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The previously unknown radical anions of unsaturated E;N4S; ring systems (E = RC, R;NC, R,P) can be generated
voltammetrically by the one-electron reduction of the neutral species and, despite half-lives on the order of a few
seconds, have been unambiguously characterized by electron paramagnetic resonance (EPR) spectroelectrochemistry
using a highly sensitive in situ electrolysis cell. Cyclic voltammetric studies using a glassy-carbon working electrode
in CHsCN and CH,Cl, with ["BusN][PFe] as the supporting electrolyte gave reversible formal potentials for the
[E2N4S2]% process in the range of —1.25 to —1.77 V and irreversible peak potentials for oxidation in the range of
0.66 to 1.60 V (vs the Fc*® couple; Fc = ferrocene). Reduction of the neutral compound undergoes an
electrochemically reversible one-electron transfer, followed by the decay of the anion to an unknown species via
a first-order (chemical) reaction pathway. The values of the first-order rate constant, k;, for the decay of all the
radical anions in CH,Cl, have been estimated from the decay of the EPR signals for (X—C¢H4CN,S),*~, where X
= 4-OCHj3 (ki = 0.04 s71), 4-CH; (ki = 0.02 s71), 4-H (k= 0.08 s71), 4-Cl (ki = 0.05 s71), 4-CF3 (k= 0.05 s7%),
or 3-CFz (k = 0.07 s7%), and for [(CH3)3CCN,S]~ (k = 0.02 s71), [(CH3),NCN,S],*~ (k = 0.05 s71%), and
[(CeHs)2PN2S]~ (k = 0.7 s71). Values of k for X = 4-H and for [(CH3),NCN,S],*~ were also determined from the
cyclic voltammetric responses (in CH,Cl,) and were both found to be 0.05 s~*. Possible pathways for the first-order
anion decomposition that are consistent with the experimental observations are discussed. Density functional theory
calculations at the UB3LYP/6-31G(d) level of theory predict the structures of the radical anions as either planar
(D) or folded (C,,) species; the calculated hyperfine coupling constants are in excellent agreement with experimental
results. Linear correlations were observed between the voltammetrically determined potentials and both the orbital
energies and Hammett coefficients for the neutral aryl-substituted rings.

Introduction tronegativity of both nitrogen and sulféikiVe have published

a comprehensive and critical review of the electrochemical
data for compounds in this clad84any of the most stable
redox processes involve odd-electron intermediates that are
neutral. However, diamagnetic species can also often be
oxidized and/or reduced to cationic or anionic radié¢almne
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Many unsaturated compounds containing sutfoitrogen
bonds are redox activeDespite the fact that such rings and
cages are typically quite electron rich, the formation of anions
is usually facile, a phenomenon attributed to the high elec-
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Radical Anions of GN,;S; and P.N4S; Rings

Chart 1. Chemical Structures for Compoundla—f, 2, 3, and4

N-S N —  1a X=4-OCH,
OHOHG, BEHE
=/ W L% 1o X=4H
~s” 1d X =4-ClI
1 1e X =4-CF,
1f X = 3-CF
N-SoN
N:S,N |
2
JN/?\N(
H3C‘('N/C\‘N’S\NV/C\N\‘.CH:’
v N
HsC 3 CH;
Ph CN/?\NA,’ _Ph
/P\\‘N’S‘N'/P\ Figure 1. Kohn—Sham orbital isosurfaces of the redworbitals for (a)
Ph 4 Ph oxidation (HOMO) and (b) reduction (LUMO) dfc.
Scheme 1 detected for both folded and planar dithiatetrazociine3.5°
.S, _S. _S. The small variation in the reversible redox potentials for the
NN NN +1e- NN . . . .
R'(N@NFR ER%NQN)—R Tﬁ\ R-(N N)—R reduction processes observed with various 3,7 substituents
s’ s’ e s’ was attributed to the nature of the lowest-unoccupied

atetrazocinel and other analogues have only been character- molecular orbital (LUMO) of the neutral molecule, which
ized in the folded forn§. There is an important analogy IS nodal at carbon and only transmits weak inductive
between the folded molecul@and4 and the well-known  influences from the substituents (Figure 1b). By contrast,
cage molecule S, in that they share similar transannular the highest-occupied molecular orbital (HOMO) has a large
S---S contacts from the cross-ring in-phase overlap of high- ring carbon coefficient, which was used to explain the strong
lying N=S=N x* orbitals. Thus bot8” and48 have been  substituent dependence of the oxidation peak potentials
extensively studied as model systems to investigate the(Figure 1af®
complex chemical behavior 0f,8,. The number of electrons transferred in these processes has
In a previous voltammetric investigation, reversible reduc- not been independently verified, and repeated efforts in our
tion and irreversible oxidation processes (Scheme 1) werelaboratory have failed to isolate the putative radical anions
from chemical reductions ofi—3, despite the apparent
voltammetric reversibility of these processes. An earlier,
cursory, electrochemical study dfby cyclic voltammetry
in CH3CN reported only that the radical anion is “short-lived
(ty2 = 2—3 5)".920n the other hand, an extensive chemistry
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80, 1786. (c) Atherton, J. N. M.; Ockwell, J. N.; Dietz, B. Chem.
Soc. A1967 771. (d) Wolmershaser, G.; Schnauber, M.; Wilhelm,
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K.; Yip, J. Can. J. Chem1993 71, 473. (c) Parvez, M.; Boér&k. T.;
Derrick, S.; Moock, K. HActa Crystallogr., Sect. @995 51, 2116.
(d) Bond, A. D.; Haynes, D. A.; Rawson, J. i@an. J. Chem2002
80, 1507. (e) Amin, M.; Rees, C. W.. Chem. Soc., Perkin Trans. 1
1989 2495. (f) Amin, M.; Rees, CJ. Chem. Soc., Chem. Commun.
1989 1137. (g) Scholz, U.; Roesky, H. W.; Schimkowiak, J.;
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M. Inorg. Chem.1992 31, 1861. (d) Chivers, T.; Dhathathreyan, K.
S.; Liblong, S. W.; Parks, Tnorg. Chem1988 27, 1305. (e) Chivers,
T.; Doxsee, D. D.; Hilts, R. Wlnorganic Experiments2nd ed;
Woollins, J. D., Ed; Wiley-VCH: Weinheim, Germany, 2003; p 287.
(f) Jolly, W. L. The Synthesis and Characterization of Inorganic
CompoundsPrentice Hall: Englewood Cliffs, NJ, 1970; p 484.
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T.J. Chem. Soc., Chem. Comm889 86. (c) Chivers, T.; Edwards,
M.; Meetsma, A.; van de Grampel, J. D.; van der Leeln&drg. Chem.
1992 31, 2156. (d) Chivers, T.; Hilts, R. W.; Parvez, M.; Ristic-
Petrovic, D.; Hoffman, K.J. Organomet. Cherml994 480, C4. (e)
Chivers, T.; Hilts, R. W.; Parvez, M.; Ristic-Petrovic, Oan. J. Chem.
1995 73, 1380.

(9) (a) Chivers, T.; Edwards, M.; Gao, X.; Hilts, R. W.; Parvez, M.;

Vollmerhaus, RInorg. Chem1995 34, 5037. (b) Brock, M.; Chivers,
T.; Parvez, M.; Vollmerhaus, Rnorg. Chem.1997, 36, 485. (c)
Chivers, T.; Cowie, M.; Edwards, M.; Hilts, R. Vihorg. Chem1992
31, 3349. (d) Chivers, T.; Gao, X.; Parvez, Morg. Chem.1995
34, 1681. (e) Vollmerhaus, R.; Hilts, R. W.; Parvez, M.; Gao, X. L;
Chivers, T.Phosphorus, Sulfur Silicon Related Elet®94 93, 425.

