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Electron Transfer. 128. Rate Enhancements by Donor Sulfur in Hexadentate Ligands
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The cobalt(lll) complexes of the hexadentatgSpD,-coordinating ligand, 1,8-disalicylidene-3,6-dithiaoctane-
1,8-diamine (il ) and its 3,6-diaza MD,-coordinating analog{ ) adopt structures of typél, in which O—-N—S

or O—N—N sequences span meridional positions. In this comparison of the rates of reduction of the two complexes
(to C&#™ in 0.1 M H*) using as reductants Cr(ll), Eu(ll), V(II), Ti(lll), Ru(Ng2+, and the dihydro derivative of

the N-methylphenazinium cation, a greatly enhanced reactivitj£10°) of the N.S,0,-bound oxidant is found

to persist for both inner- and outer-sphere reductions and extends to the metal-free reductant as well. It is suggested
that the higher rates for the-®ound system reflect the acquisition of a quasiaromatic character in #@o{S)

arm of this oxidant, within which electron transfer to the metal center requires less severe stretching of the metal-
ligand bonds than is necessary for N- and O-ligated complexes. The augmentétigf values of carboxylato
complexes of Co(lll) on incorporation af-thio substituents may, on the other hand, stem from an increased
degree of conversion to a chelated Cogr(ll) precursor,VII , which is stabilized partially by back-bonding
involving interaction of the gelectron of Cr(ll) and a d-orbital of sulfur. In contrast to the reactions of oxidants
featuring donor sulfur in the primary coordination sphere, this mode of acceleration does not extend to reductions
by V2*, EW?* or Ti(lll) (which are devoid of g electrons) or to the outer-sphere reductions by Rufyf. It

is, however, observed with thé%reductant, Cut.

The realization that thio and mercapto groups may facilitate Table 1. Rapid Reductions of S-Ligated Cobalt(l1l)

electron transfer acts involving metal centers is based, in large oxidant ke, M~lsla site of attack ref
part, on results generate_d in t_vvo quite dlfferer_lt lines of endeavor. [(en),Co" S(CH,) CH.COOP" 274 — b

For workers dealing with biosystems, the importance of the [(en),cd" SCHCH,NH,]2" 33x 10° —S— 5c
ferredoxins and high potential irersulfur proteins as cofactors  [(en),Cd"SCHCOO}* 6.4 x 10° = 5c

in a variety of redox processesannot be overemphasized, and  [(NH3)sCd"SCEO)NHCH 2 6.4 x 10 = 7

it has been recognized since the mid-1960s that these specied(NHa)sCo"'SCNE* 19x 100 =N 6

are characterized by sulfur-bridged-F& clusters. At nearly 8x 10 S

the same time, experiments with vitro inorganic systems 2Reductions by Ct(aq); 25°C, u = 1.0 M. " Competing sites.
likewise yielded evidence of redox acceleration resulting from

incorporation of donor sulfur functions. Balahurd (see Table 15. Analogous enhancements in rates of

reduction by F&" have been described by WorrélIMoreover,
Rorabacher and co-workéfave estimated a rate constant of
103802 M~1 571 for Cu(l,ll) self-exchange in Sligated copper
centers, a value about ¥0times the upper limit (1® M1

s H1 taken to apply to aqua-substituted systems.

This type of acceleration has been attributed, at least in part,
to a structural trans effeétan elongation of the metaligand
bond lying trans to the donor sulfur, which is presumed to
stabilize the acceptor orbital of the oxidant and hence lower
The increase is a modest one, for the sulfur is not bound directly the activation energy and increase the rate associated with
to the Co(lll) center, nor can it function as a “lead-in” site. electron transfer. Crystal structure determinations of a number
Moreover, the effect was subsequently overshadowed by muchof Co(lll)—S complexes have confirmed such a bond extension

An early hint in this directioh was the reported 15-fold
enhancement in the specific rate§ of Co(lll) reduction, using
Cr2+, when anS-benzyl group was attached to the acetato ligand
in Co(NHs)s(OAC) (Il):

CH,CO,Co(NH,);*"  CgHsCH,SCH,CO,Co(NH,):>"
I; ke, = 0.35 Il; ke, =5.2

more striking accelerations reported by BenfAd#aim8 and in somé&12 put not alld instances.
® Abstract published i\dvance ACS Abstractdjarch 1, 1996. (5) (a) Lane, R. H.; Bennett, L. B. Am. Chem. S0d97Q 92, 1089. (b)
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To the extent that such rate enhancements can be linked toTable 2. Stoichiometries of Reductions of Cobalt(lll) Derivatives
ground state structural features of the oxidant, we should of Hexadentate Ligands

anticipate that these accelerations will occur with a variety of
reducing agents. In the few cases where such Ce(8l)
oxidants have been treated with reductants other than &I},
this appears to be so.

