1 an?+1

for the very nonpolar solvents-hexane and cyclohexane. A

plot of each parameter vs the Onsager solvent polarity function 5o —5

(D — /2D + 1) — (n? — 1)/(2n2 + 1), whereD is the lv"‘/lo:M (8)

permittivity andn the refractive index, reveals linear correlations 2

for both AG°° andA, with solvent polarity (for comments about

the use of the polarity function, see the Appendix in the C_:onsequently, plots of 2( + 4,) (values taken from the Jortner

Supporting Information). In Figure 5 the correlations are plotted fits @bove) vs the Onsager solvent paramé®) — f(n?) for

and the data points for compoudnly are shown for clarity. MY compoundsl—3 and5—7 in a broad variety of solvents

The scatter of data for the other compounds is similar. (Figure 6) and linear fits (Figure 6) of these plots yield the
As expected from Marcus theo?%the solvent reorganization ~ adiabatic dipole moment differencégas from the slope. The

energiesl, increase with solvent polarity and approach zero 'adil @ of all compounds, which are necessary inputinto eq 7,

for totally apolar environments (Figure 5b). Concomitantly, the Were determined by calculating the Connolly sqlvent-excluded

values forAG*® decrease due to the fact that the excited states Volume of the moleculé! and then assuming that the

of 1-7 have zwitterionic character while the ground states COMPounds have spherical geometry.

possess a small dipole mom&n(Figure 5a). Thus, the weak With the data for the adiabatic dipole moment differences
and unsystematic solvent dependence of the IV-CT bands is aobtained in the above-mentioned way, we were able to calculate

result of these two compensating trends. Consequently, thethe diabatic dipole moment differencag;, between the ground
positive solvatochromism which is expected for chromophores nd the excited states by eq 4. The corresponding values for
with small ground-state dipole moment and large excited-state (€ electronic coupliny/> were determined by using eq 2. The
dipole moment is not observed. The plots also prove the data for all compound$—3 and5—_7 are summarlz_ed in Table
independence of the vibrational reorganization endigyn the ~ 4- The good agreement of the dipole moment differefag,
solvent polarity (Figure 5c). However, we also recorded a weak of 1 (17.6 D) derived by the solvatochromic method above with

but systematic dependence of the average molecular vibrationafe value obtained recently by EAOM (191 D)™ shows that
mode#, on solvent polarity (Figure 5d), which could be a result our new solvatochromic method described here is well suitable

of the varying importance of different molecular modes to yield reliable dipole moment differences, comparable to those
contributing to the averaged mode However, it might also ~ ©Ptained by the much more complicated EAOM method.
be that this shift compensates inaccuracies of the theory in It IS apparent from the data in Table 4 that the electronic
general. It is noteworthy that for all compounds with an alkynyl COUPling values/s, of all compounds —3 a1nd5—7 are within
spacer unitj, is noticeably higher (average 700 ch than a narrow range of about 236@000 cm* and the solvent
for compoundL, with an alkenyl spacer, and radiclwith no dependence d¥;, is also quite small. The electronic coupling
unsatura_ted spacer unit. ThIS energy difference is due to an 97) Kjaer, A. M.: Ulstrup, JJ. Am. Chem. Sod987 109, 19341942,

alkynyl vibrational mode having typically more energy than an (98) Mataga, N.; Kaifu, Y.: Koizumi, MBull. Chem. Soc. Jpri956 29, 465-
alkenyl or a C-C single bond vibrational mode. This is, to our 470.

(99) Lippert, E.Z. Elektrochem1957, 61, 962-975.
(100) Brunschwig, B. S.; Ehrenson, S.; Sutin JNPhys. Chenl987, 91, 4714
4723

(96) Brunschwig, B. S.; Ehrenson, S.; Sutin NPhys. Cherml986 90, 3657 .
3668. (101) CS Chem3D PrpCambridgeSoft Corp.: Cambridge, MA, 1999.

J. AM. CHEM. SOC. = VOL. 129, NO. 17, 2007 5521



ARTICLES Heckmann and Lambert

Table 3. Absorption Maxima, Extinction Coefficients, and Resulting ET Parameters of the Least-Squares Fits of the IV-CT Bands of 1—7 in
Solvents of Different Polarity

