effect imposes more constraints on the «-alanate system
than glycinate, thereby, if for no other reason, sta-
tistically reducing the stability of the complex. Since
AIB possesses two C-methyl groups, considerable
hindrance would occur in the carbinolamine form.
Because of this the imine form predominates.

With pyruvate, hydrogen a is replaced by either the
methyl group or the hydroxyl. In either case strong
interference between this group and hydrogen b occurs
in the carbinolamine. Thus, pyruvate complexes
favor the imine. Zinc(I)-pyruvate-glycinate appar-
ently can exist to an appreciable extent (30%) as the
carbinolamine* owing to the more flexible coordination
permitted by this metal ion. The interfering group can
swing away from hydrogen b if a distortion from planar
coordination is permitted.

The reduction in the intensity of » for nickel(II)-
pyruvate—{3-alanate reported in the preceding paper’
suggests some carbinolamine formation. This result is
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consistent with the present conclusions since the more
flexible six-membered ring permits hydrogen b to
swing away from the interfering group even if planar
coordination with the carboxylate oxygens occupying
trans positions is required.

The imine of glyoxalate—AIB-nickel(IT) has the struc-
ture

where substituent interference is minimized, but where
ring strain nevertheless exists.

Reactivity of Hydrogen Atoms toward Some Cobalt (III)
Complexes in Aqueous Solutions’

Jack Halpern and Joseph Rabani?
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Abstract:

Kinetic studies on the reduction of various cobalt(III) complexes by hydrogen atoms are described.

The hydrogen atoms were generated by Co® y irradiation of the solutions and the rates of reaction with thecobalt(III)

complexes determined by competition with the reaction with ethanol.

Rate constants ranging from 3.3 X 1019 to

2.0 X 10" M1 sec™! (at 26°) were determined for the reactions of H atoms with Co(NH;):12*, Co(NHj;);Br?+, Co-
(NH;);NCS?+, Co(NH,);(H-fumarate)?*, Co(NH,);Clzt, Co(NH;)sN;2*, Co(NH;)s(NO,);, Co(NH;);NO.?*, Co-
(NH,):CN2*, and Co(CN)¢#~, along with upper limits for reactions with a number of other cobalt(IIT) complexes.
In a number of cases the rates of reactions with the corresponding free ligands also were determined. The mecha-
nisms of these reactions and the relation of the observed reactivity patterns for H atoms to those for other reductants

are considered.

Recent studies®5 on the kinetics and mechanisms
of inorganic electron-transfer reactions have in-
cluded a number of systematic investigations on the
reduction of cobalt(IIT) complexes (notably of the penta-
amminecobalt(III) family) by various reducing agents
including Cr?*(aq), V**(aq), Eu?t(aq), Cr(dipyridyl);2+,
Ru(NH;)s?+, and Co(CN);*~. Among the objectives
of these investigations have been the determination of
whether electron transfer occurs by an inner- or outer-
sphere mechanism and the elucidation and interpreta-
tion of the reactivity patterns, e.g., that of a given re-
ductant toward a series of different pentaammine-
cobalt(III) complexes. Similarities as well as dif-

(1) Support of this research through a grant from the National Science
Foundation and through a grant to the University of Chicago from
the Advanced Research Projects Agency is gratefully acknowledged.

(2) Department of Physical Chemistry, Hebrew University, Jerusa-
lem, Israel,

(3) 1. P. Candlin, J. Halpern, and D. L. Trimm, J. Am. Chem. Soc.,
86, 1019 (1964).

(4) 1. F. Endicott and H. Taube, ibid., 86, 1686 (1964).

(5) J. P. Candlin, J. Halpern, and S. Nakamura, ibid., 85, 2517 (1963).
J. Halpern and S. Nakamura, “Proceedings of the 8th Conference on
Coordination Chemistry, Vienna,” Springer Verlag, Berlin, 1964, p 271,

ferences among the reactivity patterns of the various
reductants were found, some of which apparently are
related to whether the electron-transfer reactions are of
the inner- or outer-sphere type. The significance of
these reactivity patterns, particularly for inner-sphere
reactions, is, however, far from completely understood
and their elucidation calls for further work.