The ease with which the linear hexadentate ligands\t,8-
disalicylidene-3,6-dithiaoctane-1,8-diaminl § and its 3,6-
diaza analog I{/) can be prepared and converted to their

e S
—— \/
11
OH HO
RN n=
N A\

v

cobalt(lll) derivative$® have prompted us to examine the redox

chemistry of these complexes and thus to compare the effects/lmax 680 (

of S- and N-ligation in two otherwise very similar oxidants.

[Ca"], [red], vyield of

oxidant reductant mM mM Co(lly°
[CO"(N.S,027)]F¢  Cr* 2.7 1.40 1.00
2.4 0.98 0.97

V2t 2.7 1.40 0.98

2.4 0.98 0.96

Ew" 0.92 0.46 0.93

Ru(NHy)e2*  1.80 0.96 0.99

1.80 0.60 0.95

[Co"(N4O27)]* cr+ 8.0 3.9 0.92
8.8 1.90 0.94

a Reductions of the Co(lll) complexes of the dianions of ligalts
andIV were carried out at 28C in 0.10 M HCIQ. Waiting period
10 min.” [C0"tormed[r€d]aded  [CO'] was measured at 692 nih.
¢ Reactions in 98/2 kD—CHsCN.

synthesized by literature procedures. The chloride salt of the latter
was converted to the corresponding perchlorate salt by passage through
anion exchange resin (Amberlite CG-400, +@D0 mesh, CI@ form.

The crystalline perchlorate was then precipitated by addition of saturated
NaClQ,, filtered off, and dried over #s. UV—uvis for lll (CH;CN):

=675 M1cm™), 460 nm € = 967); lit.15¢680 € = 670),

460 € = 970). UV-vis for IV (CHzOH): Amax 590 € = 153 Mt

€

Included in the group of metal-center reductants employed are cm-1); 388 nm ¢ = 5.21 x 10%); lit.1590 ( = 155), 388 ¢ = 5.20

Eu(ll) and Ti(lll). Reactions of the latter two states with
S-bound Co(lll) appear to have been overlooked.

Experimental Section

Materials. Lithium perchloraté® (for kinetic experiments) and
aqueous solutions of the salts Eu(Gl3" V(ClO4),,*8 Cr(ClOy),,°
RuU(NHs)eCl,2° TiClz,?* and CuCIQ?? were prepared by literature
methods. Solutions of the dihydro derivative of tNemethylphen-
azinium ion /) were prepared by & reduction of the methosulfate

R/
N

N

CH3
\

salt of the parent aromatid-methylphenazinum cation (Aldrich) as
described by Singh and co-worké#s.

The green cobalt(lll) complex of the J80,-coordinating ligand
Il 15¢ and the dark brown complex of the,®& ligand IV 1% were

(12) (a) Palmer, J. M.; Deutsch, Hmorg. Chem1975 14, 17. (b) Lange,
B. A.; Libson, K.; Deutsch, E.; Elder, R. Gnorg. Chem.1976 15,
2985.

(13) See, for example: Elder, R. C.; Kennard, G. J.; Payne, M. D.; Deutsch,
Inorg. Chem.1978 17, 1296.

(14) Orhanovic, M.; Po, H. N.; Sutin, N. Am. Chem. So&968 90, 7224.

(15) See, for example: (a) Dwyer, F. P. J.; Gill, N. S.; Gyarfas, E. C;
Lions, F.J. Am. Chem. Socl952 74, 4188. (b) Yamamoto, Y.;
Tsukuda, SBull, Chem. Soc. JprL985 58, 1509. (c) Chakraborty,
P.; Chandra, S. K.; Chakravorty, Anorg. Chem.1994 33, 4959.

(16) Dockal, E. R.; Everhart, E. T.; Gould, E. 5.Am. Chem. S0d.977],
93, 5661.