Vmaxl el AG®°/ Ad Al i Vmaxl el AG®°/ Aol A Wl
cm™*  Mlcmt  cmta cm~ta cemta cmta cm~t M~tem™t  cmtéa cmta cmta cml@
Radicall Radical5
n-hexane 12400 4750 10250 1000 1250 1150 n-hexane 13550 5300 11550 1250 1050 1700
cyclohexane 12250 4600 10200 1050 1100 1200 cyclohexane 13450 5100 11350 1300 1050 1700
1,4-dioxane 12200 3900 9450 1850 1650 1400 1,4-dioxane 13100 5000 10050 2400 950 2000
dibutyl ether 11950 4150 9250 1700 1200 1400 dibutyl ether 13050 4850 10050 2350 950 2050
diethyl ether 12000 4050 8850 2050 1350 1450 diethyl ether 13000 5250 9600 2700 900 2100
MTBE 12000 3650 8750 2200 1300 1450 MTBE 12950 5150 9450 2900 900 2150
ethyl acetate 11900 3850 8050 2900 1250 1650 ethyl acetate 12650 5250 8100 4150 850 2550
THF 11750 3550 7500 3350 1100 1750 THF 12650 5300 8250 3750 800 2350
dichloromethane 12150 3600 8100 3000 1400 1550 dichloromethane 12800 4900 8900 3300 900 2200
benzonitrile 11650 3600 7300 3400 1150 1700 benzonitrile 12650 5700 8550 3500 850 2300
2-propanol 11800 3900 8100 2750 1200 1650 2-propanol 12750 5100 8550 3500 850 2250
acetone 11950 3550 6550 4750 1050 2000 acetone 12600 5050 7750 4350 800 2500
acetonitrile 12200 3400 7250 415¢ 1350 1750 acetonitrile 12750 4550 7900 4400 800 2500
Radical2 Radical6
n-hexane 12650 8150 10900 1050 650 1650 n-hexane 14200 3800 12350 1050 1200 1650
cyclohexane 12400 7250 10600 1150 650 1650 cyclohexane 13950 3800 12150 1150 1200 1700
1,4-dioxane 12400 5800 9400 2550 650 2250 1,4-dioxane 13600 3500 11000 2000 1100 1950
dibutyl ether 12200 7050 9500 2200 600 2100 dibutyl ether 13600 4300 11100 1900 1100 1950
diethyl ether 12200 6400 8800 2900 600 2400 diethyl ether 13550 4100 10700 2250 1050 2000
MTBE 12200 6400 8850 2900 600 2350 MTBE 13500 3950 10650 2300 1100 2000
ethyl acetate 12200 6000 8150 3650 600 2650 ethyl acetate 13300 4250 9600 3250 1050 2300
THF 12000 5550 7650 3950 650 3050 THF 13200 3650 9250 3450 1200 2550
dichloromethane 12300 5000 8300 3600 650 2600 dichloromethane 13550 3509 10500 2450 1100 2050
benzonitrile 11850 5250 6800 4750 650 3950 benzonitrile 13100 3650 8800 3850 1050 2800
2-propanol 12000 5800 8250 3350 550 2550 2-propanol 13300 3900 9750 3050 1000 2200
acetone 12200 5400 7550 4300 600 2950 acetone 13250 3900 9100 3700 950 2400
acetonitrile 12450 5400 7900 4200 650 2800 acetonitrile 13400 4050 b958@5(¢ 1050 2300
Radical3 Radical7
n-hexane 12050 5050 9650 1650 800 1300 n-hexane 13400 4600 11900 800 950 1600
cyclohexane 11950 4600 9600 1450 850 1200 cyclohexane 13300 4700 11750 750 900 1550
1,4-dioxane 11900 4150 8350 2950 650 1500 1,4-dioxane 12950 3650 10400 1900 900 2050
dibutyl ether 11750 4350 8500 2650 650 1500 dibutyl ether 12900 4300 10550 1700 900 2000
diethyl ether 11750 4750 7900 3350 550 1650 diethyl ether 12800 4250 9950 2250 900 2150
MTBE 11750 4300 8100 3050 650 1450 MTBE 12800 3950 9950 2250 900 2150
ethyl acetate 11750 4050 7750 3300 700 1400 ethyl acetate 12650 3950 9000 3050 950 2500
THF 11650 3850 7250 3850 500 1950 THF 12450 3950 8850 3000 800 2450
dichloromethane 12050 3700 7350 4450 450 2000 dichloromethane 12150 3850 9450 2650 850 2250
benzonitrile 11600 3450 7200 3800 650 1400 benzonitrile 12250 3550 8550 3050 750 2450
2-propandl 11600 3950 2-propanol 12550 3450 9050 2900 850 2450
acetone 11800 3400 7450 3450 900 1200 acetone 12500 3400 8450 3500 850 2500
acetonitrilé 11900 3550 acetonitrile 12650 3700 8400 3700 900 2600
Radical4
n-hexane 13200 1400 10350 235> 700 1600
cyclohexane 13050 1300 10600 1600 900 1250
1,4-dioxané 13250 1050
dibutyl ether 12900 1200 7900 4700 500 2450
diethyl ether 13000 1100 7600 5000 550 1950
MTBES 12950 1050
ethyl acetate 13250 1100
THFe 12850 1000
dichloromethane 13150 1050
benzonitrilé 13000 950
2-propandl 13050 1000
acetoné 13200 950
acetonitrilé 13450 1000

a All values were determined with a maximum error 860 cntL. P All values were determined with a maximum error-6150 cnt?. ¢No fit was
possible because of a too large maximum error@60 cnr .

of 3 is about the same as that @& which supports our larger in the alkenyl systed$:"1:192This effect might also be
assumption made above, that the smaller ET distance (demonexplained by twisting of the alkenyl group due to steric
strated by the smallekuap, value) is compensated by a smaller interactions withortho-chloro atoms.

transition moment which is due to the weakening of electronic  UV/Vis/NIR Spectroelectrochemistry.In order to probe the
coupling, presumably by torsional effects. Comparisovof  spectral changes that result upon charging the compounds, the
of 1 and of2 shows that of the latter to be significantly higher UV/vis/NIR absorption spectra df—7 upon oxidation to the

by ca. 280 cm*. This is in contrast to the behavior observed in - monocations, as well as upon reduction to the monoanions, were
analogous bis(triarylamine) radical cations with alkynyl and

alkenyl bridges, where the electronic coupling is somewhat (102) Heckmann, A. Diploma Thesis, Univefsii#/irzburg, 2004.
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5000 rrhexans 1+ and 2%, which can also be conceived as donacceptor
‘—ﬁf'f'.;?x::.:s compounds (Figure 7) in which the triarylmethyl and triaryl-
4000{:3::‘%;‘;‘:: amine moieties ol and2 exchanged their donor and acceptor
'r J—MTBE properties.
E 30001 Bthyl acetate ] . . .
o —THF It is noteworthy that only in the absorption spectra of cations
[—— benzonitrile . . .
2000 T 2Propanol 1* and 2*, with an unsaturated bridge unit, band H can be
] observed, while compound3™ and 4t do not show any
1000 comparable absorption band. Instead, a very intense band G is
] visible which might hide a potentially blue-shifted IV-CT band
o] bupEest v at the red edge. Furthermore, band F is less intense and blue-
8000 10000 12000 14000 16000 shifted in3* and4* compared tdl* and2*.
vicm?
Figure 3. IV-CT bands of7 in solvents of different polarity. MTBE= Conclusions

methyl tert-butyl ether.
Our concept to combine perchlorinated triarylmethyl radical