(f) Hilts, R. W.; Gao, X. L.; Parvez, M.; Chivers, Phosphorus, Sulfur
Silicon Related Elenl994 93, 431. (g) Chivers, T.; Gao, X. L.; Hilts,
R. W.; Parvez, M.; Vollmerhaus, Riorg. Chem1995 34, 1180. (h)
Chivers, T.; Hilts, R. W.Coord. Chem. Re 1994 137, 201. (i)
Chivers, T.; Hilts, R. W.; Parvez, M.; Vollmerhaus, Rorg. Chem.
1994 33, 3459. (j) Chivers, T.; Edwards, M.; Hilts, R. W.; Parvez,
M.; Vollmerhaus, R.Inorg. Chem.1994 33, 1440. (k) Chivers, T.;
Edwards, M.; Meetsma, A.; van de Grampel, Jir@rg. Chem1992
31, 2156.
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of the dianion4?~ exists when generated chemically by
superhydride reduction of in THF solution?

In an effort to further identify and characterize their redox

processes, we now report results from a detailed voltammetric

and in situ EPR spectroelectrochemical study on these
compounds. While there is a long history of electrolysis
inside an EPR resonant cavityelectrochemists have more

recently developed the concept of simultaneous electro-

chemical EPR spectroscopy (SEEPR)y improving cell

Boereet al.

purified by distillation (CHCN, first over BOs, then CaH;
CH.CI,, over CaH). Both solvents were purged with dry nitrogen
prior to use. Electrochemical grade tetrabutylammonium hexafluo-
rophosphate "BusN][PFs] (Fluka) was used as the supporting
electrolyte and was kept in a desiccator/glovebox prior to use.
Hexaamineruthenium(lll) chloride (Aldrich) and 1,1-diphenyl-2-
picryl-hydrazyl (DPPH) (Aldrich) were stored in a refrigerator prior
to use. Ferrocene, prepared following the procedure described by
Jolly 5f was sublimed prior to use.

Voltammetry. Cyclic voltammograms (CVs) were obtained at

designs so that cyclic voltammograms can be measured intemperatures between 0 and 22 in both acetonitrile and

electrolysis cells within EPR resonant cavities with a
minimum of distortiont* Neudeck and Kress have even

dichloromethane solutions containing 0.1 and 0.4"BULN][PFg],
respectively, as the supporting electrolyte. These solutions were

shown that real-time EPR spectroscopy obtained during thePurged with dry nitrogen for 10 min directly before use, and a

course of a cyclic voltammetric potential scan is possible.
In this paper, we report for the first time the spectroelec-
trochemical detection of the radical aniolrxs—4'~ by in
situ electrolysis employing a modified version of the working

blanket of nitrogen gas covered the solution during all experiments.
The CVs were executed using a BioAnalytical Systems CV-50
computer-controlled potentiostat. The cell design utilized a con-
ventional three-electrode setup with a 3.0 mm diameter glassy-
carbon (GC) working electrode, a platinum-wire auxiliary, and a

electrode first described by Neudeck and Kress. The assign-gjjer.wire quasi-reference electrode. The reference electrode was
ment of the characteristic EPR spectra of the radical separated from the bulk solution by a fine-porosity frit. Initial
monoanions to planar or folded heterocyclic structures hasbackground scans characterized the size of the electrochemical
been attempted using UB3LYP/6-31G(d) calculations. Rate window and provided an estimate of the likely background current.

constants for the apparent first-order decay of all the radical The CVs were obtained over scan rates of 0:680 V s™*. Al
anions were determined from SEEPR data; rate constantspotentials are reported vs the operative formal poterfl,,, for
were also determined from the cyclic voltammetric responsesthe Fc/Fc redox couple (Fe= ferrocene), which was used as an

of compoundslc and3; possible chemical mechanisms for
the decay of these species are discussed.

Experimental Section

Reagents and General Procedurefhe heterocycles (see Chart
1) were prepared by the literature methodsi—f,5° 2,15 3,52 and
4.%¢ Dichloromethane and acetonitrile (BDH, reagent grade) were

(10) Selected abbreviations: EPR, electron paramagnetic resonance; ESR,

electron spin resonance; CV, cyclic voltammetry; hfc, hyperfine
coupling; UV-PES, ultraviolet photoelectron spectroscopy.

(11) (a) Maki, A. H.; Geske, D. HJ. Chem. Phys1959 30, 1356. (b)
Geske, D. H.; Maki, A HJ. Am. Chem. Sod96Q 82, 2671. (c)
Fritz, H. P; Artes, R. OElectrochim. Actal981 26, 417. (d) Adams,
R. N.J. Electroanal. Cheml964 8, 151. (e) Geske, D. H.; Ragle, J.
L. J. Am. Chem. Sod 961, 83, 3532. (f) Piette, L. H.; Ludwig, R.;
Adams, R. NAnal. Chem1962 34, 916. (g) Piette, L. H.; Ludwig,
R.; Adams, R. NJ. Am. Chem. S0d.962 84, 4212. (h) Yokoyama,
M.; Satoh, T.; Ohya-Nishiguchi, H.; Kamada, H.; Kasai, N.; Matsue,
T. Chem. Lett1995 919. (i) Bagchi, R. N.; Bond, A. M.; Scholz, F.
Electroanalysis1989 1, 1. (j) Webster, R. D.; Bond, A. M.; Coles,
B. A.; Compton, R. GJ. Electroanal. Chem1996 404, 303. (k)
Waller, A. M.; Compton, R. GComp. Chem. Kinetick989 29, 297.

(I) Goldberg, I. B.; McKinney, T. M.Laboratory Techniques in
Electroanalytical ChemistryMarcel Dekker: New York, 1984; p 675.
(m) Allendoerfer, R. D.; Martinchek, G. A.; Bruckenstein, Anal.
Chem. 1975 47, 890. (n) Goldberg, I. B.; Bard, A. Magnetic
Resonance in Chemistry and Biolgdylarcel Dekker: New York,
1975; p 255. (0) Compton, R. G.; Waller, A. N Electroanal. Chem.
1985 195 289. (p) Allendoerfer, R. D.; Carroll, J. B., J. Mag.
Res.198Q 37, 497. (q) Levy, D. H.; Myers, R. JJ. Chem. Phys.
1964 41, 1062. (r) Ohya-Nishiguchi, HBull. Chem. Soc. Jpri979
52, 2064. (s) Goldberg, I. B.; Bard, A. J. Phys. Chem1971, 75,
3281. (t) Meinzer, R. A,; Pratt, D. W.; Myers, R. J. Am. Chem.
Soc.1969 91, 6623. (u) Williford, J. D.; VanReet, R. E.; Eastman,
M. P.; Prater, K. BJ. Electrochem. Sod.973 120, 1498.

(12) Because of the common interchangeable usage of EPR and ESR, the

acronym SEESR has also appeared in the literature.

(13) (a) Webster, R. D.; Bond, A. M.; Coles, B. A.; Compton, R.5G.
Electroanal. Cheml996 404, 303. (b) Fiedler, D. A.; Koppenol, M.;
Bond, A. M. J. Electrochem. Sod.995 142 862.

(14) Neudeck, A.; Kress, LJ. Electroanal. Chem1997, 437, 141.

(15) Gleiter, R.; Bartetzko, R.; Cremer, D. Am. Chem. Sod.984 106,
3437.
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internal standard. The GC working electrode area (X2 cnr)

was determined from the peak current value obtained for the
reversible one-electron reduction of hexaamineruthenium(lil) chlo-
ride (1.0 mM, 2.0 mM, and 3.0 mM solutions) in water (0.5 M
KCI) under conditions of cyclic voltammetry and using the
Randles-Sevcik equatior®

nF

1/2
|, = 0.44631F (R—T) ADY2,1/2C @

Wherel, is the peak current (A)) (the number of electrons in the
charge-transfer process) is taken to be A @ the electrode area
(cm?), D is the diffusion coefficient (taken to be 9x 1076 crm?
s1),17 C is the concentration (mol crd), v is the scan rate (V
s71), and the other symbols have their usual meanings. The electrode
was polished with 0.3 micron alumina on a clean polishing cloth
(Buehler, USA), rinsed with distilled water, and dried with tissue
paper prior to use. Linear plots &f vs v*2 were obtained for the
reduction process of bottc and3 in CH,Cl,, suggesting that mass
transport is diffusion controlled; direct application of the Ranetles
Sevcik equation led to estimates of the diffusion coefficieBts (
for 1c and3.18

Simulations of the Cyclic Voltammetric Responses for 1¢c and
3. Simulations of cyclic voltammetric responses farand3 were
executed usin@igiSim (version 3.05)2 The primary objective was
to confirm that the postulated “EC” mechanism{Ae<=B; B —
C (k)) was a satisfactory explanation for the disappearance of the
radical anion and to determine the value of the rate condtant

(16) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals
and Applications2nd ed.; Wiley: New York, 2001.