(17) (a) Dockal, E. R.; Gould, E. S. Am. Chem. S0d972 94, 6673. (b)
Fan, F.-R. F.; Gould, E. Snorg. Chem.1974 13, 2639.

(18) (a) Guenther, P. R.; Linck, R. @. Am. Chem. S0d.969 91, 3769.
(b) Linck, R. G.Inorg. Chem.197Q 9, 2529.

(19) Gould, E. S.; Taube, H. Am. Chem. S0d.964 86, 1318.

(20) Fan, F.-R. F.; Gould, E. $norg. Chem.1974 13, 2647.

(21) Ram, M. S.; Martin, A. H.; Gould, E. $horg. Chem1983 22, 1103.

(22) Shaw, E.; Espenson, J. khorg. Chem.1968 7, 1619.

(23) (a) Singh, A. N.; Srinivasan, V. S.; Gould, E.I8org. Chem.1982
21,1232. (b) Singh, A. N.; Balasubramanian, P. N.; Gould, En&g.
Chem.1983 22, 655. (c) Ghosh, M. C.; Gould, E. $norg. Chim.
Acta 1994 225, 297.

x 10%).

Stoichiometry Experiments. Stoichiometric determinatiori§,in
which cobalt(ll) and the ligand bound to it were allowed to compete
for added reducing agent, were carried out by adding a known
deficiency of the reductant to a measured quantity of the Co(lll) oxidant
in 0.1 M HCIO, under N..  After a 10 min waiting period, the resulting
Co(ll) was estimated as Coft as describe#® Results are summarized
in Table 2. In addition, it was shown that the unbound®; ligand
(I, 0.010 M) was not perceptibly reduced (within 10 min) by any of
the four reductants (0.069.007 M) used in this study, nor was the
N4O; ligand (V) reduced with C¥ under similar conditions.

Kinetic Studies. Reactions of Cr(ll), V(Il), Eu(ll), Ti(lll), and
N-methyldihydrophenazinium cation were carried out under ahd
those of Ru(NH)2" were run under argon. Conversions were
monitored using a Beckman Model 5260 or Cary 14 recording
spectrophotometer or a Durrum-Gibson stopped-flow spectrophotometer
interfaced with an OLIS computer system. Reductions of the Ce(lll)
N2S,0, complex were followed at 665 nm, whereas those of the
Co(Ill)—N40; oxidant were observed at 584 nm. lonic strength, which
was maintained at 0.10 M for most reactions, was regulated by addition
of LiClO4 and HCIQ or, in the case of reductions by Ru(M&t", by
addition of HCI. Because the 8,0, complex dissolves with difficulty
in water, solutions of this oxidant were prepared by dissolving the solid
compound in a small volume of GBN, then diluting 50-fold with
the aqueous supporting medidf Excess quantities of the reductant
were used in all kinetic runs, and concentrations were generally adjusted
so that no more than 10% of the latter was consumed. All reactions
yielded simple exponential curves; rate constants were obtained by
nonlinear least squares fitting to the relationship describing first order
decay. Values calculated from replicate runs agreed to better than 4%.
All reactions were first order in both redox partners. Specific rates
greater than 503 were adjusted upward to accommodate the mixing
rate associated with the stopped-flow instrument, as described by
Dickson?® Possible rate variations with changes on acidity were
examined for reductions with Cr(ll), Eu(ll), and Ti(lll), but not for
reductions with V(II) and Ru(NkJ¢>"; such variation is much less usual
with the latter two reductantg®20-26 Reactions of both oxidants with
Cut were immeasurably slow; only upper limits could be obtained for
this reductant.

(24) The addition of CKCN confers a further advantage in the reductions
by Ru(NH)e2". This nitrile acts as a scavenger for the more reactive
reducing ion Ru(NH)sH.O?*, which may be formed in part during
pretreatment of the Ru(ll) preparations. See, for example: Rajasekar,
N.; Srinivasan, V. S.; Singh, A. N.; Gould, E. Borg. Chem.1982
21, 3245.

(25) Dickson, P. N.; Margerum, D. WAnal. Chem1986 58, 3153.