8000 ] acceptors with nitrogen donor centers yields the neutral, purely
70004 ~_ gi‘:fymafme organic MV compoundsl—7. This new class of organic
6000 = Fit MTBE molecules, which are isoelectronic to the well-established bis-
_oemed Fit acetonitrile (triarylamine) radical cations, show several unique properties
‘s which allow a straightforward and detailed study of the charge-
S 4000 transfer behavior of these compounds by all-optical measure-
E 3000 ments. The neutral character and, consequently, the excellent
“ 20004 solubility of the MV compound4d—7 allowed the investigation
10003 of the ET behavior in both polar and nonpolar solvents and
0 offered the unique chance to study the solvatochromic behavior
6000 8000 10000 12000 14000 of these compounds by UV/vis/NIR spectroscopy. All radicals
v/iem™ 1—-7 show a characteristic IV-CT band at 11 6aD3 000 cnt
Figure 4. Least-squares fits of the IV-CT bandsin solvents of different with a weak but nonsystematic solvatochromic behavior.
polarity. However, by applying Jortner's model, we achieved excellent

least-squares fits of the IV-CT bands of all MV compounds in

investigated by spectroelectrochemistry in dichloromethane €ach solvent except for compouAdnd, in an alleviated form,
solutions. While for all radicalsl—7 the spectra of the  for radical3. In these compounds, the lack of an unsaturated

corresponding monoaniods —7- could be generated, only the ~ bridge unit finally causes the Huan@hys factorSto be too
monocationsL™—4" with dianisyl moieties could be investi-  high, which in turn is the reason for symmetrical IV-CT bands.
gated, becaus&—7 undergo irreversible oxidation to their ~ With the aid of the Jortner fits, we were able to evaluate reliable

monocations. As can be seen from Figure 2, the IV-CT band Vvalues for the inner reorganization energyand the solvent

of all radicals disappears upon reduction, and no absorptions'€organization energ, as well as values for the free energy
in the NIR region are observed due to the fact that the AG®and the averaged molecular vibrational modes each
monoanions are not mixed valent. This behavior also proves Solvent separately. Plots of each parameter vs the Onsager
the NIR bands of the neutral compountis7 to be IV-CT solvent parameter revealed that the missing visible solvatochro-
bands. At the same time, a new intense band D at around 19 500N behavior is the result of two opposing effects, a positive
cmLis visible, which we assign to an absorption of the PCTM Solvatochromism oAG®* and a negative solvatochromlsm of
carbanion moiety ifl-—7-.2549 For all systems with alkynyl 4o The plots also proved the independence of the inner
or alkenyl spacers, this band partially overlaps with a second, 'eorganization energy, on the solvent polarity. Furthermore,
even more intense band E at around 17 500 urthermore, the plots show that the values of the averaged vibrational modes
a decrease in band A can be observed, associated with reductiolf radicals1 and5—7 with a spacer containing a=eC triple

of the carbon radical center; additiona"y’ the typ|ca| radical bond are d|St|nCt|y hlgher than the values determined for radicals
bands B and C decrease, which can be seen in the spectra of and3, where the triple bond is absent. This is the first time

carbanion&—7- (Figure 2). The data of all the bands discussed that molecular parameters can be directly associated with
for the monoanions are summarized in Table 5. differences in averaged molecular modes, and this work

The spectra of radical catiors'—4* in dichloromethane demonstrates the usefulness of the band shape analysis in the

generated by spectroelectrochemistry are also displayed incontext of Jortner's model.

Figure 2 (blue solid lines). All cations show intense absorption ~ The separately determined values forand 4, allowed a
signals (F and G) in the region at ca. 13 608! 500 cnt! plot of 24, + A) vs the Onsager solvent parameter according
which can be assigned to the oxidation of the triarylamine to Lippert and Mataga. By a linear fit of this plot, we were
moiety to the corresponding radical cations (Tablel%8). able to determine the adiabatic dipole moment differeiee.
Furthermore, a relatively intense band (H) at ca. 9600%cm This dipole moment difference is in excellent agreement with
increases upon oxidation of radicdlend2. This band can be  that obtained by an EAOM measurement. This new variant of
traced back to an optically induced IV-CT process in the cations dipole moment determination made an all-optical evaluation of
the electronic coupling/1> possible. Moreover, the solvato-
(103) Amthor, S.; Noller, B.; Lambert, hem. Phys2005 316, 141—152. chromic method outlined here is much simpler than the more
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Figure 5. Linear correlations of (aAG°°, (b) Ao, () Ay, and (d)¥y versus the solvent polarity functid(D) — f(n?), with f(D) = (D — 1)/(2D + 1) andf(n?
= (n2 — 1)/(2n? + 1) for compoundsl—3 and5—7. For simplicity, only the data points fdr are shown.

12000 - absorption spectra of compountisand2*, with an unsaturated
110004 - bridge unit, show the rise of a new intense band in the NIR
10000 . . . .
9000 region which can be assigned to intramolecular charge-transfer
80004 . processes from the carbon radical centers to the nitrogen radical
—~, 7000 . . cation centers. Thus, compoundlsand 2 show, both in the
o . s .
+§ 6000 § . neutral state and in the oxidized state, a charge-transfer behavior
& igggj but with exchanged donor and acceptor functionalities. A
3000 = Data points of 1 detailed study of this remarkable behavior, which until now was
2000 Linear Fit observed only in neutral MV compounds, is the focus of further
1000 investigations in our laboratories.
0 T T T T L] L} 1 T
-0,05 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 Experimental Section
AD)}AN’)