(17) Marken, F.; Eklund, J. C.; Compton, R. & Electroanal. Cheni995

395, 335.

(18) Estimates of the diffusion coefficient®) for compoundslc (D =
1.94 ¢0.1) x 10°cn? s Y and3 (D = 1.96 0.1) x 107> cn?
s~1) were determined from their cyclic voltammograms in £ by
application of eq 1, using the assumption tRitk/Fy < 0.1 over
scan rates of 0:20.6 V sL

(19) DigiSim for Windows 95version 3.05; Bioanalytical Systems, Inc.:
West Lafayette, IN, 2000.
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Nicholson and Shain’s graphical method of evaluatlagwas
unsatisfactory since the influence of uncompensated resistance had
not been considered.

In Situ EPR Electrochemistry. In situ EPR electrochemistry
experiments were conducted using a Wilmad WG-810 quartz
electrolytic flat cell with a gold-micromesh working electrottey
platinum-wire auxiliary, and a copper-wire quasi-reference elec-
trode. This cell was situated inside a Bruker EMX 113 spectrometer
operating at X-band frequencies (9.8 GHz) at1& °C. Initially,
the CVs were obtained in a conventional cell using an EG&G 263A
potentiostat to confirm the viability of the analyte solutions via 12 08 04 0 04 08 12 18
reference to the previous voltammetric measurements. Then a E (V)
modified Schlenk tube holding the previously dried flat cell and Figure 2. Cyclic voltammogram of 0.9 mMLe and 0.6 mM Fc in
copper reference electrode was evacuated and refilled with argon.CH:CN at a GC electrode at 22, 0.1 M ['BuN][PF¢], v = 0.2 V 571,
Approximately 2 mL of the analyte solution was syringed out of
the primary cell and injected into the flat cell with rigorous
exclusion of air and moisture. The platinum-wire auxiliary and gold-
mesh working electrodes were then inserted, thereby forming a seal conc  Ep E'  Em=EY AEp EY AEoxred
for the cell to prevent contamination. The electrochemical cell was SMPd_(MM) (V) V) v v W)
then inserted into the EPR cavity and connected to the potentiostat ~ CHsCN solutions with 0.1 M'[BusN][PFe] Suppomﬂg electrolyte
via nonmagnetic leads. The CV studies were then applied to -2 01 -1.310 -1.366 -1338 056 1.123  2.463

. . . 1b 03 —1306 —1.370 -—1.338 0 064 1.310 2.648
determine the exact potential for the reduction process versus the ;. 01 —1293 —1355 —1324 0062 1457 2781
reference electrode in this cell, and controlled potential electrolysis 19 0.1 —-1.253 —1.309 —-1.281 0.056 1491 2.774
experiments were carried out with the potential set to just beyond 1e 09 —1.229 -1.299 -1.264 0.070 1.603 2.867
(approximately—0.01 V) the cathodic peak potential. The EPR  f 03 -1220 -1.288 -1.254 0.067 1567 2.821
spectra were monitored in intensity-versus-time mode after elec- ég :igég :i:;g; :i:‘?‘gg g:g% égég g:ggg
trolysis was terminated. Plots of B{Ci—o) vst (whereC = signal 4 20 -1613 —-1.813 —-1.713 0.200 0.713 2.426
intensity,t = time in seconds) as well as of T(Cio) vs t were CHCl, solutions with 0.4 M [BuN][PFs] supporting electrolyte
used to determine the rate of decay of the radicals. Results from a 1¢ 28 —1.332 —1.454 -1393 0.122 1.516 2.909
limited number of repeat measurements for compourds were 3 27 -—-1712 -1.828 -1.770 0.116 0.900 2.670
undertaken and led to an error estimatk; ivalues of approximately 4 34 —1.877 0.657 2.534
i_0.02 ;1. S|mu_lat|ons of EPR s_pec_:tra were performed with Bruker 4 En= [Eal+ Ecl]/2 ~ B9, b AEpp = Eal Ecl ¢ ABoyroq= ESZ_ =
SimFonia(version 1.25) andVinSim(version 0.98, 2002) soft- ¢ AE,, ..y = Ea2 Ecz e All potentlals are VEF(:HO
ware?! Experimentalg values were determined with reference to
external, solid DPPH (2.003% 0.0002)?? Spectral parameters for
compoundd—3in CH,Cl,: conversion times= 40.96 or 81.92 s,

I (uA)

Table 1. Summary of Cyclic Voltammetric Data fai—4 Obtained at a
GC Electrode, Area= 0.054 cnrdatv = 0.2V slandT = 22°Ce

structures of the radical anions were obtained after starting from

sveep wh= 60 T moraton ampiude- 001 1 ETPITEe peul oesegeemettes Toe et e
Compound4: conversion time= 40.96 s, modulation amplitude q y_ . P g

= 0.1 mT, sweep width= 8.0 mT (in CHCl,), 10.0 mT (in of all species. Nonrelativistic hfc constants were calculated for the

CH:CN). ' radical anions in both conformations using the unrestricted Kohn

Computational Details. Full geometry optimizations were per- Sham formalism, employing the same basis sets and density
formed at the B3LYP/6-31G(d) (neutral) and UB3LYP/6-31G(d) functional used for the geometry optimizations.
(anion) levels of theory for both planar and bent conformations for
all the molecules and radicals in this study. The structures of neutral Results
1-4 were first optimized at the PM3 semiempirical level in
HyperChem 52 and then transferred into ti@aussian 9%rogram Voltammetry. A representative CV of compountk in
package for the density functional theory (DFT) calculati#tiEhe CHsCN (including the internal Fc reference) is shown in

(20) (a) Nicholson, R. S.; Shain, Anal. Chem.1964 36, 706. (b) Figure 2. All potential data are given with respecty..

Nicholson, R. SAnal. Chem1966 38, 1406. the formal potential for the Fé¢Fc redox couple. Data for

(21) Duling, D. R.J. Mag. Res Ser. B1994 104, 105. . .
(22) Weil, J. A.; Bolton, J. R.. Wertz, J. EElectron Paramagnetic the cyclic voltammetric responses for compoutds 1f and

23 Resonar]lceilohn Wiley & Sons: Nebw York, 1699_4. " 999 2—4in CH3CN andlc, 3, and4 in CH,CI, are reported in

HyperChemversion 5.11; Hypercube, Inc.: Gainesville, FL,1 . .

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, Table 1 for a scan rate of 0.2 Vs Estimates of the Tormal
M. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.; potentials,E”, for the one-electron transfers occurring over
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, : _ o o/

A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, th_e potential range Of“ 12510 1.-77 \4 VSEFcHO (see )
V.I;ﬁCodssi, M, ﬁamrﬂi, R.; Mennucci, B.; Pomellil, C.; Adamo, C; Figure 2) were obtained by averaging the corresponding
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; . . . _cl al -
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; CathOd_'C a_nd anod|c_ peak pofcent_laﬂ?p, and Ep' to obtain
Forehsmin, J.B,; Cli(oslowski, J.; Ortiz, J. V.; Stefanov, B. B,; Liu, G.;  the "midpoint” potential En, which is assumed to be a good
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. : : s 10/ :

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, approx'lmatlon of the Standqrd po't.entlﬁ - With th_e

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, exception of compound, the instability of the reduction
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; ; ; ; ; ; _
Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian, Inc.: Pittsburgh, product, which WIH be discussed In.de_t?" lat_er for com
PA, 1998. poundslc and 3 in CH,Cl,, has no significant impact on
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values of the peak potentials at a scan rate of 0.2%Ehe also much larger than the cathodic peak currents for the
peak potentialsliﬁ2 values) for the oxidation of the com- corresponding reduction processes, perhaps suggesting that
pounds over the potential range0.65 to~1.6 V vs Eg’d,o more than one electron is transferred during oxidation (the
(see Figure 2) are also given in Table 1. process occurs near the positive limit of the solvent

