4748 Inorg. Chem.1998,37, 4748-4750

Electron-Transfer Oxidation by Phase-Separating 0wt U o Q I
Reagents U“Q}N 9 X Mo S
Robert E. Patterson} Scott W. Gordon-Wylie, 0O O

Christine G. Woomer,' Richard E. Norman,*

Susan T. Weintraub$ Colin P. Horwitz,* and (1a-c] [3a-c]”
Terrence J. Collins** X = H(a), OCHjg (b}, CI(c)

Departments of Chemistry, Carnegie Mellon University,
4400 Fifth Avenue, Pittsburgh, Pennsylvania 15213, and ysing a Hewlett-Packard HP8452A spectrophotometer. Elemental
Northeast Louisiana University, Monroe, Louisiana 71209, analyses were performed by Midwest Microlab, Indianapolis, IN.
and The Department of Biochemistry, The University of Electrochemical measurements were performed inGHsupporting
Texas Health Sciences Center at San Antonio, electrolyte 0.1 M f-BuN]J[PFe], Fluka puriss) under Nin a three-
San Antonio, Texas 78284  compartment cell using a glassy carbon disk working electrode, a Pt
Receied April 2, 1998 wire counter electrode, and a sodium chloride saturated calomel
’ electrode (SSCE) reference electrode, using an EG&G Model 273
Introduction potentiostat/galvanostat. Electrospray ionization mass spectra (ESI-
MS) were obtained using a Finnigan MAT SSQ700 mass spectrometer
Soluble electron-transfer oxidants are a widely used reagentwith an Analytica of Branford electrospray ionization interface.
class in chemistry. Many consist of transition metal complexes Electrospray voltages of 246@B400 V were utilized. EPR spectra
where the transition metal is quite toXiand the ligands are =~ were measured on a Bruker ER300 spectrometer in,GGHat
readily released or oxidatively degradkt New strategies are ~ approximately 4 K.
needed for developing soluble, nondegradable, metal-based Syntheses.The macrocyclic ligands k2] (X = H), Hi2b] (X =
oxidants where the spent reagent can be easily and quantitativelyoCHs), and H[2c] X = CI were synthesized as described in the
collected for recharging and reu&®. Ligands are important Suppqrtlng Informatlon. Thgse were metalate(_j act_:ordlng to mthods
determinants of the properties of metal-based oxidants, Suchdescrlbed in the Iltera_tu%_%to give the corresponding I_|th|um salts [Li]-
L T e [3a—c]. The crude lithium salts from the metalation process were
that systematic ligand variation is a powerful tool for achieving

; metathesized with [NM4CI in water, from which [NMe][3a]-H0,
targeted reagent behavibrin several case studie® based on [NMe.][3b], or [NMeJ][3d precipitated in analytically pure form as a

macrocyclic ligands as inlp—c] ~, we have overcome a primary  purple solid. Anal. Calcd (found) for&HagNsOsCo [NMes][3a]H,0:
obstacle to producing long-lived, recyclable, homogeneous ¢, 59.13 (59.00); H, 7.68 (7.44); N, 11.12 (11.02). FagHgoNsOs
metal-based oxidants, namely, the sensitivity of most ligands Co [NMey][3b]: C, 59.01 (58.84); H, 7.50 (7.43); N, 10.43 (10.50).
to oxidative degradation. Robust ligands have been achievedFor GiHaNsO4CloCo [NMey][3d]: C, 54.72 (54.72); H, 6.52 (6.77);
employing an iterative ligand refinement apprdashch that N, 10.29 (10.06). UV/is (CECl2) Ama/nm (/M~* cml): [NMey]-
metal-based oxidants developed from the ligands do not degradd3a 518 (8900); [NMe][3b] 520 (11 000); [NMe][3c] 516 (7800).

rapidly in us@ and are easily modified for selectivity control. ;F;ég'“i‘;'ég_m;\;)\;l [N;),Mef]e[fgl 115?722? 1155(?&'_'1?\‘7&'%['\‘('\4‘%[3% 01625“
Here we illustrate the use of ligand design to produce aliphatic ’ » INMél[3 ’ ’ ) ((CD3);CO) (@

hydrocarbon soluble metal-based oxidants that precipitatefzo(gzn)ce; Sar(elzngl[ﬁ;)éql)vl ez4.]‘[33g|_1|;5 .%.(;Z)ml)l_.lz.(gl—(%,HE;.4_(;1g),

