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concentration of radical dimer 2; magnesium cation stabilizes the 
aminyl radical analogous to its stabilization of TM-3." With 
an excess of oxygen, 5 reached its maximum concentration long 
after 99% of 2 had been oxidized to 4.12 At this point addition 
of 2 resulted in the rapid disappearance of the three-line EPR 
signal of 5 and the appearance of the 24-line signal of TM-3. 
Although peroxide 6 was not visible by 'H NMR, its formation 
is consistent with the formation of peroxides from reaction of 
triphenylmethyl with oxygen.13 

The reversibility of oxidation of 2 is proposed because reaction 
of oxazinone 4 with hydrogen peroxide gave a persistent radical 
showing a three-line EPR signal identical with the signal assigned 
to aminyl 5. The intensity of the signal was comparable to the 
intensity observed for the air oxidation of 2 at equivalent con
centrations, and the same EPR signal was observed by using 
hydrogen peroxide labeled with 17O.14 Mixing of solutions 
containing equal concentrations of the persistent radical from 
oxidation of 2 with oxygen and reaction of hydrogen peroxide with 
4 gave a solution showing a single three-line EPR signal with the 
same intensity. Furthermore, freeze, pump, thaw degassing of 
solutions of aminyl 5 formed from 2 and oxygen after consumption 
of 2 increased the rate of disappearance of the aminyl EPR sig
nal.12 The reversible formation of bis(triarylmethyl) peroxides 
has been established.15 

The reversibility of the oxidation of 2 was consistent with the 
relative maximum EPR signal intensities for 5 resulting from 
different initial concentrations of 2. The mechanism in Scheme 
I predicts that [5] = Kc[4] [H2O2]1/2 where K0 is a composite 
equilibrium constant. Solutions of 2, 0.06, 0.08, and 0.12 M, in 
ethanol containing 0.32 M magnesium perchlorate were reacted 
with oxygen to completion; the EPR signal heights were measured; 
and the resulting concentrations of 4 and hydrogen peroxide were 
determined. The measured and calculated relative signal intensities 
were 1:2.5:5.7 and 1:2.1:4.8, respectively. The signal intensity 
starting with 0.08 M 2 indicated that the maximum concentration 
of 5 was approximately 1 X 10"5 M by comparison with standard 
solutions of 4-oxo-2,2,6,6-tetramethylpiperidinoxy. 

The formation and persistence of 5 appears to be anomalous. 
Aminyl radicals are in general less persistent than 5 unless res
onance stabilized, show g values in the range of 2.004-2.005 with 
aN = 12.5-16 G, and react with molecular oxygen.'6 The half-life 
of 2,2,6,6-tetramethylpiperidinyl at 24 0 C is less than 35 s.10 

Gas-phase N - H and O-H bond energies for simple secondary 
amines and hydrogen peroxide suggest that 7 =» 5 would be slightly 
endothermic.17 Possibly, intramolecular hydrogen bonding to the 
hydroperoxy functional group provides some additional stabili
zation of 5 and gives rise to the high g value. 2-Aminophenoxy, 
o-semiquinones and -semidiones,18 and ?e/7-butyl(2-hydroxy-l-
phenylethyl)nitroxide19 have been shown to exhibit intramolecular 
hydrogen bonding. Although aminyl radicals generally react with 
oxygen to give nitroxides, an example which does not is 4-oxo-
2,2,6,6-tetramethylpiperidinyl.20 

In summary, we report evidence that oxidation of TM-3 with 
molecular oxygen yields stoichiometric quantities of hydrogen 
peroxide with generation of an unusually persistent aminyl radical. 
We have also found that other radicals of this type, including 
3,5-dimethyl-5-hydroxymethyl-2-oxomorpholin-3-yl,3 3,5,5-tri-
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(13) Walling, C. Free Radicals in Solution; Wiley: New York, 1957; p 
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methyl-2-oxopiperizin-3-yl,21 and the oligomers of the diradical 
bi(3,5,5-trimethyl-2-oxomorpholin-6-yl)-3,3'-diyl,22 produce 
persistent aminyl radicals upon exposure to air. The mechanism 
in Scheme I for oxidation of TM-3 is related to the mechanisms 
proposed for the air oxidation of dicyclohexylamine,23 indoles 
including tryptophan to kynurenine,24 tetrahydrofolate,25 and 
reduced flavins.26 
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A few Cu(II) aromatic1"5 and aliphatic6,7 thiolate complexes 
have been structurally characterized; most are transient species 
having varied decomposition pathways,8"1' some of which may 
be blocked. We have crystallized a CW-Cu11N2S2 complex7 ligated 
by a linked L-cysteine ester [-SCH2(CO2CH3)NHCH2-J2 (2); the 
parent Cu(cysteine)2 complex" and ternary Cu(cysteine) com
plexes8"10 are quite unstable. We report here a novel Cu(II) 
thiolate redox reaction that yields a stable Cu(II)-alkyl persulfide 
complex and provides new structural and spectroscopic guideposts 
for mechanistic studies. 