In CHsCN solutions with [BusN]J[PF¢] as the supporting ~ “window”, so catalytic breakdown of the solvent is also a
electrolyte, all nine compounds gave rise to at least one possibility). Compound$aand3 display a second oxidation
oxidation and one reduction process, as previously reportedprocess at more positive potentials, possibly associated with
from a study in CHCI,.>* The reduction process displayed oOxidation at the methoxy and dimethylamino groups, re-
close to electrochemically reversible behavior for compounds spectively.
la—1f, 2, and 3, with anodic gl) to cathodic ;1) peak- Cyclic voltammetric measurements of compoufdsind
to-peak separation\E,, in the range of 5682 mV. 3 (representative of the planar and folded structural forms,
However, the anodic peak heights were generally lower thanrespectively) focused on quantifying the decay of the
might be expected for a simple reversible charge-transfer reduction product as described by the EC mechanism

process-even at scan rates up to 20 V*sor upon cooling Ate —=A (B

to 0°C. This could be caused by the low solubility of these e =A (Elka) @)

compounds in CECN (<1 mM) and the likely high A" =B (K, k) 3)
eq

reactivity of the reduction product with traces of oxygen.
For some compounds, additional rigorous purging with whereks anda are, respectively, the standard heterogeneous
nitrogen did effect an increase in the anodic peak current, rate constant and the transfer coefficient associated with the
lending support to this hypothesis. The midpoint potential, Butler—Volmer formalisni® for a heterogeneous electron
En, is assumed to be a good estimate of the formal potential, transfer;Keq andk: are the equilibrium constant and the rate
EY. The range o, values for compoundsa—f in CH;CN constant for the follow-up chemical reaction. g@H, was
is ~0.08 V, comparable to the-0.12 V observed in  the solvent of choice because of the enhanced solubility of
CH,CI,,%" but larger than that seen for the substituted aryl 1cand3 (compared with the low (submillimolar) solubility
1,2,3,5-dithiadiazoles bearing the same para substitéents. of 1a—1f in CH;CN, which exacerbated complications
A small but noticeable trend toward more negative values caused by background currents and by trace oxygen). Even
of En, for reduction ofla—f is apparent as the R group is Wwith the higher concentrations in GEl,, background
changed from electron-donating to electron-withdrawing. In currents were a factor. In the potential regions of interest,
the case o3, when scans were continued in the negative these currents are negative and increase more or less linearly
potential direction beyond the initial reduction process, a with the scan rate, introducing serious errors at scan rates
second, irreversible reduction process was observe@4t9 greater than 0.05 V. the use of lower scan rates presented
V. This process appears to involve a single-electron transferproblems associated with adventitious convection. The
by comparison of peak current heights with that of the first optimization of simulated CV responses usbigiSimwas
known one-electron reduction but has not been investigateddeemed successful when the simulated and experimental peak
further. heights and positions overlaid each other. The adjustable
Compound4 displayed a much less chemically reversible parameters were the appar&itas measured vs the silver-
reduction process than for the other compounds. In this casewire quasi-reference electrode (see Table IHbwalues vs
at moderate scan rates (0.1 VAsno return wave was noted, Eg/wo), D (assumed to be the same for all specilssandks
but upon scanning faster (up to 20 V3sand lowering the (see eqgs 2 and 3). For the purposes of simulation, the value
temperature to OC, a small increase in the relative size of of a (eq 2) was assumed to be 0.5 and the valug{see
the return wave was observed. The peak potential for theeq 3) was assumed to be®1fendering the chemical reaction
reduction process fo4 occurs at—1.81 V in CHCN and effectively irreversible for the scan rates investigated. The
—1.88 V in CHCI, vs EX,,, with a GC electrodey( = introduction of a background current ef1.0 x 10°¢ A
0.2 V s7Y). A previous investigation of this system reported (assumed to be constant over the entire voltage range of the
the reduction at-1.37 V vs SCE with a Ptelectrode in GH  CV) effected a decrease in the apparent valuekoés
CN:% on the F¢/Fc scale this corresponds approximately expected (run no. 5, Table 2). This decrease occurs because
to —1.77 V2 a value in reasonable agreement with our the background currents are negative and effect a diminution

measured potential in the same solvent. We have notof the reverse wave, which can easily be misinterpreted as

observed a second reduction processAfor either CHCN an increase irk;. The problem is exacerbated with lower

or CH.Cls. concentrations of analyte and/or by higher scan rates. The
The oxidation ofl—4 in CHsCN showed no return waves contribution of capacitive currents is negligible at the scan

at any scan rate (0.620 V s ™) or temperature (822 °C) rate and concentrations investigated. The fit for run no. 2 is

and is therefore fully irreversible, in the chemical sense, over Shown in Figure 3. The simulated voltammogramHo+= 0

a wide range of conditions. The anodic peak currents were shows that chemical kinetics effect a decrease-afl x
1078 A, considerably larger than thel x 10°%to —2 x

(25) (s) goe’(e RR. TT r\|<|/|oockk, KK. HHJ_. ém. Che'\;InZ. 3/:,(1995 A1”17, g]55- 10°% A value observed as background in the relevant potential
(1s9)94ofsrgg.' » MI0OCK, K. 1., Fatvez, WMe. Anorg. Allg- LheM-— range. The values ob, k;, andks for 1c and 3 are not
(26) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877. significantly different. The uncertainty of the background
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Table 2. Parameters Used in CV Simulations If and 3 in CH,Cl, on a GC Electrode af = 22 °C?

run no. ¢ (mM) v (VIs) Ry, Q2 ibackground(A)P D (cn? s 1)e ke (s71yd ks®
1 1c 1.05 0.05 320 0 2.5& 10°° 0.050 0.04
2 1c 2.80 0.05 380 0 2.09 10°° 0.065 0.04
3 3 1.10 0.05 320 0 2.%10° 0.055 0.015
4 3 2.70 0.05 350 0 2.6 10°° 0.06 0.04
5 3 2.70 0.05 320 —-1.0x 1076 1.85x 10°° 0.040 0.04
estimate of parameter values forand3
2.0+0.2x 10°° 0.050+ 0.02 0.04+ 0.02

aR, values were experimentally measured using the BAS-CV50; a small potential step is applied to the electrode, and the uncompensate®;resistance
is determined from the rate of decay and zero-time intercept of the resultant current tratisigtounawas included in the simulation only for run no. 5.
¢ D values were optimized for each voltammogram. Lameralues for nos. 1 and 3 were effected by the background curréktsalues were optimized
for each voltammogram; the value kg (see EC mechanism) was assumed to e thereby effecting an essentially irreversible reactfdr.values were
optimized for each voltammogram.

| (uA) . a)
LN}
25
12.54
0
-12.5
uoo
-25+
-37.57
T T T T T T T
-16 -15 -14 13 12 -1.1 1.0 E(V) b)
Figure 3. Comparison of an experimental cyclic voltammogram of 2.80
mM 1c (solid line) at 0.1 V s! (GC electrode), 0.4 M"BusN][PF¢] in
CH.Cl,, and a simulated one)( See Table 2, run no. 2, for simulation
parameters. Simulated data for= 0 s™1 is also shown+).
current on GC suggests a conservative estimate of the

uncertainties in the valud3, ki, andks (see bottom entry in

Table 2). The reasonable agreementkof/alues for two

different concentrations of starting material is strong evidence Figure 4. In situ first-derivative EPR spectra obtained during reductive
electrolyses (41 s single scans) at a gold-mesh electrode 4C1i®

that the decay of A is first order. The values d& primarily CH,Cl, (0.4 M ["BusN][PFe]) and modulation frequency 100 kHz of: (a)

reflect the inadequacy @&, to account for the observed peak 6.03 mM solution of compoundc, modulation amplitude= 0.01 mT, and

separationAEqy. (b) 1.21 mM solution of compound, modulation amplitude= 0.03 mT.
EPR Spectroscopy|n situ electrochemical EPR reduction

experiments were conducted in @k, for compoundd—4

as well as in CHCN for 1c,ef and4 with a modified version

of the gold-mesh working electrode first described by

Neudeck and Kres¥. For compoundsl—3, reductive

T T T T T
345 346 347 348 349 mT

is shown in Figure 5. The experimental hfc constants,
linewidths, andg values for radicaldl*™—4*~, along with

the DFT calculated hfc constants, are presented in Table 3.
An EPR spectrum ofcobtained at high gain with observable

electrolysis gave rise to strong EPR signals from single 41 satelh_tes msghelbaselmel% alqng with a.S|m.uIat|0n including
or 82 s scans. Representative spectra from reductive elecSPUPIING t0*S,2C, and*N, is shown in Figure 6.