In this context it appeared of interest to examine the
kinetics of the reduction of a variety of pentaammine and
related cobalt(IIl) complexes by still another reducing
agent of somewhat different, but not unrelated, proper-
ties, namely, atomic hydrogen. At the time that this in-
vestigation was undertaken only a few such measure-
ments had been reported,® based on a very indirect
method which yielded only relative rate constants,
While this work was in progress, two other papers’®
appeared reporting further kinetic measurements on
such reactions. In view of the incomplete scope of

(6) E. Collinson, F. S. Dainton, B. Mile, S. Tazuke, and D, R. Smith,
Nature, 198, 26 (1963).

(7) G. Navon and G. Stein, J. Phys, Chem., 69, 1391 (1965).

(8) M. Anbar and D. Meyerstein, Nature, 206, 818 (1965).
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these investigations and of some discrepancies between
the two sets of results which were obtained by quite
different experimental methods, it appeared worth-
while to complete and extend the present investigation.
The results reported here include rate constants, de-
termined by yet another method, for some of the
reactions previously investigated, as well as for the
reactions of hydrogen atoms with a number of other
cobalt(III) complexes and, in some cases, with the
corresponding free ligands.

Experimental Section

Materials. The cobalt(III) complexes were prepared by the
procedures previously described.? Other chemicals were analytical
grade reagents. Triple distilled water was used to prepare the
solutions,

Procedure. The rates of reaction of H atoms with the cobalt(III)
complexes were determined by a competition method based on the
competing reactions of the H atoms with ethanol and with the
cobalt(III) complex.

The H atoms were generated by v irradiation of the solutions
using a Co® source.® The dose rate was determined with the
Fricke dosimeter using G(Fe*?) = 15.5 and €050 = 2200 at 25°, a
correction being applied for other temperatures. Solutions were
prepared by the syringe techniquel® using redistilled argon to force
the solutions into the syringes; dilutions were made by means of
microsyringes,1* Irradiation was carried out in the absence of a
gas phase. Two radiation sources, having dose rates of 1 X 1019
and 1.5 X 1018 ev 1.71 sec™1, were used and gave consistent results.
The total dose in each experiment was about 1.3 X 102 ev 1,71,

Unless otherwise indicated, the reaction solutions contained 0.1
M HCIO, which, at this concentration, apparently is inert to the
species produced by the irradiation.i? All kinetic measurements
were made at 26 &= 1°

The absorption of v radiation by water generates various radical
and molecular species, notably e~(aq), H, OH, H,, H:O., H*, and
OH~_13

In acidic solutions e~(aq) is converted to H atoms!¢ by reaction
with H* with a rate constant of 2 X 101® M~1sec~1.18 The equilib-
rium, H* + OH~ s H;0, is sufficiently rapidly achieved so that
under conditions of low-intensity steady radiolysis the effects of the
radiation-produced H* and OH- can be neglected, particularly in
solutions containing added acid or base. The species whose
effects are to be considered are thus: H, OH, H,0,, and H..

Our method for the determination of the rate constants of the
reactions of H atoms with the cobalt(III) complexes was essentially
that first used by Baxendale and Smithies!® and subsequently by
many other workers.!? Ethanol, in known concentrations, was
added to react®-1? with the H atoms and OH radicals according to
eq 1and 2. If all the hydrated electrons produced by the radiolysis

H + CH;CH,OH —> H. + CH;CHOH (e

OH 4+ CH;CH,OH —> H,O0 4+ CH;CHOH 2)

are converted to H atoms by reaction 3 and subsequently react with
e(aq) + H* —> H 3)

ethanol according to (1), then the total experimental yield of Hs,

(9) We are grateful to Dr. L. E. Kevan for the use of the Co®? sources.