In an attempt to prepare the mercaptoacetate analogue of 
Cu(tet-b)SCH2CH2C02 (3),6 ether was vapor diffused at 6 0C 
into a filtered solution of 0.5 mM Cu(tet-b)2+'2 1.3 mM KOH, 
and 0.65 mM HSCH2CO2H or its dicyclohexylamine salt12 in 8 
mL of methanol. Complex 1 crystallized as thin green plates in 
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Figure 1. Structure of the title compound (1) showing the atom num
bering scheme. For clarity, H atoms have been omitted. Selected in
teratomic distances: Cu-S(I), 2.328 (5); Cu-N(I), 2.128 (13); Cu-N-
(2), 2.009 (13); Cu-N(3), 2.125 (12); Cu-N(4), 2.000 (11); S(l)-S(2), 
2.017 (7);S(2)-C(17), 1.83 (2) A. Selected angles: S(I)-Cu-N(I), 
128.8 (4)°; S(l)-Cu-N(2), 89.0 (4)°; S(l)-Cu-N(3), 125.1 (4)°; S-
(1)-Cu-N(4), 98.4 (4)°; N(2)-Cu-N(4), 172.5 (6)°; Cu-S(l)-S(2), 
113.6 (3)°; S(l)-S(2)-C(17), 99.9 (8)°; Cu-S(l)-S(2)-C(17), torsional, 
-98.6°. 

ca. 14% yield after 12 h.13 The reaction proceeds most cleanly 
under strictly anaerobic conditions, although it is not necessary 
to exclude oxygen rigorously to obtain product. The dry product 
darkened in minutes when exposed to air; crystals coated with 
mineral oil or covered with ether were stable for hours while those 
sealed in capillaries with some methanol appeared to be stable 
indefinitely. A structural study was performed to account for the 
different charge-transfer spectra of 1 and 3. 

The structure14 (Figure 1) contains Cu(II) monomers with 
trigonal bipyramidal N4S ligand sets structurally similar to those 
reported for 36 and Cu(tet-b)(2-mercaptobenzoate) (4).2 The 
Cu-S distance [2.328 (5) A] is comparable to those reported for 
4 [2.359 (4) A] and 3 [2.314 (2) A] and longer than those of 2 
[2.230 (5), 2.262 (4) A]. Equatorial Cu-N distances are longer 
than the axial distances, a feature probed by a recent theoretical 
study.15 Structural features of the hydropersulfide unit fall within 
the range of those reported for the H2S2 parent and for organic 
disulfides; i.e., S-S and S-C distances of ca. 2.0 and 1.8 A, 
respectively, and R-S-S-C dihedral angles of 90 (10)°.16 

The magnetic moment of 1 at 298 K, corrected for diamag-
netism (-329 X 10"* cgs)17 and for a protective film of mineral 
oil, is 1.7 (1) n^. Electronic spectra of methanolic 1 (band positions 
of polycrystalline 1 are similar) include maxima at ~ 13000 cm"1 

(« ~700) and ~ 10 500 (sh), which mimic the LF spectra reported 

(13) Anal. Calcd for CuC20H46N4S2O4, Cu(tet-b)S2CH2C02-2CH3OH: 
Cu, 11.90; S, 12.00. Found: Cu, 11.98; S, 12.24. 