Figure 6. Plot of 20l + o) vs the Onsager solvent parameté) — Cy(_:lic Voltammetry and Spectroelectrqchemistry.The_electro—
f(n?) for radicall and linear fit. The values for the reorganization energies chemical measurements were performed in a 0.1 M solution of TBAH

were taken from Table 3. as supporting electrolyte in dry, argon-saturatedCl-under an argon
atmosphere. The concentration of the substrates was 0.1 mM. All
complex and time-consuming EOAM method or the methods poten_tials were referenced vs ferrqcene (F#)Fifhe spec_troelectro-
based on quantum chemical calculations of the effective charge-Chem'_Cal measurements were carrlgd out W|t_h the soluﬂon; of the CV
transfer distance, which is often afflicted by major inaccuracies experiments that were transferred into a thin-layer cell with a gold

inh in the th ical hes. While th iahtf d minigrid working electrode. The design of the cell was described
inherent in the theoretical approaches. lle the straightiorwar elsewheré? the optical path length was 1Q@m. All UV/vis/INIR

application of Jortner's theory in combination with the Lippert  specira were recorded with a Jasco V-570 UVAVsINIR spectropho-
Mataga method to investigate the ET transfer behavior is, in tometer in transmission mode.
principle, not restricted to neutral compounds, itis the uncharged  Mass SpectroscopyThe ESI-TOF mass spectra were obtained with
character of neutral MV compounds which makes the analysis a Bruker Daltonics micrOTOF focus mass spectrometer equipped with
in a broad variety of solvents so simple. Thus, the new class of an APClI ion source (Agilent G1947-60101). A stainless steel spraying
organic PCTM-donor molecules presents an almost perfect capillary and, as transfer capillary, a nickel-coated glass capillary with
model system for the investigation of electron-transfer processes.an inner diameter of 50@m were used. Due to the isotopic distribution
We also performed a detailed study of both the UV/vis/NIR ©Ver & broadmz region caused by chlorine and/or bromine, the
absorption spectra of the carbanidnis-7- and the spectra of monoisotopic signals were too small in intensity for some compounds
the diradical cationd™—4" obtained by spectroelectrochemical for an accurate mass measgre_ment._ln t_hos_e cases, typically the most
- ) intense signal (X+ n) of this isotopic distribution was taken and
measurements. Thereby, the optically induced charge tranSfercompared with the calculated value. For calculation of the mass values
of compoundsl—7 was proved by the absence of the IV-CT
band upon reduction to the corresponding carbanions. The(104) Salbeck, JAnal. Chem1993 65, 2169-2173.
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Table 4. Connolly Solvent-Excluded Volume Vcon, Radii of the Molecules ag, Diabatic Dipole Moment Difference Auap, Transition Moment
Uan, Adiabatic Dipole Moment Difference Aui2, and Electron Coupling Vi, of Radicals 1—7 in n-Hexane and Acetonitrile

Veor! al Atz ] Azl Viol

Ae A D D? D om!
1 n-hexane 718.4 5.56 1761.3 3.6 19.0+ 1.7 2350+ 230
MeCN 3.6 19.0+ 1.7 2310+ 230
2 n-hexane 710.4 5.54 17014 4.1 194 1.6 2630+ 240
MeCN 4.1 19.7+£ 1.6 2590+ 230
3 n-hexane 698.2 5.50 1541.3 3.7 17.1+: 1.6 2610+ 270
MeCN 3.3 16.8- 1.5 2340+ 230
5 n-hexane 605.6 5.25 15411 3.7 17.14+1.3 2930+ 240
MeCN 3.9 17.3£1.3 2870+ 240
6 n-hexane 592.8 5.21 14-81.0 2.9 15.4+1.3 2670+ 250
MeCN 3.4 15.8+1.3 2880+ 260
7 n-hexane 564.0 5.13 1460.9 3.1 159+1.1 2610+ 200
MeCN 3.5 16.2+1.1 2730+ 200

a All values were determined with a maximum error6.15 D.

Table 5. Absorption Maxima and Extinction Coefficients of Bands
D and E in the Absorption Spectra of Carbanions 1-—7" in
Dichloromethane

vlem™ (e/M~t cm™Y)

band D band E
1~ 18900 (25800) 18200 (25700)
2 19500 (16600) 17300 (26900)
3 19300 (23600)
4- 19100 (25700)
5 19600 (22400) 17500 (33200)
6~ 19700 (22300) 17400 (35500)
7 19500 (171006) 17500 (26000)
aShoulder.

Table 6. Absorption Maxima and Extinction Coefficients of Bands
F, G, and H in the Absorption Spectra of Cations 17—4" in
Dichloromethane

Plem=t (e/M~tem~?)

band F band G band H
1+ 14400 (30300) 9600 (15100)
2+ 14500 (16700) 12900 (10700) 9700 (5900)
3" 16500 (8500) 11400 (35200)
4+ 16900 (9300) 13000 (37700)

P P

Optically induced

PG -G
v® M®

Figure 7. Optically induced ET of neutral MV compounds to a zwitterionic
excited state (left-hand side) and optically induced hole transfer of the
oxidized MV compounds (right-hand side).

of the isotopic distribution, the software module “Bruker Daltonics
IsotopePattern” of the software Compass 1.1 (Bruker Daltonik GmbH,
Bremen, Germany) was used.

GP1: General Procedure for the Radical Formation of o-H
Compounds. The a-H compound (1.00 equiv) was dissolved in dry
DMSO (1 mL per 100umol of a-H compound) under an inert gas
atmosphere. KA@Bu (2.00 equiv pert-H atom) was added, and the
deep purple solution that formed immediately was stirred for 1.5 h in
the dark at room temperatune-Chloranil (1.00 equiv pea-H atom)

was then added, and the reaction mixture was stirred for a further 1.5
h in the dark at room temperature. The deep brown solution was purified
by flash chromatography on silica gel. The crude product was
precipitated twice by adding a concentrated solution in dichloromethane
to methanol to obtain the desired product.