trolysis of 1c and3 are shown in Figure 4 and exhibit high ~ Kinetic Measurements. Rate constants from the decay
signal-to-noise ratios. The general appearance of the EPROf the EPR signals of the radical aniotts—4*~ in CHCl,
spectra from the reduction a&,b,d—f and2 is very similar at 18+ 2 °C were calculated by electrochemically generating
to that of1cand is of at least equally high quality. Computer the radical, halting the electrolysis, and measuring the decay
averaging or varying the EPR parameters did not alter the of the signal intensity as a function of time at constant field.
EPR spectra in any significant manner. The broader lines To minimize the errors associated with material diffusing
and distorted line shapes associated 8ifind their origin away from the most sensitive part of the EPR cavity, the
in further hyperfine coupling to both the nitrogen and spectra were obtained over a moderately short time period
hydrogen nuclei of the exocylic NMegroups (see the  (less than 2 min). The slope of plots of GCi=g) vst (C =
Discussion). In situ EPR electrolysis experiments fior signal intensity) (Figure 7) yieldeld values in the range of
despite the significant chemically irreversible nature of the 0.02-0.08 for compound4*~—3'~ and 0.7 for compound
reduction in CV studies, also produced high-quality EPR 4°~, with t1; values in the range of-135 s, assuming first-
data. An example of a 41 s EPR scan obtained during order kinetics (Table 4). Plots based on second-order kinetics
reductive electrolysis of, along with a simulated spectrum, exhibited a much poorer fit to the data.
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Table 3. Experimental and DFT Calculated EPR Data for Free
a) Radicalsl*——4~ 2
calcd hfc calcd hfc
line width expthfc  (mT) (mT)
compd gvalue (mT) nucleus (mT) (planary (foldedyf
la~  2.0087 0.042 N;—4  0.400 0.372 0.385
333 0.505 0.554
13C 0.606 0.472
1b-  2.0087 0.044 “N;—, 0.399 0.372 0.381
333 0.506 0.537
13C 0.605 0.477
b) lc-  2.0087 0.038 N, 0.398 0.372 0.380
0.033 0.396¢ 0.372 0.380
335 0.507 0.531
13c 0.605 0.478
1d~ 2.0087 0.036 “N;—, 0.396 0.370 0.377
335 0.511 0.529
13C 0.602 0.478
le- 2.0087 0.041 ™N;—4 0.390 0.369 0.378
344 345 346 347 348 349 350 351 mT 0.053 33g 0.388 %%ﬁi %:ég%
13c 0.598 0.472
Figure 5. (a) Simulated and (b) experimental first-derivative EPR spectra  1f— 2.0087 0.039 4N;_, 0.391 0.368 0.372
of 4 obtained during in situ reductive electrolysis (41 s single scan) at a 0.04d 0.388 0.368 0.372
gold-mesh electrode at I°€ in CH;CN (0.1 M ["BusN][PF¢]), 12.6 mM 33g 0.512 0.521
solution, modulation amplitudes 0.1 mT. 13C 0.599 0.480
2~ 2.0094 0.042 Nj;—4 0.405 0.374 0.411
; ; 335 0.495 0.578
The values ofk; obtained via EPR measurements are i 0.624 0,269

compared with those generated from digital simulations - 20084 00328 N,, 0409 0.385 0.437

(Table 4). The rates obtained by two dramatically different “Ne,  0.042  0.048 0.079
experimental protocols are satisfyingly comparable. ;';'Sexo 0.011 g-gg’g g-ggf
DFT Calculations. The structural dichotomy that exists 150 0.590 0.401

between compoundsand2 and3 and4 has long been of 4~  2.0065  0.055 ;:NH 0.32¢  0.158 0.343
interest to theoreticianst>?’Improvements in DFT methods . WP 1928 1396 2247
. . 0.040 Ni-s 0330  0.158 0.343
and increased computational speed over the past decade have ap, 1961  1.396 2247
made it possible to calculate hfc constants for main-group 33 0.503 0.718
elements '_[hat are in r_elatively_g_o_od agreement with experi-  aj cH,Cl, at mod. amp= 0.01 mT,T = 18 °C, single 41 s scan.
mental evidence. Various ab initio and DFT methods have ® Referenced versus DPPlg £ 2.0037+ 0.03;.)2)?2 ¢ Gas-phase values
i ini from UB3LYP/6-31G(d) calculations (see tex@)ln CH3CN at mod. amp.
recently.been e>.<plored. in determining accurate molecular ™ 0.02 mT.T — 18°C, single 82 s scarfin CHLCN at mod, ampe 0.1
geometries and isotropic hfc constants for several het_erocy—mT, T = 18°C, single 82 s scariin CHiCN at mod. amp= 0.05 mT,T
clic C,N,S and binary S,N radicals. The UB3LYP functional = 18°C, single 82 sﬁ]scar?.ln CH,Cl, at mod. amp= 0.03 mT,T = 18
; i i i i _ °C, single 41 s scarl.In CH,Cl; at mod. amp= 0.1 mT,T = 18 °C,
was employed in i?Ch Casi’g I;; conjunction with ? 31@(‘1)’ single 41 s scari.In CHzCN at mod. amp= 0.1 mT,T = 18°C, single 41
EPR-IIl, cc-PVQZ%® TZVP 230 or (aug)cc-PVTZ! basis s scan.
sets, with only small differences in the reliability among the
different choices as compared _to either experimental valuesand 4 and 4~ displayed several imaginary frequencies
or post-Hartree- Fock computational method$Due to the  suggestive of saddle points between two degenerate folded
large size of our systems, we have restricted our calculationsground states. It has been shown previously théas a
to the B3LYP/6-31G(d) (neutral) and UB3LYP/6-31G(d) very strong preference for the folded structure as a conse-
(anion) methods. For all the molecules, the calculated quence of a second-order JatiFeller distortion? Calcu-
geometries of both neutral and anion in the respective planar|gieq structural parameters for the neutral compounds

(1, 1, 2, 27) or folded @, 37, 4, 47) geometries were  gemonstrate good agreement with available crystallographic
established to be local minima on the potential energy surfaceq4 (Supporting Information, Table S1).

through full frequency calculations. The alternative folded
structures ofl and1°~ and2 and2~ were similarly shown
to be true local minima, but the planar forms3®&nd 3~

A comparative table of calculated bond lengths and angles
for the radical anions, along with the neutral molecules based
on their known starting geometries, is available (Supporting
(27) (a) Millefiori, S.; Millefiori, A. Inorg. Chim. Actal984 90, L55. (b) Information, Table S4). Both the planar and folded geometry-

Boutique, J. P.; Riga, J.; Verbist, J. J.; Delhalle, J.; Fripiat, J. G.; optimized conformations of the radical ani@nare shown
Haddon, R. C.; Kaplan, M. LJ. Am. Chem. S0d.984 106, 312.

(28) (a) Kaszynski, PJ. Phys. Chem. 2001 105, 7615. (b) Kaszynski, in Figure 8. An increase in the calculatee+S distance is
(29) lZ’-)J-HPhyS- C”heT- %O(I)ll 1F<>J5 56,26[.1 v 1Mo Seiro. G seen for the planar conformation of the radical anion& of

a, ermosillila, L.; Calle, P.; Gagide la vVega, J. M.; seiro, . .