quantitatively following electron transfer. The metal-based 1) _g 1 (4H),—24.3 (2H); [NMe][3b] 16.2 (4H), 11.2 (6H, OCH),
oxidant is neutral, an uncommon situation, such that its one- g 4 (aH), 7.2 (4H), 3.0 (2H), 2.5 (12H, [NME), 1.4 (2H),—0.4 (4H),
electron-reduced product is an anion. The challenge of produc-1.7 (2H), —2.5 (6H), —10.4 (4H); [NM&][3d] 14.1 (4H), 11.4 (4H),
ing oxidants that would precipitate quantitatively once dis- 7.5 (4H), 3.8 (2H), 2.8 (12H, [NMg™), 1.9 (2H), —1.0 (4H), —3.1
charged was made more interesting by the fact that electron-(6H), —9.1 (2H),—10.3 (4H). ESI-MSwz [3&]~ 537.2; Bb]~ 597.1;
transfer oxidants with significant aliphatic hydrocarbon solubility [3c]~ 605.1.

have not been developed for routine use. Synthesis of Cog*-2b), 3b. [NMe,4][3b] (0.100 g, 0.16 mmol) was
dissolved in HO (50 mL), then cyclohexane (25 mL) containing,Br
Experimental Section (0.010 mL, 0.19 mmol) was added, and the mixture was shaken

vigorously for 1 min. The deep blue cyclohexane layer was removed
and dried over MgS® The solvent was removed under vacuum,
yielding a blue solid, which was recrystallized by diffusion of pentane
into a benzene solution (0.029 g, 27%@b-CsHs (X = OCH;z). Anal.
Calcd (found) for GsH4sN4O6Co: C, 62.22 (62.49); H, 6.56 (6.84); N,

T Carnegie Mellon Univerity. ; . -1 —1y-
* Northeast Louisiana University. 8.29 (8.65). UV/vis (cyclohexane)dma/nm (/M1 cm™t): 630

5 The University of Texas Health Sciences Center at San Antonio. (15000). IR: (Nujol, cm*) 1696, 1614, 1595. EPRg=2.58,2.21,
(1) Connely, N. G.; Geiger, W. EChem. Re. 1996 96, 877. 2.04.
(2) Norseth, TEnviron. Health Perspect1981, 40, 121. Crystal Structure Determination. Crystals of [NMa][32]+H20O

® Z'ﬂﬁgh'\é’r%ﬁ??gf)giic?eggé\lﬂgs(ﬁ%ﬂf‘%gs gggegraph 186, \vere obtained by the slow evaporation of acetone from a water and
(4) Mijs, W. J.; de Jonge, C. R H. Drganic éyntﬁeses by Oxidation ~ &cetone solution of [NM4{3a] in air. A green-black prismatic crystal

Physical Measurements. *H NMR spectra were measured on an
IBM NR/300 FT-NMR spectrometer. FTIR spectra were taken on a
Mattson 5000 FTIR spectrometer while UV/vis spectra were obtained

with Metal CompoundsPlenum Press: New York, 1986. (0.80 x 0.25 x 0.25 mm) was used for X-ray measurements on a
(5) Lester, T.Chem. Br.1996 32, 45. Rigaku AFC7R diffractometer with graphite-monochromated Kto
(6) Cusumano, J. ACHEMTECH1992 482. radiation. The data were collected at 2@ using thew—26 scan
(7) Sheldon, R. ACHEMTECH1994 38. technique to Bmax = 45.0°. Of the 10 129 reflections which were
(5 Coline T, Chem RSOUZLZTS. | congomnyie, s, COISCd, 9581 were uiqust = 0.022) The it oftree.
W.: Cox, N. J.: Collins, T. 3J. Am. Chem. Sod.998 120, 4867. representative reflections, measured after every 150 reflections, in-
(10) Collins, T. J.; Powell, R. D.; Slebodnick, C.; Uffelman, E.JSAm. creased by 0.6% over the course of data collection. A linear correction
Chem. Soc1991, 113 8419. factor was applied to the data to account for this phenomenon. An
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Table 1. Crystallographic Data for [NMé{3a]-H-O

empirical formula G4H5,0sNsCo
fw 669.75

space group P2,/c (No. 14)
a, 11.817(7)

b, A 16.33(1)

c, A 36.679(6)

p, deg 96.55(3)