GP2: General Procedure for the Stille Coupling ReactionsThe
terminal alkyne (1.00 equiv) was dissolved in dry@t(10 mL per
1.00 mmol of alkyne) under a nitrogen atmosphere. The solution was
cooled to—78°C, andn-BuLi (1.6 M solution in hexanes, 1.13 equiv)
was added via a syringe over a period of 5 min. The reaction mixture
was stirred at-78 °C for 30 min and for a further 30 min at30 °C
and then was cooled te-78 °C again. Trin-butyltin chloride (1.15
equiv) was added dropwise via a syringe over a period of 5 min. The
reaction mixture was stirred at78 °C for 30 min and for a further 30
min at room temperature. The solution was hydrolyzed with water, the
organic layer was separated and dried over Mg3@d the solvent
was removed under reduced pressure. The residue was dried in vacuo
for 3 h and then dissolved in dry THF (1 mL per 100 mg of liquid)
under a nitrogen atmosphere. The aryl brom&l€L.00 equiv) was
added, and the solution was degassed. PdjPR0.05 equiv) was
added, and the mixture was heated under reflux for 24 h under a
nitrogen atmosphere. The solvent was removed in vacuo, the residue
was dissolved in dichloromethane, and the organic layer was washed
with water three times. After the organic layer was dried over MgSO
the solvent was removed under reduced pressure, and the crude product
was purified by flash chromatography on silica gel. The crude product
was precipitated twice by adding a concentrated solution in dichlo-
romethane dropwise to methanol to obtain the desired tolan.

GP3: General Procedure for the Pd-Catalyzed Amination of Aryl
Bromides and Aryl lodides with Secondary Amines. The aryl
bromide (aryl iodide) (1.10 equiv) and the secondary amine (1.00 equiv)
were dissolved in absolute toluene (10 mL per 1.00 mmol of aryl
bromide) under a nitrogen atmosphere;(Bda)-CHCI; (0.05 equiv),
P(-Bu)s (0.33 M inn-hexane, 0.04 equiv), and NaBu (2.50 equiv)
were added, and the reaction mixture was stirred in the dark under a
nitrogen atmosphere under reflux for 24 h. The solvent was removed
in vacuo, and the residue was dissolved in dichloromethane. The organic
layer was washed with water three times and dried over Mgaad
the solvent was removed under reduced pressure. Flash chromatography
on silica gel afforded the desired product.

Synthesis of 8 Sulfur monochloride (5.64 g, 41.8 mmol, 0.76 equiv)
and dry aluminum chloride (2.87 g, 21.5 mmol, 0.39 equiv) were
dissolved in freshly distilled sulfuryl chloride (700 mL), and the solution
was stirred under reflux for 5 min. A solution 8f(17.9 g, 55.0 mmol,

1.00 equiv) in sulfuryl chloride (500 mL) was added dropwise under
heat while the initially yellow-orange solution turned to deep red. The
reaction mixture was stirred for a furth8 h under reflux while the
volume was kept constant by stepwise addition of sulfuryl chloride.
The solution was cooled to room temperature, the solvent was removed
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Heckmann and Lambert

in vacuo, and ice water (600 mL) was added to the yellow-orange
residue. NaHC®was added until no gas evolution was recognized,

134.40 (quart.), 134.0 (quart.), 133.94 (quart.), 133.93 (quart.), 133.86
(quart.), 132.90 (quart.), 132.85 (quart.), 122.422.2 (NCCHCHCO

and the mixture was heated under reflux for 1 h. The solution was or NCCHCHCO), 114.89+ 114.86 (NCCHCHCO or NCCHCHCO)
cooled to room temperature, a concentrated HCI solution (14 M, 90 56.9 @-C), 55.8 (OCHj3); IR (KBr) # = 3044 (vw), 2995 (w), 2931

mL) was added, and the mixture was stirred under reflux for a further
1 h. The green crude product was filtered, washed with bailihgxane

(3 x 50 mL), and dried in vacuo to afford 37.7 g (46.1 mmol, 84%) of
a colorless solid: mp-300 °C; *H NMR (600 MHz, CDC}, 20 °C,
TMS) 6 = 6.98 (s,0-H, 1H); 2*C NMR (151 MHz, CDC}, 20 °C,
TMS) 6 = 137.0 (quart.), 136.3 (quart.), 136.2 (quart.), 135.7 (quart.),
135.1 (2C, 2x quart.), 134.8 (quart.), 134.7 (quart.), 134.1 (2Cx 2
quart.), 134.0 (2C, % quart.), 133.8 (quart.), 133.7 (quart.), 132.7
(2C, 2 x quart.), 132.5 (quart.), 125.6 (quart.), 568 C); IR (KBr)

7 = 2924 (w), 1521 (w), 1369 (m), 1336 (s), 1295 (s), 1238 (w), 1190
(w), 1116 (w), 809 (m), 784 (m), 712 (w), 691 (w), 674 (m), 639 (w),
609 (w), 522 (w), 419 (w) cmt; MS (FAB, 70 eV, 2-(octyloxy)-
nitrobenzene)n/z (relative intensity) 1477 (27, ¥), 1442 (8, M —

Cl); APCI negative (high resolution) calcd for the-X8 of [M — H]~

= Cy1oBrCli4~, 804.47168, found 804.47092/ppm, 0.88.

Synthesis of Tolan 11Compoundl1 was synthesized frorh0 (420
mg, 1.28 mmol) and (1.03 g, 1.28 mmol) according to general
procedure GP2. Flash chromatography on silica gel with 1:3GGH
petroleum ether as eluent yielded 229 mg (2&®l, 17%) of an intense
yellow solid: Rr = 0.59 (CHCl,/petroleum ether= 1:1); mp 178°C;

IH NMR (600 MHz, acetonal, 20 °C, TMS) 6 = 7.43 (AA, 2H,
NCCHCHCCC), 7.16 (AA, 4H, OCCHCH), 7.10 (s, 1Ha-H), 6.97
(BB', 4H, OCCHQGHC), 6.80 (BB, 2H, NCGHCHCCC), 3.81 (s, 6H,
OCHg3); 3C NMR (151 MHz, acetonek, 20°C, TMS) 6 = 158.2 (2C,
2 x quart.), 151.6 (quart.), 140.2 (2C2quart.), 137.6 (quart.), 137.5

(quart.), 137.1 (quart.), 135.9 (quart.), 135.8 (quart.), 135.7 (quart.),

(w), 2833 (w), 1505 (vs), 1463 (w), 1439 (w), 1404 (m), 1367 (w),
1341 (w), 1298 (m), 1243 (s), 1172 (w), 1111 (w), 1039 (m), 822 (m),
809 (m), 683 (w), 665 (w), 526 (W) cm; MS (EI, 70 eV)m/z(relative
intentsity) 953 (100, M), 938 (27, M — CHg), 918 (44, 27, M —

Cl); APCI positive (high resolution) calcd fors@:6Cl1ANO,, 947.68149,
found 947.68150;A/ppm, 0.01. Elemental analysis calculated for
Cs3Hi1sClhaNO,: C, 41.56; H, 1.59; N, 1.47. Found: C, 41.88; H, 1.41;
N, 1.47.