Phys. Chem. &005 109, 1114. (b) Hermosilla, L; Calle, P.; Gaer ~ @nd 2 (~0.06 A) when compared with the planar neutral
(30) de la Vega, J. M.t;) Seiro, Cl. Phys. rﬁ:hem- R005 109, 7626. calculated geometries, while the-Gl bond length remains
30) Gassman, J.; Fabian,Mag. Res. Chenil996 34, 913. : _ :
(31) Boefe R. T.. Tuononen, H. M.. Chivers, T.. Roemmele, T. L. relatively unchanged, and the-NC—N bond angle Wldgns

J. Organomet. Chen2007, 692, 2683. by ~5°. These structural changes are all consistent with the
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T T T
346 347 348 mT

Figure 6. (@) In situ first-derivative EPR spectrum &t~ in CH;CN

(0.1 M ["BusN][PFg]), modulation frequency 100 kHz, modulation amplitude
= 0.02 mT shown at very high gain, and (b) simulated EPR spectrum
including coupling ta®3S at 0.530 mT13C at 0.550 mT, and®N at 0.558
mT, line width= 0.037 mT.

0.0

-0.4-
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-0.84

-1.24

In (C/C,

-1.64
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Figure 7. Plot of In(C/Ci=o) (Ci=o = signal intensity at timé¢ = 0 s and

C: = signal intensity at timet) vs t (s) measured by a time-sweep
EPR experiment during the decay of a radical obtained by the red-
uctive electrolysis ofLc in CH.CI, at 18 @2) °C. Slope= —0.08,R =
0.993.

Table 4. Experimentally Determined Rate Constants and
Corresponding Half-Lives fot*~—4*~

ke (s 12 (8) = In[2)/ k¢
compound SEEPR SimP SEEPR Sime
la~ 0.04 17
1b—~ 0.02 35
lc~ 0.08 0.05+ 0.02 9 14+ 5
1d— 0.05 14
le™ 0.05 14
1f 0.07 10
2~ 0.02 35
3 0.05 0.05+ 0.02 14 14t 5
4 0.7 1

aExtracted from the graphical analysis obtained by time-sweep EPR
experiments at 1842) °C in CHCl,. Error £ 0.02 s! (see the
Experimental Sectionf Determined from fits to CV data obtained in
CHyCl, at T = 22 °C usingDigiSim No significant difference could be
discerned for thé values oflcand3 (see Table 2 and related discussion).
¢ Computed from correspondirlg values.

population of ther* LUMO of the neutral molecule (Figure
1b). For the folded compound3 and 4, the S-N bond
distance is also seen to elongate in the anion0y05 A,
while the N-C—N angle opens up by’§3*~) and 12 (4°7),
respectively. The transannular--& distances show a
substantial increase of 0.31 A f&~ and 0.48 A for4:~.

Figure 8. UB3LYP/6-31G(d) geometry optimized structures for the radical
anion of 1c in the (a) planar (as found in the neutral species) and (b)
alternative folded conformation.

Discussion

EPR Spectroscopic Characterization of Radical Anions
The spectra from the in situ electrochemical EPR experiments
are, in all cases, consistent with the generation of the
dithiatetrazocine radical anions~—4*". The radicals so
formed are transient and decay quickly upon termination of
electrolysis. Using isotropic EPR simulation software (see
Experimental Section), we were able to obtain simulated EPR
spectra that exhibit line positions and line shapes that agree
well with values deduced from the experimental spectra. For
1~ and 2*~, good agreement could be obtained for hfc to
four equivalent'N using Lorentzian line shapes. There is
thus no experimental evidence for spin delocalization onto
the exocylic substituents in these examples. The DFT
calculations indicate that hfc to the sulfur and ring carbon
atoms is expected to be of similar magnitude to the coupling
to nitrogen (see below). Since the singly occupied molecular
orbital (SOMO) is nodal at the ring carbon atoms, hfc to
these'3C nuclei is a consequence of spin polarization, and
the large size of the calculated coupling constant is a
reflection of the larger nucleay value of C compared with
that of the other nuclei (1.405/0.429/0.404 for C/S/N) and
not to a high spin density at C.

A small but consistent trend in the size of the experimental
N hfc is observed for compoundsa—f*— following the
expected inductive influences of the aryl ring substituents.
Thus, the hfc values decrease slightly (from 0.400 to 0.388
mT) as the substituents change from electron-donating to
electron-withdrawing. A small but distinct influence also
occurs in the reversible potentials for reduction (see below),
and both are consistent with substituent effects on the
electronic properties of the redox orbital, the LUMO Df
(Figure 1b), or the SOMO ofl*~. Consistent with this
interpretation, the stronger donating properties of directly
boundtert-butyl (2°-) and dimethylamino3~) groups induce
significantly larger hfc to the ring*N nuclei.

The broader lines and more complex line shapes in the
EPR spectrum o8~ both indicate the presence of unresolved
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hfc; a good simulation was obtained by incorporating 0.042
mT coupling to the two exocyclic dimethylamiftN atoms.

But the best line shape match using strictly Lorentzian
functions required the further inclusion of hfc to the 12
protons on the exocylic methyl groups of 0.011 mT, leading
to a line width of 0.34 mT that is in good agreement with
the value for the other radicals. In situ electrochemical EPR
attempts to detect the radical anionslofere also made in
CH;CN but were pursued only in the caselafe,f, which

are the more soluble species in this solvent (but see below

under Structures of the Radical Anions).

The high level of chemical irreversibility associated with
the reduction oft suggested that the suitability of this system
in SEEPR experiments would be limité#:32However, the
EPR signal obtained from this electrolysis experiment
conclusively identified the formation of a transient radical
anion 4°~. The signal-to-noise ratio is poorer than that
detected fold*~—3"~, which is attributable to a combination
of the shorter half-life of4*~, the wider sweep window
required for the measurement, and the distribution of the

Boere et al.
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Figure 9. Plots of the calculated HOMO orbital energieslaff versus

the CHCN voltammetric peak potentials derived for oxidation pottom

and left legends), and LUMO orbital energieslaf-f versus the midpoint
potentials for reductiorr(top and right legends). The graph scale increments
for the two plots are identical.

tempting to try to relate the significant variations gnto
substituent effects (e.g., i2") or with structure type
(3~ and4*7), not enough is known about the effects of either
factor on theg tensors of such heterocycles to guide such

signal intensity over 3 times as many lines; nevertheless, aninterpretations. This is unfortunate, as this knowledge could

excellent simulation of the experimental spectrum is obtained
by allowing for coupling of the unpaired electron with two
31P nuclei ( = Y,, 100%), producing a 1:2:1 tripletg =
1.923 mT), which is further split into 1:4:10:16:19:16:
10:4:1 nonets due to coupling to the four equivalé&int
nuclei @y = 0.326 mT). While we cannot be certain that
4~ is the direct product of a one-electron reductiondpf
this seems highly likely on the basis of comparison with the
results obtained on C,N,S analoguks3. Our ability to
detect this very transient radical anion reflects the high
electrolysis efficiency of the gold-micromesh working elec-
trode employed in this spectroelectrochemical study.

g Values Theg values ofz-conjugated organic radical
ions can be smaller or larger than 2.0083,(according to
whether the excited states that mix in with the ground state
are from excitation of a singly occupiedto emptyx states
or the inversé? but either way the deviations are smat):
values for radical anions of perylene (2.00267), diphenyl-
acetylene (2.00264), anttansstilbene (2.00270) are all

assist with determining the solution structureslof—4--
(see below).