(14) Crystallographic analysis: space group Pli/n, a = 13.920 (6) A, b 
= 13.753 (2) A, c = 14.472 (6) A, 0 = 92.25 (3)°, V = 2768 (3) A3, Z = 
4, dotad = 1.36 (1) g cm"3 in CCl4/hexane, daM = 1.282 g cm"3 for 2CH3OH 
and 1.359 g cm"3 for 3CH3OH. The structure was solved (1172 reflections, 
/ > la, 16 ^ 41.6°, Mo Ko radiation) by using the Enraf-Nonius SDP 
package and refined to discrepancy indexes /?^wfl = 0.092 (0.087) with a final 
goodness of fit of 1.98. The number of solvate molecules was difficult to 
determine crystallographically and this is responsible for the relatively high 
R factors. Only one methanol molecule was crystallographically well-defined. 
A second was located, but with unusually large (30 (2) and 33 (2) A2) 
temperature factors, while the final difference map showed several peaks of 
the order of 0.5 e/A3 that could be part of another (disordered?) methanol. 
Elemental analysis, performed on partially dried crystals, suggested a mini
mum of two methanols while the observed density was consistent with three. 
We believe that approximately one lattice methanol was lost when the crystals 
were dried prior to elemental analysis and that the trisolvate is the true 
formula. 
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Figure 2. Partial structures of 1 showing (A) the ligand HOMO and 
Cu(d22) vacancy and (B) the ligand SHOMO and Cu(dz2) vacancy. 

for related Cu11N4S species.2'6 The near-UV absorptions of 1 at 
25700 cm"1 (e ~500) and 21 500 cm"1 (t ~760) are too low in 
energy to be LMCT from the tet-b ligand;18 aliphatic disulfides, 
including the parent H2S2, do not absorb below 40000 cm"1.19 

The "simple" thiolate analogues 3 and 4 exhibit prominent ab
sorption at about 27 000 cm"1 flanked by weaker absorption at 
~ 23 000 cm"1 which have been attributed to <7(thiolate) and 
ir(thiolate) —• Cu(II) LMCT, respectively.2'6 The "reversed" 
intensity pattern of 1 (relative to 3 and 4) is reminiscent of LMCT 
for metal-peroxide complexes.20 

Both ab initio and INDO/S calculations reveal that the two 
highest occupied MO's of a model CH3SS" unit are well separated 
(>15000 cm"') from the corelike orbitals and both have their 
major orbital coefficients on the terminal S center, S(I). The 
HOMO is a ir* S-S orbital polarized toward the end S and the 
SHOMO is a 3p-type lone pair lying in the SSC plane, normal 
to the S-S axis. The reversed EPR spectra (gx =2.16, g„ = 2.00, 
A±

Cu = 90 X 10"4 cm"1) of 1 in methanol (80 K) mimic those 
of CuBr(Me6tren)Br, a Cu(II) complex with a d^ ground state.21 

Both the ligand HOMO and SHOMO orbitals are oriented ap
proximately perpendicular to the N(2)-Cu-N(4) axis (z), Figure 
2. We assign the band at 21 500 cm"1 as S2(T*) -* dz2 and that 
at 25 700 cm"1 as S(3p) —*• dr2. The calculated separation of these 
ligand orbitals (2000-5000 cm"1) and their poor overlap with the 
Cu(II) d vacancy (Figure 2) account for the splitting and modest 
intensity of the LMCT spectra. 

The free hydropersulfide molecule should not be stable in 
methanolic KOH22 and presumably results from the Cu(II) ox
idation of ligated mercaptoacetate. Complex 1 cleanly forms under 
anaerobic conditions; studies to define the kinetic pathway are 
in progress.23 

(18) Aqueous Cu(tet-b>2C104 has a UV absorption at 37000 cm"1 (e 
>5000); see: Curtis, N. F. J. Chem. Soc. 1964, 2644. 

(19) Rauk, A. J. Am. Chem. Soc. 1984, 106, 6517 and references cited 
therein. 
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(21) Barbucci, R.; Bencini, A.; Gatteschi, D. Inorg. Chem. 1977,16, 2117. 
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Org. Chem. 1965,30,2711. 
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The gas-phase reaction of Ca or Sr vapors with cyclopentadiene 
has resulted in the laser spectroscopic observation of the metal 
monocyclopentadienide free radicals, CaCp and SrCp (Cp = 
C5H5). The spectra are interpreted as arising from "open-faced 
sandwich" complexes of C5„ symmetry. Our experimental methods 
have general utility for the synthesis and characterization of 
inorganic free radicals. 

The cyclopentadienyl ligand is one of the popular and fasci
nating ligands in inorganic chemistry.1 The most celebrated 
molecule containing Cp is ferrocene, Fe(Cp)2, which has a 
"sandwich" structure.1 The alkali metals and the heavier alka
line-earth metals form ionic complexes with C5H5.

2"5 InCp6 and 
TlCp7 have C5„ symmetry in the gas phase. InCp and TlCp are 
the covalent closed-shell analogues of the ionic free radicals, 
Ca+Cp" and Sr+Cp", that we have discovered. 