Synthesis of Radical 3.Radical3 was synthesized frorh2 (100
mg, 105umol) according to general procedure GP1. Flash chroma-
tography with 4:1 CHCl,/petroleum ether as eluent yielded 70.0 mg
(73.5umol, 70%) of a brown solidR; = 0.91 (CHCl./petroleum ether
= 4:1); mp 280°C (decomposition); IR (KBry = 3039 (vw), 2994
(w), 2932 (w), 2905 (w), 2833 (w), 1504 (vs), 1463 (w), 1439 (w),
1398 (w), 1335 (m), 1298 (w), 1244 (s), 1172 (m), 1110 (w), 1038
(m), 821 (m), 737 (w), 709 (w), 682 (vw), 665 (m), 586 (w), 526 (m)
cm™ Y MS (El, 70 eV)m/z (relative intensity) 952 (40, M), 937 (6,

M* — CHg), 902 (10, M — CHz — CI), 882 (100, M — Cl,); APCI
positive (high resolution) calcd for [Mt H]* = Cs3H1sCliaNO; ",
946.67367, found 946.67184/ppm, 1.93.

Synthesis of 14Pinacole boran&3 (400 mg, 927«mol, 1.00 equiv)
and the perchlorinated bromoar§l(747 mg, 927umol, 1.00 equiv)
were dissolved in dry toluene (10 mL) under a nitrogen atmosphere.
Sodium carbonate (2.60 mL, 1.00 M in®, 2.80 equiv) and Pd(PB)
(21.4 mg, 927umol, 0.02 equiv) were added, and after degassing the
solution was stirred under reflux and under an inert gas atmosphere

135.2 (quart.), 134.88 (quart.), 134.85 (quart.), 134.6 (quart.), 134.38 for 24 h. The solvent was removed in vacuo, and the residue was

(quart.), 134.36 (2C, X quart.), 134.3 (quart.), 134.2 (quart.), 133.9
(NCCHCHCCC), 133.24 (quart.), 133.21 (quart.), 128.8 @€CH),
126.8 (quart.), 118.4 (NCHCHCCC), 115.9 (OCCBHC), 111.7
(quart.), 105.5 (quart.), 83.4 (quart.), 5766C), 55.8 (CCHy); IR (KBTr)
¥ = 2927 (w), 2832 (w), 2198 (m), 1600 (w), 1542 (w), 1504 (vs),
1463 (w), 1440 (w), 1364 (w), 1338 (m), 1332 (m), 1292 (m), 1241
(s), 1174 (w), 1105 (w), 1037 (w), 827 (m), 809 (w), 709 (w), 686
(w), 577 (w), 534 (w) cm% MS (El, 70 eV)m/z (relative intensity)
1053 (100, M), 1038, (8, M — CHg); APCI positive (high resolution)
caled for [M+ H]™ = Ca1HoChaNO, ", 1047.71279, found 1047.71219;
Alppm, 0.57. Elemental analysis calculated fopHGoClidNO,: C,
46.72; H, 1.82; N, 1.33. Found: C, 47.09; H, 2.16; N, 1.31.

Synthesis of Radical 2.Radical2 was synthesized fronh1 (100
mg, 94.4umol) according to general procedure GP1. Flash chroma-
tography with 4:1 CHCl./petroleum ether as eluent yielded 80.0 mg
(76.0umol, 80%) of a red-brown solidR; = 0.84 (CHCl./petroleum
ether= 4:1); mp 185°C (decomposition); IR (KBrjy = 3026 (w),
2928 (w), 2833 (w), 2188 (s), 1685 (w), 1598 (m), 1505 (s), 1453 (w),
1336 (m), 1289 (w), 1241 (m), 1175 (w), 1106 (w), 1037 (w), 827
(w), 791 (w), 761 (w), 737 (w), 662 (w), 533 (w) crh MS (FAB, 70
eV, nitrobenzyl alcoholn/z (relative intensity) 1052 (1, M); APCI
positive (high resolution) calcd for [Mt H]* = CsH1sClhaNOS",
1046.70497, found 1046.7054A/ppm, 0.46.

Synthesis of 12.Compound12 was synthesized fror8 (1.00 g,

dissolved in dichloromethane (100 mL). The organic layer was washed
with water (2x 100 mL) and dried over MgSQand the solvent was
removed under reduced pressure. The residue was purified by flash
chromatography on silica gel (GHI./petroleum ether 1:1). The crude
product was precipitated twice by adding a concentrated solution of
14in dichloromethane into methanol to obtain 300 mg (2&1ol, 31%)
of a pale yellow solid:Rs = 0.57 (CHCl,/petroleum ether 1:1); mp
198°C; ¥ = 3034 (vw), 2999 (vw), 2945 (vw), 2928 (vw), 2900 (vw),
2831 (w), 1604 (m), 1504 (vs), 1463 (w), 1439 (w), 1392 (vw), 1361
(w), 1315 (m), 1294 (m), 1241 (s), 1178 (m), 1105 (w), 1080 (w),
1037 (m), 827 (m), 809 (m), 741 (w), 718 (w), 689 (w), 675 (m)em
H NMR (600 MHz, acetonels, 20 °C, TMS) 6 = 7.16 (AA, 4H,
NCCHCHCO), 7.13 (s, 1Hp-H), 7.09-7.14 (m, 2H, NCCHEICC),
6.96 (BB, 4H, NCCHCHCO), 6.876.90 (m, 2H, NCEICHCC), 3.81
(s, OHy); 3C NMR (151 MHz, acetonéls, 20 °C, TMS) ¢ = 157.7
(quart.), 150.1 (quart.), 143.3 (quart.), 140.8 (quart.), 137.7 (quart.),
137.6 (quart.), 137.2 (quart.), 135.85 (quart.), 135.84 (quart.), 135.4
(quart.), 135.1 (quart.), 134.84 (quart.), 134.79 (quart.), 134.3 (quart.),
134.24 (2x quart.), 134.20 (X quart.), 134.18 (quart.), 133.13 (quart.),
133.11 (quart.), 130.5 (NCGEHCC), 129.0 (quart.), 128.5 (NCCH-
CHCO), 118.5 (N@CHCHCC), 115.7 (NCHCHCO), 57.5 ¢-C), 55.7
(OCHj3); APCI positive (high resolution) calcd for [M- H] ™ = CagHao-
CliuNO,*, 1023.71279, found 1023.71148/ppm, 1.33.