Vv, A3 7030(6)

z 8

Pcalcd g/cm" 1.265
temp,°C 21

u, et 5.34 c
1A 0.710 69

R 0.060

Ry 0.057

*R= J|[Fol = IFcll/Z|Fol. ® R = [(ZW(IFol — IFe)?XwW(Fo?)]*2

empirical absorption correction was applied. The data were corrected Figure 1. Molecular structure ofda]~ (molecule 2, see Experimental
for Lorentz and polarization effects. The structure was solved by direct Section): ORTEP drawing with non-hydrogen atoms drawn to encom-
method$! and expanded using Fourier technigtfesNon-hydrogen pass 50% of electron density. Selected bond lengths (A): -2,
atoms were refined anisotropically. Hydrogen atoms were included 1. 804(6); Co2-N22, 1.841(6); Co2N23, 1.836(6); Co2N24, 1.815-

but not refined. The final cycle of full-matrix least-squares refinement (6); N24—C28, 1.378(9); N21C29, 1.403(9); C28C29, 1.432(10);
was based on 5445 observed reflections (30(l)) and 812 variable C28-C213, 1.36(1); C29C210, 1.40(1); C21:3C212, 1.43(1); C218
parameters and converged (largest parameter shift was 0.04 times it<C211, 1.37(1); C214C212, 1.35(1).

esd) withR=0.060 andR, = 0.057. Neutral atom scattering facttrs
and anomalous dispersion teffhwere included. All calculations were
performed using teXsah from Molecular Structure Corporation.
Crystal data and experimental details are given in Table 1. The crystal
is composed of two independent Co(lll) complexes with virtually
identical bond lengths and angles.

B [N(CH3).1*

Results and Discussion

We have previously described the neutral, planar, four-
coordinate cobalt complexesa—c, which exhibit appreciable
solubility in aromatic hydrocarbons (solubility @€ in benzene,
ca. 60 mM)I® The innovation described here arises from the
significant increase in solubility in aliphatic hydrocarbons that
accompanies the replacement of the two setgesfidimethyl
groups ofla—c with the pentamethylene units 8&—c. The
one-electron-reduced @oforms, Ba—c]~, are completely T T T T T S T S T T
insoluble in aliphatic hydrocarbons. Since b8ti-c and Ba— ppm
c]™ are highly colored, the former blue and the latter purple, Figure 2. *H NMR spectra of [NMg][3a] in acetoneds at 22°C, with
the progress of any oxidation can be visually monitored by the diamagnetic signals suppressed/inverted.
loss of the intense blue color in solution that is accompanied gypected from related structur€s® The paramagnetiéH
by the formation of a purple solid. NMR spectrum of Ba]~ with diamagnetic resonances sup-

The syntheses of the starting materia&afc] ™, are based  res5ed9 Figure 2, exhibits well-resolved, paramagnetically
on adaptations of published proceduf&¥:1” The smgl_e-crystal shifted signals spread over a 40 ppm window, as has been
X-ray structure of 8a]~ shows a planar four-coordinate €0 ,pserved for othes = 1 cobalt(lll) complexes with related
ion, as has been found for ®ocomplexes with related ligands101820 The formulations of theda—c]~ salts are also
ligands;®*® Figure 1; only one of two independent molecules gy nnhorted by ESI mass spectrometry and by other characteriza-

in the unit cell is shown. Both cyclohexane rings are found in (o techniques. Each of th&g—c]~ ions shows a reversible
a chair conformation, and the bond distances and angles are ageqox process in the cyclic voltammogram/V vs NHE

D Al G o C - Guadliardi A Burl [3a]%~, 0.98; Bh]¥~, 0.58; B¥~, 1.14. Thus, this small series
omare, A.; Cascarano, M.; Glacovazzo, C.; Guagliardl, A.; buria, TP : - A
M. C.: Polidori, G.; Camalli, M.J. Appl. Crystaliogr1894 27, 435. of aromatic ring substituted maqrocycle_s prowde_s a qlrlvmg force
(12) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de differential (ca. 0.6 V) for use in a variety of oxidations. The
Gelder, R.; Israel, R.; Smits, J. M. M. The DIRDIF-94 program system. E° values for Ba—c]~ determine which oxidants can be used

Technical Report of the Crystallography Laboratory; University of ; _ ; ;
Nijmegen: The Netherlands, 1994, to give 3a—c. The neutral species shows EPR signals £CH

(13) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-  Cl2, 4 K) atg = 2.58, 2.21, and 2.04, which are due to coupling
lography; The Kynoch Press: Birmingham, England, 1974; Vol. IV, between theS = 1 Cd" center and the organic radical of the

Table 2.2 A. oxidized ligand®® The solubility of 3b in cyclohexane was

(14) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781. - . -
(15) teXsan Crystal Structure Analysis Packagddolecular Structure determined by visible spectroscopy to be 4 mM. While

Corporation: The Woodlands, TX, 1985 and 1992.
(16) Gordon-Wylie, S. W. Ph.D. Thesis, Carnegie Mellon University, (19) Ciringh, Y.; Gordon-Wylie, S. W.; Norman, R. E.; Clark, G. R,