We have recently observed a large number of Ca-, Sr-, and 
Ba-containing free radicals with only one ligand, ML (L = OH,8"11 

OCH3, OCH2CH3, OCH(CH3)2, 0(CH2)2CH3, OC(CH3)3,
12 

OCN,13 CHO2, CH3CO2
1415). The bonding and electronic 

structure in these molecules is well described by an M+ ion 
perturbed by the L" ligand. The M+ ions are isoelectronic with 
the alkali atoms so the molecular states can be described in terms 

(1) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th ed.; 
Wiley: New York, 1980; pp 1163-1167. 
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Trans. 1978, 657-664. 
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303-313. 
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Soc. 1976, 98, 7959. 
(6) Shibata, S.; Bartell, L. S.; Gavin, R. M., Jr. J. Chem. Phys. 1964, 41, 

717-722. 
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1182-1183. 
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1986, 84, 698-708. 
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Figure 1. Resolved fluorescence spectrum showing laser-induced 
fluorescence from the A-X transition of CaCp. The splitting between 
the strong features is due to spin-orbit coupling in the A2Ej state. The 
asterisk marks scattered light from the dye laser exciting the molecular 
transition. 

Table I. A-X and S-X Vibronic Transition Frequencies for CaCp 
and SrCp in cm"1 

CaCp SrCp 

band A2Ei(1/2) A
2Ei(3/2) 62A1 A2E10721 A2EU3/2) B2Ai 

3-0 15495 15548 14014" 14300 
2-0 15 170 15 226 13 763" 14039 
1-0 14848 14897 17072 13510" 13782 15 106 
0-0 14518 14575 16772 13268 13523 14846 
0-1 14237 14282 16470 13040 13289" 14616 
0-2 13955 14002 12822 13053" 
0-3 13 690 13 739 
0-4 13458° 13 505° 
"Blended. 

of one-electron metal-centered atomic orbitals. 
For the Cp" ligand the ground 4s (Ca+) or 5s (Sr+) atomic 

orbital gives rise to the X2A1 ground state of MCp. The excited 
3d (Ca+) and 4d (Sr+) atomic orbitals result in dr2 (2Ai); dxz, dy2 
(2E1); and dxy, d^ : (2E2) states._ The expected electronic tran
sitions are B2Aj-X2A1 and A2E1-X

2A1. (2E2-
2A1 is eiectric-dipole 

forbidden.) In fact, the B2A1 and A2E1 states are 3d22-4p2 (Ca+) 
and 4dz2-5p2 (Sr+) mixtures because of d-p mixing induced by 
the C511 ligand field. 

MCp (M = Ca, Sr) molecules were produced in a Broida oven16 

by the reaction of the alkaline earth vapor with cyclopentadiene 
(C5H6). Pressures were approximately 1.5 torr of argon and 3 
mtorr of cyclopentadiene. The cyclopentadiene was prepared from 
the Diels-Alder dimer by a simple distillation. The direct reaction 
of the dimer with Ca vapor was not successful. 

A broad-band (1 cm"1) CW dye laser beam was focused into 
the Broida oven in order to excite the molecular emission. A 
second broad-band (1 cm"1) dye laser beam was always used to 
excite the alkaline earth 3P1-1S0 atomic transition (6892 A for 
Sr, 6573 A for Ca). The reaction was greatly enhanced by 
electronic excitation of the metal. Two types of experiments were 
used to record the spectra. 

Laser excitation spectra were obtained by scanning the dye laser 
probing the molecular transitions, and recording the fluorescence 
through red-pass filters selected to block the scattered laser light. 
The second dye laser, resonant with the metal atomic line, was 
chopped to modulate the molecular fluorescence for lock-in de
tection. 

Spectra were also recorded by exciting the molecular emission 
and recording the resolved fluorescence with a monochromator. 
For these experiments the molecular emission was imaged onto 
the entrance slit of a 0.64-m monochromator. Scanning the 
monochromator (not the laser) provided resolved laser-induced 
fluorescence spectra. 

Figure 1 is a portion of the A2E1-X
2A1 spectrum of CaCp. This 

spectrum was recorded by resolving the fluorescence produced 
by a laser (marked with an asterisk) exciting the A2E,(3/2)- X

2A, 

(16) West, J. B.; Bradford, R. S.; Eversole, J. D.; Jones, C. R. Rev. Sci. 
lustrum. 1975, 46, 164-168. 
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