Synthesis of Radical 4Radical4 was synthesized frori4 (200

1.24 mmol) according to general procedure GP3. Flash chromatographymg, 194umol) according to general procedure GP1. Flash chroma-

with 1:1 CHCl,/petroleum ether as eluent afforded the crude product

tography with 1:1 CHCI,/ petroleum ether as eluent yielded 140 mg

that was precipitated twice by adding a concentrated solution in acetone(1361mol, 70%) of a red-brown solidR; = 0.94 (CHClz/petroleum

dropwise into methanol, to yield 155 mg (1@&ol, 13%) of a pale
yellow solid: R = 0.60 (CHCl./petroleum ether= 1:1); mp >290
°C; 'H NMR (600 MHz, CQCl,, 20°C, TMS) 6 = 7.06 (s, 1Ha-H),
6.80-6.86 (8H, ArylH), 3.77 (2s, 6H, OBl3); 1*C NMR (151 MHz,
CD.Cl,, 20°C, TMS) 6 = 155.8+ 155.7 (2 signals, RCH or OCCH),
142.7 (quart.), 138.8 (2 signals,0CH or OCCH), 136.97 (quart.),

136.95 (quart.), 136.8 (quart.), 136.0 (quart.), 135.9 (quart.), 135.7
(quart.), 135.5 (quart.), 135.4 (quart.), 134.9 (quart.), 134.41 (quart.),
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ether= 1:1); mp 240°C (decomposition); IR (KBry = 3039 (vw),
2994 (vw), 2950 (vw), 2932 (vw), 2905 (vw), 2834 (vw), 1603 (W),
1504 (s), 1464 (vw), 1437 (vw), 1320 (m), 1285 (w), 1242 (m), 1178
(w), 1103 (w), 1038 (m), 827 (m) cm; APCI positive (high resolution)
calcd for [M+ H]* = CsH1ChaNO, ", 1022.70497, found 1022.70641;
Alppm, 1.41.

Synthesis of 16aCompoundl6awas synthesized frori5a (300
mg, 1.62 mmol) according to general procedure GP2. Flash chroma-
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tography on silica gel with 1:1 Ci€l./petroleum ether as eluent yielded
222 mg (244umol, 15%) of a yellow solid: R = 0.52 (CHCI,/
petroleum ether= 1:1); mp 175°C; *H NMR (600 MHz, CDQ.Cl,, 20
°C, TMS) 6 = 7.46 (AA, 2H, NCCHCHCCC), 7.01 (s, 1Hp-H),
6.88 (BB, 2H, NCGHCHCCC), 3.29 (t3Jyn = 5.4 Hz, 4H, NCH,-
CHy), 1.68 (m, 4H, NCHCH,CH,), 1.63 (m, 2H, NCHCH,CH,); *°C
NMR (151 MHz, CBCl,, 20 °C, TMS) 6 = 152.8 (quart.), 136.93

(quart.), 136.92 (quart.), 136.2 (quart.), 135.5 (quart.), 135.4 (quart.),

80.1 mg (87.umol, 80%) of a dark brown solidR = 0.42 (CH-
Cl,); mp 180°C (decomposition); IR (KBry = 3093 (vw), 3048 (vw),
2933 (m), 2851 (w), 2185 (vs), 1602 (vs), 1522 (vs), 1450 (w), 1384
(m), 1337 (vs), 1233 (s), 1186 (m), 1126 (m), 1022 (m), 937 (w), 918
(vw), 863 (w), 817 (m), 737 (w), 711 (m), 661 (w), 533 (w) chMS

(70 eV, FAB, 2-(octyloxy)nitrobenzenea)vz (relative intensity) 910
(<1, M%), 840 (<1, M* — Cly); APCI positive (high resolution)
calculated for [M + H]* = CgzH13Cli.sNO*, 904.66262, found

135.3 (quart.), 134.6 (quart.), 134.4 (quart.), 134.3 (quart.), 134.2 904.66345A/ppm, 0.38.

(quart.), 134.0 (quart.), 133.93 (quart.), 133.92 (quart.), 133.90 (quart.),

133.8 (quart.), 133.7 (quart.), 133.6 (NCCHCCC), 132.9 (quart.),
132.8 (quart.), 126.5 (quart.), 114.9 (SEBCHCCC), 112.1 (quart.),
109.9 (quart.), 56.9(-C), 49.2 (NCH,CHy), 25.8 (NCHCH,CH,), 24.7
(NCH,CH,CHy,); APCI positive (high resolution) calcd for the X 6
of [M + H]* = Cs:H1CliaNT, 909.68325, found 909.68318/ppm,
0.08.