(10) C. B. Senvar and E. J. Hart, Proc, 2nd Intern. Conf. Peaceful
Uses At. Energy, Geneva, 29, 19 (1958).

(11) E. J. Hart, S. Gordon, and J. K. Thomas, J. Phys. Chem., 68,
1271 (1964).

(12) D. Katakis and A. O. Allen, ibid., 68, 3107 (1964).

(13) M. S. Matheson and J. Rabani, ibid., 69, 1324 (1965), and refer-
ences cited therein.

(14) J. T. Allen and G. Scholes, Nature, 187, 218 (1960).

(15) L. M. Dorfman and I. A. Taub, J. Am. Chem. Soc., 85, 2370
(1963); J. P. Keene, Radiation Res., 22,1 (1964); S. Gordon, E. J.
Hart, M. S. Matheson, J. Rabani, and J. K, Thomas, J. Am. Chem. Soc.,
85, 1375 (1963).

(16) J. H, Baxendale and D. H. Smithies, Z. Physik. Chem. (Frank-
furt), 7, 242 (1956).

(17) (a) J. Rabani and G. Stein, J. Chem. Phys., 37, 1865 (1962);
(b) G. Scholes and M. Simic, J. Phys. Chem., 68, 1738 (1964); (c) E.
Hayon and M. Moreau, J. Chim. Phys., 62, 391 (1965).

(18) C. Lifshitz and G. Stein, J. Chem. Soc., 3706 (1962).

(19) G. G. Jayson, G, Scholes, and J. Weiss, ibid., 1358 (1957).

denoted as G(Hs) (and expressed in molecules per 100 ev), is given by
G(Hz) = Ge + Gy + Gy, O]

where G., G, and Gg, are the primary radiation-produced yields
of e~(aq), H, and Hs, respectively.

If another solute, X, is added, which also reacts with H atoms,
but without producing H,, then the total yield of H,, /.e., G(Hz),
will be reduced to an extent which depends on the ratio of the
concentrations of X to C:H;OH in accord with

1 _ 10 Thasx X
GH,) — Gm, G(H)+ G(H)[ ki [C2H50H]] ©)

where &, is the rate constant of reaction 1, kg+x the rate constant
for the reaction of H with X, and G(H) the total yield of H atoms
for which the two solutes compete.

In 0.1 M HCIO, where all the hydrated electrons are converted to
H atoms, G(H) = G. + Gg. In a few experiments in near-neutral
solutions where quantitative conversion of e~(aq) to H is no longer
assured, acetone was added to scavenge the electrons according
t014

e~(aq) + CH3;COCH; —> (CH;COCHj;)~ 6)

Under these conditions eq 5 is still valid, but now GH) = Gu
(=0.55).

Values of ku+x for the reactions of H atoms with various cobalt-
(III) complexes were determined, using eq 35, from measurements of
G(H,) at various [X]/[[C:H;OH] ratios. Values of [X]/[C:H;OH]
were corrected for solute depletion during irradiation, the correction
generally amounting to less than 10%,. The H, produced during
irradiation was separated from the solution with a Van Slyke
apparatus and determined gas chromatographically using an
Aerograph 660 gas chromatograph and a 13-X molecular sieve
column,

The G values used in our calculations were: Gy, = 0.43 in 0.1
M HCIO, solution; Gg, = 0.40 and 0.34 in neutral solutions con-
taining 2 X 10~%and 2.5-5 X 102 M acetone, respectively.

Results

Effect of Ethanol on G(H.;). The dependence of
G(H,) in 0.1 M HCIO, on the concentration of ethanol,
in the absence of other solutes, was determined ex-
perimentally. The results are shown in Figure 1 and
are in accord with those of other workers.!%1® The
slight increase in G(H,) with ethanol concentration is
probably due in part to an increase in Gy and, possibly
in part, to the effects of impurities which compete more
effectively for H atoms with ethanol at low concen-
trations of the latter. The values of G(H,) correspond-
ing to the solid curve in Figure 1 were used in the
subsequent determinations.