(26) Chen, J. C.; Gould, E. S. Am. Chem. S0d.973 95, 5539.
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The oxidation of theN-methyldihydrophenazinium ion by the  Table 3. Rate Constants for Reductions of Cobalt(lll) Complexes
C0"(N4O;) complex was monitored at 644 nm, an absorption peak (  of N2S,0,- and NO,-Coordinating Ligandslll andIV@

= 1.4 x 10* M~t cm)23 of the methylphenazinium radical, thet e k M-1s1 25°C

oxidation product of the reductant used. The analogous oxidation by ’ '

the Cd'(N,S,02) complex was too rapid to follow, even using stop reductant [CY (N2S0*7)]* [Co" (N4O2)]*

flow.27 crt 2.4x 10¢ 12+ 44[H*]P
Characterization of the Products from the Cr(ll) Reactions. A Ru(NHs)?* © 45x 1% 0.045

reaction mixture containing 0.040 mol each of the Co(lll) complex of ~ Eu?* 1.5x 10¢ 0.023+ 0.002[H] 1P

the NJO; ligand, IV, and C#* in 0.10 M HCIQ, was allowed to stand vzt 53x 107 0.18

15 min and then passed through a 12 cm column of Biogel P-2200  Ti" ¢ 0.10[H+] P =3x10*

400 mesh). The colored product, a single yellow-green band, was eluted Cu . 0.06 =0.01

with water and an aliquot oxidized, using,® and NaOHe® to N-Methyldihydro- z3x 10 16x 10

estimated total chromium as CfO (esro = 4.94 x 108 M~ cmrd). phenazine(V)

UV—Vis: Amax560 € =30 Mtcm™?), 403 nm € = 1.4 x 10°). This a Reactions were carried outat= 0.10 M (HCIQy) unless otherwise

fraction contained 82% of the chromium taken. An analogous treatment indicated. Reductions of [{N,S,0,%)]" (chelateV) were run in
of equimolar mixtures of the Co(lll) complex of the, B0, ligand 98/2 HO—CH3CN (see Experimental Section). [Red]0.001— 0.060
(Il and Cr* yielded a green Cr(lll) product with maxima at 660 (M, [Ox] = (1.0-24.0) x 10*M. P = 1.0 M; [H'] = 0.20-1.0 M.
= 145) and 398 nme¢(= 3.4 x 10°). Recovery of chromium Cr in ¢ Reactions in chloride mediurfiReactions in triflate medium.
this case was 89%.
spectrum obtained from reduction of &N,O, appears to be
consistent with a @bound product of the type ArO—
Determination of the crystal structure of the cobalt(lll) Cr'"(H2O)s, rather than a complex in which donor nitrogen
complex of the NS0, ligand (I1)15¢shows it to beVl, in which occupies one or more coordination sifes.
Rate constants for reductions of the Co(lll) complexes of

ligandslll and IV are summarized in Table 3. Among the
reactions of the metal-center reductants, only the reductions of
(O Co(ll)—N,O, with Cr(ll) and Eu(ll), and that of Co(ll-
N N2S;0, with Ti(lll), exhibit perceptible rate variation with [H,
O—IS o <o and these were e>_<a_m|ned;at= 1.0 M to allow inclusion of a
é \T wider range of acidity.
< | @) The [H"]~1-proportionality found for the Co(p&,0,)—Ti'"
reaction tells us that, as with many known reductions by

Results and Discussion

N Ti(ll1), 2° the active reducing species here is the deprotonated
cation, Ti(OH¥". The tabulated value, in combination with the
reported pK of Ti**(aq) 2.83! yieldskriorn = 60 M~1s71 (25
°C,u = 1.0 M).