Pittsburgh, PA, 1995. Weintraub, S. T.; Horwitz, C. Anorg. Chem.1997, 36, 4968.
(17) Collins, T. J.; Gordon-Wylie, S. W. U.S. Patent Allowed, 1998. (20) Collins, T. J.; Gordon-Wylie, S. W.; Bominaar, E. L.; Horwitz, C. P.;
(18) Collins, T. J.; Richmond, T. G.; Santarsiero, B. D.; Treco, B. G. R. Yee, G. InMagnetism: A Supramolecular Functiokahn, O., Ed.;

T. J. Am. Chem. S0d.986 108 2088. Kluwer Academic Publishers: Dordrecht, 1996.



4750 Inorganic Chemistry, Vol. 37, No. 18, 1998 Notes

the other members of the seri€s and3c, are similarly quite Oxidative coupling reactions were also studied. Cyclohexane
cyclohexane soluble, greater reactivity has made it difficult to solutions of thiophenol were oxidized Bg—c to give diphenyl
obtain quantitative alkane solubility information. In contrast, disulfide, confirmed by'!H NMR of the solution phase, with
the solubility of 1c in cyclohexane is less than 0.2 mM. the Cd' anion, Ba—c]™, precipitating quantitatively from
We have studied the reaction of cyclohexane solutions of solution, presumably with a proton as the countercation. Also
3a—c with different types of oxidizable substrates to obtain tributyltin hydride was oxidized to form the bis(tributyltin)
proof-of-concept examples. Our initial studies involved mol- dimer, again with quantitative precipitation of the spent oxidant.
ecules which upon oxidation gave 1:1 charge-transfer salts with As with the charge-transfer salts, the macrocyclic complex
[3a—c]~. All of the following reactions were carried out on a remains intact in these precipitated species.
small scale £10 mg of Co reagent) in cyclohexane and were  Finally, we have examined the oxidation of hydroquinone,
performed by adding an excess of the substrate (1.05 equiv) toan oxidation which has been typically carried out in organic
the Co reagent. The reaction of decamethylferrocene*Fep, solvents with lead tetraacetate, or in water witlY'G# Hyd-
with each Co reagent gave a fine purple precipitate ;{Eeg]- roguinone was oxidized by 2 equiv 8€to give quinone. This
[3a—c], which could be isolated quantitatively by centrifugation. reaction proceeds despite the formal potentiaBobeing 200
3b has an insufficient driving force to oxidize ferrocene, {Cp  mV lower than that for the hydroquinone to quinone reactibn.
Fe), but3a and 3c react with ferrocene to give a fine purple H NMR studies are consistent with the intermediacy of
precipitate, [CpFe][3a,c], which was separated quantitatively hydroquinone-derived species bound to the metal céfter,
by centrifugation. The reaction o8a—c and N,N,N,N'- suggesting an inner-sphere oxidation mechanism.
tetramethylp-phenylenediamine gave the Wurster's Blue radical ~ We are in the process of further studying the chemistry of
cation salts, [WH[3a—c], which show absorbances due to the unique aliphatic hydrocarbon soluble electron-transfer
Wurster's Blue radical cation and to the '€a@nion in their oxidants reported here. The concept of designing reagents to
UV/vis spectra (CHCI,). The EPR spectrum of [WH 3c] undergo phase changes upon reaction to facilitate recovery could
(CH.Cl,, 4 K) shows only the diagnostg= 2.00 signal of the have broad utility in reagent design for all classes of reactions
organic radicaf! The reaction of3c with tetraphenylporphy- as chemistry moves toward more environmentally benign
rinatomagnesium forms a charge-transfer salt, [Mg[BE, technologies.
which shows absorbances due to the metalloporphwriadical Acknowledgment. This work was supported by the NSF
cation?? and to the CH anion in its UV/vis spectrum (CH and NIH (T.J.C.).
Clz). Ineach of these cases described above, a UV/vis titration  sypporting Information Available: - Synthetic procedures for the
indicated a 1:1 stoichiometry for the reaction. The resulting jigands H2a—c, a table of selected bond lengths and angles for the
solids from some of these reactions were characterized spec+wo independent molecules in the unit cell of [N§[&&]-H,O, a table
troscopically (UV/vis,"H NMR, and FTIR) to show that the  of characterization data for the charge-transfer salts formed using the
integrity of the Co macrocylic species was maintained com- Co reagents, and UV/vis spectra for the Wurster's Blue charge transfer
pletely through the Ox|dat|0n/reduct|0n process. The ESI-MS salt forming reaction (5 pages). An ?('ray F:rystallographic ﬁ'e, in CIF
of the anions of the precipitated reagents are identical to thoseformat, for compound [NMg3a]-HO is available on the Internet only.
of the Cd' starting materials. The resulting t'epecies could Ordering and access information is given on any current masthead page.
be reoxidized quantitatively to give the neutral, blue species. 1C9803661
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