Effect of Substituents on the First-Reduction Process.
For a closely related series such kesf, it is possible to
look for a coherent influence of the substituents on ERe
value for their reduction (here assumed to correspond to the
midpoint potential&,, in Table 1). To a first approximation,
the ease of adding an electron Xeshould depend on the
energy of the acceptor molecular orbital, the LUMO of the
neutral molecule (Figure 1b). Coherent dependences of this
type have been observed previously for 1,2,3,5-dithiadiazolyl
radicals bearing the same sets of para-aromatic substitu-
ents®25 For the latter ring system, a good correlation was
also established against the adiabatic ionization energies
measured by UV-PES.Other workers have demonstrated
good correlations between dithiadiazolyl redox potentials and
Hammetton, , constant$>3” We have therefore plotted the
En potentials against the LUMO energies and g,
constants. All the fits are reasonable (Supporting Information,

slightly larger thange, while those of the nitrosobenzene Figures S1 and S2), but the best correlation is found with
radical cation (2.0007) and the benzoyl radical (2.0014) are the orbital energies (Figure 9). Despite the sometimes less
slightly smaller®® The deviations in C,N,S radicals are much than ideal electrochemical response insCN and concomi-
greater, withg > ge. There is a general consensus that this tant uncertainty in the thermodynamic significance of the

is caused by excited states that mix spambit coupling from
the chalcogen into thg-tensor components, an effect that
grows markedly with each subsequent chemical péfiatie

g values that we recorded fdr——4*~ are similar to those
of other C,N,8*% and P,N,$ z-type ring systems. For
compoundsl:—, they are invariant at 2.0087, whilg~
resonates at lower fieldy(= 2.0094), an8*~ (g = 2.0084)
and 4~ (g = 2.0065) resonate at higher field. While it is

(32) When a voltammetric process is chemically irreversible, it is not
possible to ensure that the peak potential provides an exact guide to
the value of the applied potential that should be used in a SEEPR
experiment that is aimed at obtaining the radical anion.

(33) Goldberg, I. B.; Bard, A. XChem. Phys. Lettl97Q 7, 139.

(34) BoefeR. T.; Oakley, R. T.; Reed, R. W.; Westwood, N. P.JCAm.
Chem. Soc1989 111, 1180.
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En value, there is a good linear correlation of this parameter
and the LUMO energy for the GJEN data reported in this
paper (Table 6 and Figure 9) and a better correlation than
with the potentials previously reported using £Hp as

(35) (a) BoefeR. T.; Roemmele, T. LPhosphorus, Sulfur Silicon Relat.
Elem.2004 179 875. (b) Cordes, A. W.; Koenig, H.; Oakley, R. T.
J. Chem. Soc., Chem. Commaf89 710. (c) Hayes, P. J.; Oakley,
R. T.; Cordes, A. W.; Pennington, W. T. Am. Chem. Sod.985
107, 1346.

(36) (a) Cordes, A. W.; Goddard, J. D.; Oakley, R. T.; Westwood, N. P.
C.J. Am. Chem. Sod.989 111, 6147. (b) Oakley, R. TJ. Chem.
Soc., Chem. Commut986 596.

(37) (a) Aherne, C. M.; Banister, A. J.; Gorrell, I. B.; Hansford, M. |;
Hauptman, Z. V.; Luke, A. W.; Rawson, J. Nl. Chem. Soc., Dalton
Trans.1993 967. (b) Swain, C. G.; Lupton, E. @. Am. Chem. Soc.
1968 90, 4328. (c) McDaniel, D. H.; Brown, H. CJ. Org. Chem.
1958 23, 420.
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Table 5. Comparative Energies for Planar and Folded Conformations

AH(planar-folded) (kJ mot?)

the kinetic terms are approximately constant, the relative
values of the peak potentials for the oxidation process should
have thermodynamic significance and hence reflect the

compd neutral anion i . -
1a 298 56 relative energies of the HOMO (Figure 1a). Therefore, we
1b —91.00 678 plotted the peak potentials for these irreversible oxidation
lc —35.8 —-10.5 processes against the HOMO energies from the DFT calcula-
icej :28:? _f%:i tions. An approximately linear correlation is indicated (Figyre
1f —39.7 -17.2 9). We note that the fit to the GEN data reported here is
g —gz-é —45492 considerably better than that for the earlier data obtained in
4 128.2 05 2 CH.Cl,, perhaps because the shifted peak potentials are more

closely related to thermodynamically relevant ones. (Because
the solvent with the higher dielectric constant may be better
able to stabilize the putative cations or dications produced
in these reactions.) The much larger range of measured peak
potentials for oxidation and calculated HOMO energies,
compared with the corresponding situation prevailing for the
reduction, indicates that the oxidation is much more strongly

aValues are obtained from the total energies with added zero-point energy
corrections; a negative sign indicates a preference for a planar geometry.
Energy minima are also available (Supporting Information, TableSthe
reasons for the apparently anomalous valuedfoend1b— have not been
ascertained.

Table 6. Orbital Energies Determined from B3LYP/6-31G(d)
Calculations forla—f

reversible o influenced by the aryl group substituents. This effect is
reduction oxidationpeak g piiraly consistent with the electronic structure of the HOMO
LUMO potential Em) HOMO potential &) . . . .
substituent energy (eV) ) energy (eV) ) (Figure 1a), which is calculated to be delocalized over the
4-OCHs 5775 1338 5504 1123 whole ring system, and not isolated to the centriMegion
4-CHy —2.857 —1.338 —5.878 1.310 by nodal character. The difference between the influence on
4-H ~2939 “1324 —6.0% 1457 reduction and on oxidation is strikingly evident from the
4-Cl —3.184 —-1.281 —6.258 1.489 . . S
3-CR —3.265 —1.254 —6.558 1.567 different SIOpeS of the two lines in Flgure 9.
4-Chs —3.320 —1.264 —6.612 1.603 We also note that the relative ease of the chemical

oxidation of 3 and 4 compared with that ofi.c cannot be
explained on the basis of peak potentials (assumed to be
related to the reversible potentials), at least in3CN,
because the peak potential for the oxidatioB &f very close

to that of 1c, while 4 has a lower peak potential than either
of these two. The origin of the resistancelafto chemical
oxidation is therefore most probably located in kinetic rather
than thermodynamic considerations, and hence, the descrip-
tion of the planar typel and 2 rings as 1@ “aromatic”
Hickel systems is substantiated by electrochemi$try.

solvent®® The small but definite change iR, when the
substituent is changed from electron-donating to electron-
withdrawing is consistent with the nature of the LUMO
(Figure 1b), which is nodal at carbon and highly localized
on the GN4S; ring. Therefore, only a mild inductive effect
on the electronic structure from the remote aryl substituents
may be expected, in line with similarly modest inductive
effects observed on the SOMO redox orbital of dithiadiaz-
olyls 325

The reduction o (—1.46 V) occurs at a more negative T
potential than that of the aryl derivativds(average value Further Characterization of Redox Processes CV
of ca.—1.3 V), reflecting the difference in inductive influence ~ Studies orB in CH,CN revealed a second fully irreversible
of tert-butyl and aryl substituents. However, a much larger reduction process. While there is no direct chemical evidence
negative shift in potential is observed in the folded dithia- for the existence of such a dianion assumed to be initially
tetrazocines3 and 4, which undergo the first reduction at formed in this process (in contrast #), such a species
ca. —1.7 V. This may be due to substituent influence formally exists in several metal adducts following the formal
(dimethylamino is known to be a powerful donor) but might oxidative addition of the transannular--& “bond” to
also reflect the intrinsic electronic properties of the folded zerovalent metal%:%
geometry. AE(ox-req) Values forla—f in both CHCN and CHCI,

Effect of Substituents on the Oxidation ProcessThe increase as the substituent is changed from electron-donating
irreversible nature of the oxidation processes of all the to electron-withdrawing. This variation largely reflects the
heterocycles studied here suggests that the initially formed strong substituent influence on the oxidation peak potentials,
oxidized species are chemically unstable under conditionseven though both the reduction and oxidation processes
of cyclic voltammetry in CHCN or CHCl.. It may be noted,  do shift in the same absolute direction. The large difference
however, thaB and4 are readily oxidized by halogens ¢Cl  in AE(y-req) Values is to be contrasted with the almost
or Brp) in CHsCN or CHCI or by the strong one-electron  invariant AE(x-req) Values observed for 1,2,3,5-dithiadi-
radical oxidant bis(trifluoromethyl)nitroxide in C£to give azolyls, the latter attributable to redox processes that involve
stable derivatives of the (formal) dicatioh&:"®aln strong
contrast to this behavior, the planac resists these same
oxidants entirely, even under forcing conditions (e.g.,
suspension in liquid G).” By analogy with the discussion
presented for the first-reduction process and assuming that

(38) Fowler, P. W.; Rees, C. W.; Soncini, A&. Am. Chem. SoQ004
126 11202.