\ Assignment of inner-sphere paths to both reductions By,Cr

besides being dictated by the observed transfer of the cobalt-
each O-N—S sequence spans meridional positions (S trans to pound ligand to the Cr(lll) product, is in accord with the
O) rather than facial sites. NMR examination of the corre- maghnitude of their rate constants (see below) and with the
sponding NO> complexX*" supports an analogous mode of appearance of a substantial‘{Horoportional kinetic term in
coordination in that derivative. the case of the )D,-bound oxidant. This term may be taken
The approach to quantitative yield of Co(ll) when the oxidant g pe diagnostic of redox bridgid832and has been attributed
is taken in excess (Table 2) indicates that we are dealing ing gn easing of electron passage through the mediating group
each case with a straightforward leansaction between metal iy response to protonation of a donor center lying apart from
centers. The slight departures from 1:1 stoichiometry appearthe bridging function. Although this type of acidity pattern has
to be random and probably reflect partial consumption of the peen considered characteristic of carbonyl-substituted systems,
added reductant by traces of oxygen, especially since theijt aimost certainly results from partial protonation of a cobalt-
uncomplexed ligands have been shown to be inert to thosepound imine nitrogen in this instance.
reductants under the reaction conditions employed. In view of the substitution-inert character of Ru(}kt,
Neither Co(lll) derivative gives Cr(}D)e*" as a preponderant  reductions with this cation may be assumed, with confidence,
oxidation product on reaction with &r. Electronic spectra of g pe outer-sphere. Moreover, the recognif&efupper limit
both resulting Cr(lll) species feature strong absorbance in the (near 100 M1 s~%) on inner-sphere % rates imposed by slow
near ultraviolet characteristic of the salicyldimine function, and gypstitution at the dcenter requires that the?V reduction of
that from reduction of the €N, chelate exhibits a peak at  the Cd's, complex k=530 M~ s72) be predominantly outer-
660 nm ¢ = 145 M! cm™), which may be taken to be  gsphere as well. The reporf@approaches to constant outer-
indicative of a Cr(lll)-S linkage?® If we assume this to be  sphere reactivity ratios pertaining to the several dispositive
the primary oxidation product, we may conclude that this reductants takerkg,ky:keiker = 200:70:20:1) enable us to draw

electron transfer has proceeded through a Cr@)Co(lll) (with caution$* additional mechanistic inferences.
precursor. The low energy maximum at 560 nm in the Cr(Ill)

(30) See, for example: (a) Orhanovic, M.; Earley, Jirterg. Chem1975

(27) Similar experiments were attempted using the dihydro derivative of 14, 1478. (b) Martin, A. H.; Gould, E. Snorg. Chem1975 14, 873.
riboflavin 232 Approximate second order rate constants for the oxidation (c) Thompson, G. A. K.; Sykes, A. Gnorg. Chem.1976 15, 638.
of this species by the GN4O,) complex were 62 Ml s 1in 1.1 M (d) Hery, M.; Wieghardt, Kinorg. Chem.1978 17, 1130.
H*and 40 M1s™1in 0.2 M H' (25°C, u = 1.1 M). Reactions with (31) Krentzien, H.; Brito, Flon (Madrid), 197Q 14; Chem. Abstr197Q
the NS0, complex vyielded kinetic curves that could not be 73, 7865.
interpreted. (32) (a) Zanella, A.; Taube, H. Am. Chem. So&972 94, 6403. (b) Gould,
(28) See, for example: Haupt, G. W. Res. Natl. Bur. Stand., Sect. A E. S.J. Am. Chem. S0d.974 96, 2373.
1952 48, 41. (33) Baker, B. R.; Orhanovic, M.; Sutin, N. Am. Chem. S0d.967, 89,
(29) See, for example: Weschler, C. J.; Deutschingrg. Chem.1973 722.

12, 2682. (34) Gould, E. Slnorg. Chem.1979 18, 900.
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Since outer-sphere reductions by?Eproceed an order of  Table 4. Specific Rates for Reductions of Cobalt(lll) Complexes,
magnitude more slowly than those by Ru(j#3*, the observed ~ [RCH:CO,Co[NH;)s]** (25 °C), and Effect ofo-Thio Substitution

very rapid E@" reduction of our sulfur oxidant must (as is the k, M—ts?

case with Ct") be preponderantly inr_ler-sphere, and ;imilar R=H R=CHCH.S

reasoning leads to the same conclusion for tR& kduction reductant M n ) kilk,  ref
of the NyO, complex3® The rate for the CB(N4O,)—EWZ" "

o . . o . r 1.5 0.35 5.2 15 4
reaction is consistent with partition between the two paths, with 2+ 1.0 1.25 1.64 1.3 20
the outer-sphere routkds~ 5 x 10~3) contributing about 20% Ewt 1.0 1.7 1.84 1.1 17b
of the total. The observed inversed{Hterm for this reaction Ti(lr) 1.0b¢  0.045 0.010 022 e
is in accord with a substantial bridged comporéht. Cu ) L1 = 0004 0.070 18 16