Competition of C;H;OH and O, for H Atoms. Our
method for determination of the absolute rate constants
for the reactions of H with cobalt(IIl) complexes de-
pends on a knowledge of k;. Unfortunately, k; has not
yet been directly determined. Many previously re-
ported ““absolute” rate constants for reactions of H
atoms are based on comparison with kg+o,, Which in
turn is somewhat uncertain but is at least approximately
known. Our method was therefore “‘calibrated” by
determining k,; relative to km+o, by measuring G(H,)
for solutions containing various [O,]/[C.H;OH] ratios.
The results are shown in Figure 2 and yield ku+o/k:
= 520 = 80 (based on Gy, = 0.43).

There is still some uncertainty about the value of
ku+o. Schwarz® has reported a value of (2.0 =
0.4) X 10" M—! sec-! for kyipe+. Allen and Roths-
child?! reported ku+ofku+re- = (1.2 = 0.3) X 10°
in 0.8 N H,SO, (and a somewhat higher value at pH

(20) H. A. Schwarz, J. Phys. Chem., 67, 2827 (1963).

(21) A. O. Allen and W. G. Rothschild, Radiation Res., 7, 591
(1957); 8, 101 (1958).
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Figure 1. Dependence of G(H;) in 0.1 M HClO, on the ethanol
concentration.
2.1). Combination of these measurements yields

Kato, = (2.4 = 1.1) X 101 M~!sec—!. An attempted
direct determination?? of kgio, using pulse radiolysis
techniques yielded kgio, = 2.1 X 101 M-! sec—!,
Other indirect determinations?223® have yielded values
of 1.2 X 10, 1.9 X 10", and 2.6 X 10" M—! sec~! for
kKut+o. Using the value kgyo, = 2.0 X 101 M-!
sec™!, the results in Figure 2 yield k&, = 3.8 X 107
M-1sec™!. It should be noted that this value and all
the other rate constants reported in this paper are sub-
ject to modification in the light of future re-evaluation of
kH+02'

Reactions of H Atoms with Cobalt(III) Complexes.
The results of our measurements on the rates of reac-
tion of H atoms with various cobalt(III) complexes
are summarized in Table I. Typical data, plotted in
accord with eq 5, are shown in Figure 3. Rate con-
stants computed from the slopes of such plots using eq
5 are summarized in Table III.

The reactions of a number of the complexes with H
atoms were too slow for the rate constants to be reliably
estimated by the method used, and in these cases only
upper limits for the rate constants could be established
(see Table II). These complexes include Co(NH;)s%+,
Co(NH;);OH,**+, Co(NH;);F?*, Co(NH;);0Ac?t, and
Co(NH;);PO,. Slight decreases in G(H,;) with in-
creasing [Co(III)]/[ethanol] ratios were noted in most
of these cases, the decreases for Co(NHj)s*t and
Co(NH;);OH,* being larger than could be accounted
for by a decrease in G(H) owing to reaction of the
cobalt(III) complex with e—(aq). Nevertheless, the
scavenging efficiencies of these complexes for H atoms
are so low that the possibility of contributions from
impurities cannot be excluded, and in our view only the
significance of upper limits should be assigned to the
rate constants for these systems.

The values of the rate constants for the reactions of H
with Co(NH;);OH,** and Co(NH;);F?+ determined by
Navon and Stein’ and by Anbar and Meyerstein®
are consistent with (and only slightly below) our upper
limits for these rate constants. Their reported values

(22) S. Gordon, E. J. Hart, and J. K. Thomas, J, Phys. Chem., 68,
1262 (1964).

(23) J. K. Thomas, ibid., 67, 2593 (1963); H. Fricke and I. K. Thomas,

Radiation Res. Suppl., 4, 35 (1964); J. P. Sweet and J. K. Thomas, J.
Phys. Chem., 68, 1363 (1964).