(39) (a) Chivers, T.; Hilts. R. Winorg. Chem1992 31, 5272. (b) Chivers,

T.; Dhathathreyan, K. S.; Ziegler, 7. Chem. Soc., Chem. Commun

1989 86.
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Figure 10. The Kohn-Sham orbital isosurfaces of the (a) HOMO and
(b) LUMO of 3.

the same redox SOMO rather than two different redox
orbitals as inl.®

Structures of the Radical Anions We have considered
two options for the structures of the radical anidns—4~:
first, that they retain the structurglanar or folded-of the
parent molecule, or second, that they chanfyem planar
to folded or from folded to planar, although we acknowledge
that intermediate geometries may also e¥lae find that
the planar forms of and2 are the most stable, and the same
is true for their radical anions (Table 5). For example, in
the case ofic, the energetic preference is 35.8 kJ mdbr
the planar conformation. However, the folded structures for
1landl~ and2 and2~ are also local minima that converge
in DFT without imaginary frequencies. The preference for
planar is considerablgmaller in the radical anions, for
example, inlc~ by only 10.5 kJ mot?, although the scatter
in their data is considerable (Table 5). Boaind4, the folded

shapes are by far more stable than the planar alternative
for both the neutral and radical anion, and the alternative
planar geometries appear to be transition states with imagi-

nary frequencies that provide for facile conversion into the

Boereet al.

the whole range of the nine radical anions that we have
examined, the fit for both nitrogen and phosphorus hfc is
slightly better for the folded versus the planar conformation,
with percent deviations in the range of +6.8% for N

and 16.8% for'P (folded), versus 5451.5% for*N and
27.4% for3P (planar). Less-favorable agreement is found
between the calculated hfc for the exocyclic nitrogen atoms
in the folded conformer o8~ at 88% versus 14.3% in the
planar form; however, the absolute deviation of 0.037 mT
is within the range of that seen féfN in the other ring
systems. DFT frequency calculations also indicate that,
whatever geometry is adopted, the radical anions have low
deformation energies and each has several vibrational modes
that interconvert the planar and folded conformations.

In the absence of a definite conformational assignment
from the nitrogen and phosphorus coupling constants, we
were very pleased to be able to obtain a high-quality EPR
spectrum oflc™ generated in CECN solution and for which
the major lines do not obscure all the satellite lines from
coupling to the low-abundance nuclei. In attempting to
simulate these small satellites (see Figure 6), we found that
it was necessary to use the combined intensity of all the
remaining nuclei, that i8N, %3S, and'*C, to be able to match
the relative high intensities of these peaks. The best fit was
obtained with hfc to all of these nuclei at ca. 0.55 mT, values
which in the case of thé’C coupling are more consistent
with a result derived from a folded conformation. However,
the spectral assignment still remains uncertain given the very
small size of these natural-abundance lines in the presence
of the high-intensity*N lines. We estimate that a definitive
@ssignment of thé3C hfc would require at least H20%
enrichment int*C content.

Possible Mechanisms for the Follow-Up Chemical
Reaction The radical aniong*~—4"~ are transient species

folded ground states. Furthermore, the preference for the(see Table 4); any hope of isolating any one of them for the
folded geometry actually increases from the neutral to the Purpose of obtaining their structures by conventional means

anion for these compounda(planar-folded)= 44.2 and
95.2 kdmol™%, respectively). A previous investigation into
the activation energies for ring inversion and methyl group
rotation of the bent derivativ@ by both NMR experiments
and HF/6-31G(*) calculations has also led to a planar
intermediate geometry at higher energy6Q kJ mot?),
albeit at this level of theory, no imaginary frequencies were
obtained’® The noted increase in the transannular-S
separation in the folded geometries calculated for all the
radical anions is consistent with an additional electron
populating the LUMO, which is antibonding with respect to
this interaction (Figure 10), thus canceling out half of the

is slim indeed. Save fot~, the rate constants for the decay
of the anion radical are roughly comparable (with half-lives
ranging from 10 to 35 s). Electrochemical measurements of
the rate constants were done only for anion radidats
and3, and the result is in good agreement with the values
determined by EPR (see Table 4). The electrochemical data,
obtained at two different concentrations (see Table 2),
strongly support the contention that the decay process is first
order. The linearity of the semilog plots of the intensity of
the EPR signal vs time (see Figure 7) also supports the
contention that the decay process is first order.

When thinking about the nature of the follow-up reaction,

transannular “bond” in these folded systems; nevertheless,the following pieces of evidence need to be taken account

the preference for the folded geometry is in all cagester

of: (1) A unimolecular decomposition is the most likely

in the anionic state. All other geometry changes in the radical chemical path in view of the first-order kinetics; (2) decom-
anions are also consistent with semi-occupancy of their position of 1°~—4*~ leads to the loss of all EPR signal

particular SOMOs and do not call for further discussion.
We have calculated the hfc for the spin-active nucté (

Nexor 3P, 12C, and®3S) computationally using DFT methods

whose reliability has been thoroughly testéd! but the

intensity; and (3) the rates measured for the series of
compounds, despite the possible presence of two conforma-
tional states, are remarkably similar. First of all, radical

radical coupling, one commonly observed EPR decay

results (Table 3) are anything but conclusive with respect to mechanism, seems to be ruled out, since that demands
structural assignments. In all cases, the differences betweersecond-order kinetics. This seems reasonable since dimer-
the calculated values for the two geometries are certainly ization to form a dianion is unlikely. We note, however, that

smaller than the typical accuracy of these methods. Over6-to-12 ring enlargement reactions have been observed for
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Scheme 2
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diphosphathiatriazines in other cagesVvhen searching for

and more SNas the final products of electrolysis. However,
in the absence of experimental evidence for the decay
products, further speculation is not warranted at this time.

Conclusions

The application of the technique of in situ EPR spectro-
electrochemistry has led to the conclusive identification of
radical anions1*~—4'~, which have not been detected
previously. Single-scan EPR spectra with high signal-to-noise
ratios have been recorded, despite half-lives as short as 1 s.

possible analogies to the reactions of our systems, the onlygjmulations of cyclic voltammetric responses farand 3

well-characterized example that we are aware of is the

decomposition of [#N4] . Williford et al. have demonstrated

from voltammetry and EPR spectroscopy that the decay of
this unstable anion is also first order and involves the loss

of all EPR signal intensit§* At the same time, Chivers and

Hojo demonstrated by polarography and exhaustive elec-

trolysis that the end product of JS,]*~ reduction is the
quantitative formation of [$N3] .42

Rearrangements have been shown to occur between sulfur

diimides and their radical anioffsand the 1,3,2,4-dithia-
diazolyls?* both involving 1,2 N,S shifts controlled by the
topologies of the frontier orbitals. The 1,3 nitrogen shift

mechanism has been shown to operate in neutral sulfur
nitrogen ring and cage compounds, in particular when they
are subjected to nucleophilic attack. This process facilitates
nitrogen scrambling at room temperature and below in

solution for PhCNS; cage moleculé8and provides a facile,

in CH.CI, verify the electrochemical reversibility of the
reduction process, as well as the irreversible chemical decay
of the radical anion via a first-order reaction pathway, with
rate constants in satisfactory agreement with those obtained
by SEEPR experiments. Postulates for the decay of the
radical anion are included, but the ultimate products are
unknown. Trends in both the redox potentials and hfc
constants forla—f reflect the electronic influence of the
remote aryl substituents. With respect to the structure of the
radical anions, DFT calculations are inconclusivetforand

2~ but suggest tha®~ and4°~ retain the folded geometry

of the neutral structures. Analysis of EPR spectra obtained
by enrichment of the dithiatetrazocine ring carbon atoms with
13C (from the commercially available FICN) may resolve

the structural dichotomy dfc~. It is anticipated that many
new main-group free radicals may be identified using the

low-temperature, pathway for the endo/exo isomerization of SEEPR methodology described in this paper. Vigorous
certain trithiatetrazocines, by the interconversion of six- and €fforts are underway in our laboratories to exploit the

eight-membered ring$.A plausible mechanism for the decay
of [RCN_S;N,CR]~ employing such a 1,3 nitrogen shift
mechanism is drawn in Scheme 2.

combined approach of voltammetry, SEEPR, and DFT
calculations to characterize main-group element free radicals.
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