The N-methyldihydrophenazinium cation, like other related Ru(NFb)s 0.5¢< 0.022 0.041 1.9 20

N-methyldihydro- 1.0 0.057 0.018 031 e

dihydroflavinoid system&3®has been shown to reduce a variety phenaziniumy)

of Co(lll) complexes by an outer-sphere process. Rate constants . . ) o _

are generally several orders of magnitude greater than those for_ * Reactions were run in CIO media with [H] = 1.0 M unless
ot L - . otherwise indicatec? [H*] = 0.20 M. ¢ Supporting electrolyte was ClI

Ru(NHg)e**, a selectivity which pertains also to the present 4[H*] = 0.013 M.° This work

systems. As with the metal-center reductants, tHéSzoxidant ’ ’ '

exhibits greatly enhanced reactivity in relation to itsbound transfer®® presumably because lengthening and shrinking of

analog, with reduction of chelat too rapid to measure with metal-ligand bonds associated with changes in oxidation state,

our methods. o . . which contribute substantially to the FrareRondon barrier
The most striking aspect of the present study is obwou_sly to these changes, become minimized in such systéms.
the persistence of the marked kinetic advantage in reductions

O e e o boud . Rt o forheahiosubsiuied carbonato complocs suciamust
the reductant may be reflected in alteration of the rate law and lie elsewhere., for sulfur in these oxidants is S|.tuated outside
a change in the predominant reaction path. Enhanced rates withtma _coordmatlc_)n sphere of Co(lll). These rate Increases were
the sulfur-bound oxidant appear to extend even to metal-free originally ascrlbedl_to a greater degree of conversion of the
coreagents. reactants to the binuclear precurswl| , reflecting S-Cr(ll)

It is difficult to escape the conclusion that rate increases '
associated with sulfur-containing ligands arise from more than /,C r\
one effect. The structural trans effect in redox reactions, as R-S o
formulated originally by Orget® and applied specifically to H \C__C// "
S-bonded Co(lll) oxidants by Eld&rpertains to inner-sphere 2 \0/C°
reactions in which rate enhancement is associated with attack
at a bridging site, lying trans to donor sulfur, which is attached
by a stretched metal-to-ligand bond. This description may be . .
applicable to the high reduction rates for 25uV2+, and chelation, for they are not observ@dvith the outer-sphere

. . . . . 2+
Ti(OH)?*, to which we have assigned bridged paths (with the féductant Ru(NE)e"". It was not clear, however, why the
site of attack not determined). The same picture cannot, n@logoust-alkoxy complexes (in which oxygen replaces “side-
however, be extended, without modification, to the reduction Shain” sulfur) exhibit no such enhancemetitswe suspect that
by CR* in this study, for here redox bridging occurs at the Précursors of typ®Il receive an extra measure of stabilization
ligating sulfur itself rather than at the position trans to it. from chromium-to-sulfur back-bonding involving interaction of

Moreover, the model appears to be quite inappropriate for the the single gelectron of the ficenter with a low-lying but empty

The source of the (less striking) augmentatiorkgfvalues

Vil

outer-sphere reductions by Ru(Mgt* and by the dihydro- d-orbital of sulfur. A similar effect would be expected in
phenazinium cation, both of which likewise proceed at greatly comparisons of reduction rates by th& dation, Cu, and
elevated rates. indeedkc, for the S-substituted compleX,, is found to be

If we instead adopt the view that the principal accelerative 9réater than 17 times that for the acetato complex}
feature resulting from sulfur ligation depends neither on Moreover, the suggested picture is in keeping with the absence

mechanism nor, for bridged reactions, on the point of attack, Of acceleration by pendantalkylthio groups in reductions by
we may note that substantial electron drift from the very 11(11), by V(Il) (both of which centers are devoid ofge
polarizable sulfur atoms to the Co(lll) center in chelate electrons) and by thé gpecies Eu(ll) (Table 4), although each
imparts considerable covalency to theGo bonds’ Since of these reductants, and the outer-sphere reagent R)¢NH
there are, in addition, low-lying 3d orbitals one each sulfur, the S Well, is seen, in the present study, to respond dramatically
(SpCO" arm of the oxidant has taken on the character of a to incorporation of sulfur in the primary coordination sphere of
quasiaromatic fragment. The incorporation of metal centers into the oxidant.
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