Synthesis of 16b.Compoundl6b was synthesized frori5b (300

Synthesis of Compound 18Compoundl8was synthesized starting
from 1725 (1.00 g, 6.90 mmol) an8 (5.56 g, 6.90 mmol) according
to general procedure GP2. Flash chromatography with petroleum ether
as eluent afforded 660 mg (758mol, 11%) of an intense yellow
solid: R = 0.28 (petroleum ether); mp 18€; 'H NMR (600 MHz,
CD,Clp, 20°C, TMS) 6 = 7.46 (AA, NCCHCH, 2H), 7.01 (so-H,
1H), 6.69 (BB, NCCHCHC, 2H), 3.02 (s, N(El3);, 6H), 13C NMR
(150 MHz, CDCl,, 20 °C, TMS) 6 = 151.6 (quart.), 137.0 (quart.),

mg, 1.60 mmol) according to general procedure GP2. Flash chroma-136.0 (quart.), 135.5 (quart.), 135.4 (quart.), 135.1 (quart.), 134.6

tography on silica gel with C¥l, as eluent yielded 250 mg (274nol,
17%) of a yellow solid: R = 0.33 (CHCl,); mp 173°C (decomposi-
tion); H NMR (600 MHz, CDQCl,, 20 °C, TMS) 6 = 7.52 (AA,
CCCHCH, 2H), 7.01 (sa-H, 1H), 6.93 (BB, NCCHCH, 2H), 3.84
(m, OCH,CH,, 4H), 3.25 (m, NG,CH,, 4H); *3C NMR (150 MHz,
CD.Cl,, 20 °C, TMS) 6 = 136.90 (quart.), 136.88 (quart.), 136.6

(quart.), 135.52 (quart.), 135.46 (quart.), 135.4 (quart.), 134.7 (quart.),

(quart.), 134.4 (quart.), 134.3 (quart.), 133.90 (quart.), 133.88 (quart.),
133.6 (NGCHCH), 132.9 (quart.), 132.8 (quart.), 132.0 (quart.), 131.9
(quart.), 126.6 (quart.), 125.4 (quart.), 112.0 (NGTHC), 107.9
(quart.), 105.6 (quart.), 105.0 (quart.), 83.0 (quart.), 82.5 (quart.), 56.9
(a-C), 40.2 (NCHz3)3); IR (KBr) # = 3093 (vw), 3039 (vw), 2896 (w),
2860 (w), 2806 (w), 2197 (s), 1605 (vs), 1542 (s), 1521 (s), 1482 (vw),
1444 (m), 1362 (s), 1345 (s), 1298 (w), 1234 (w), 1168 (m), 1118 (w),

134.44 (quart.), 134.43 (quart.), 134.36 (quart.), 133.98 (quart.), 133.96 1064 (w), 946 (w), 860 (w), 813 (s), 709 (m), 530 (m) GMAPCI

(quart.), 133.92 (quart.), 133.85 (quart.), 133.7 (quart.), 133.€HEIH),

positive (high resolution) calcd for % 6 of [M + H]* = CyHiz-

133.5 (quart.), 133.4 (quart.), 132.9 (quart.), 132.8 (quart.), 126.3 Cl;4,N*, 869.65187, found 869.6516A/ppm, 0.23.

(quart.), 114.9 (NCHCH), 104.2 (quart.), 83.2 (quart.), 66.9Q8 -
CH,), 56.9 (CICQCH), 48.4 (NCH,CHy); IR (KBr) # = 3080 (vw),
3044 (vw), 2959 (m), 2892 (vw), 2852 (w), 2202 (s), 1604 (vs), 1542
(m), 1514 (vs), 1448 (m), 1340 (vs), 1301 (s), 1261 (w), 1236 (vs),
1182 (m), 1124 (s), 1051 (w), 928 (s), 860 (w), 809 (s), 709 (m), 684
(m), 661 (w), 587 (w), 533 (m) crt; MS (70 eV, El)m/z (relative
intensity) 911 (100, M), 853 (19, M — C3HgO), 841 (6, M— Cl,),
748 (31, M — C3HeCl30); APCI positive (high resolution) calcd for
[M + H]T = CxH1.CliaNO*, 903.65528, found 903.65433;/ppm,
1.03.

Synthesis of Radical 5Radical5 was synthesized frori6a (123
mg, 135umol) according to general procedure GP1. Flash chroma-
tography on silica gel with 1:1Cil./petroleum ether as eluent yielded
75 mg (82.5umol, 61%) of a red-brown solidR = 0.55 (CHCI,/
petroleum ethes 1:1); mp 172-178°C (decomposition); IR (KBry
= 2933 (m), 2852 (w), 2186 (s), 1601 (s), 1522 (s), 1464 (w), 1451
(w), 1384 (m), 1337 (s), 1320 (m), 1259 (w), 1233 (s), 1187 (m), 1126
(m), 1023 (m), 937 (w), 918 (w), 863 (w), 817 (m), 737 (w), 711 (m),
661 (w), 532 (w) cmt; APCI positive (high resolution) calculated for
[M + H]* = CsH15Cl1aNT, 902.68348, found 902.68348{ppm, 0.41.

Synthesis of Radical 6Starting from tolanéd.6b (100 mg, 11Q:mol,
1.00 equiv), compoun€@iwas prepared according to general procedure
GP1. Flash chromatography on silica gel with O as eluent yielded

Synthesis of Radical 7Radical7 was synthesized starting froh8
(150 mg, 172umol) according to general procedure GP1. Flash
chromatography with CkCl, as eluent yielded 104 mg, (120mol,
70%) of a red-brown solid:R = 0.96 (CHCIl,); mp 190 °C
(decomposition); IR (KBry = 3093 (vw), 3039 (vw), 2918 (w), 2855
(w), 2806 (w), 2183 (s), 1604 (vs), 1526 (s), 1443 (m), 1362 (s), 1338
(s), 1258 (w), 1237 (m), 1179 (m), 1139 (vw), 1064 (w), 946 (m), 815
(s), 737 (w), 711 (m), 655 (w), 530 (w) cri APCI positive (high
resolution) calcd for X+ 6 of [M + H]™ = CygH1:Cl14N", 868.64404,
found 868.64287A/ppm, 1.35.
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