[G(H:) — GH ™.
e

0 i ] | {
0 1 2 3 4
([O2]/{C:HsOH)) X 103,
Figure 2. Competition between ethanol and oxygen for H atoms

in 0.1 M HClO,. Ethanol concentrations (M): Vv, 0.05; O, 0.08;
0,0.10; A,0.20; O, 0.40.

[Cobalt(IID)]/{C:H;OH].
0 2 4 6
T T

0 { | 1 |
0 0.01 0.02 0.03
[Cobalt(IID]/[C:HsOH].

0.04

Figure 3. Typical plots according to eq 5 showing competition
between ethanol and various cobalt(III) complexes for H atoms
(based on data in Table I): O, Co(NHj):Cl**; =, Co(CN)e*~; A,
Co(NH;);NCS2?+; O, Co(NHj3);CN?*; ¥, Co(NHg)sI?*. Upper
scale applies to Co(NH3);CN?* and Co(CN)s*~, lower scale to the
other complexes.

of 1.9 X 10¢ and 1.6 X 10® M—! sec™!, respectively, for
kit conmya+ are in excess of our estimated upper limit
for this rate constant; for the reasons already given we
are inclined to suspect impurity effects in these cases.

The high value of G(Hy) (=1.23) observed for a
solution containing 4.4 X 107* M Co(NH;);OAc,
in the absence of ethanol, may reflect hydrogen abstrac-
tion from the acetate ligand by H atoms. No indica-
tion of hydrogen abstraction was found with
Co(NH;);F* (G(H:) = 0.50 in the absence of ethanol)
and only a slight indication with Co(NH;);00CIF;*+
(G(Hy) = 0.64 in the absence of ethanol), which may
reflect reactions with impurities rather than with the
complex. Hydrogen abstraction by H atoms from
Co(NHjy)e*+ or Co(NH;);OH,** has previously been
ruled out by Katakis and Allen.?*

The reactivity of H atoms toward the other cobalt-
(I11) complexes listed in Tables I and II were sufficiently
high for the rate constants to be determined reliably
by the method used. These rate constants ranged from
33 X 10 for kH-{-Co(NHa)aI“’ to 20 X 10" for

(24) D. Katakis and A. O. Allen, ibid., 68, 1359 (1964).
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Table I. Reactions of H Atoms with Cobalt(IIl) Complexes® Table I (Continued)
[Ethanol], [Complex] [Ethanol], [Complex]
Co(III) compd M [Ethanol]  G(H») Co(III) compd M [Ethanol] G(H3)
[Co(NH;);Cl]Cl, 1.0 X 1072 7.7 X 10¢  3.23 [Co(NH;);OOCCF;]- 1.0 X 10~ 4.9 3.48
2.0 X107 1.11 X 10~ 2.67 (ClOy), 5.0 X 1075 54 2.72
1.0X 1072 1.66 X 10~ 2.56 2.3X 1078 75 2.60
1.0 X 1072 3.67 X 102 1.82 0 ® 0.64¢
5.0 X 107 4.45 X 1072 1.67 [Co(NH3)sPO4] 20X 10+ 7.0 3.20
6.0 X 10~% 6.1 X 10"t 0.51 [Co(NH;)s(trans- 40X 1072 20X 10"% 3.02
[Co(NH5);CI}(CIO4). 1.0 X 102 1.30 X 10~ 2.59 OOCCH= 20X 1072 1.2X 102 1.94
1.0 X 10"z 2.21 X 10~2 2.23 CHCOOH)XCIO4), 1.0 X 102 2.3 X 10~ 1.31
[Co(NH3)sBr]Br: 1.0Xx 100t 1.11 X 103 3.05 40X 108 6.1 X107z 0.73
1.5 107t 1.69 X 10~3 2.77 5.0 X 107% 30 0.42
ég X 18:: §(7)(5) X 18:: % gg 2 All measurements at 26 = 1° in 0.1 M HCIO, unless otherwise
- § e 1% XX10-3 R noted. ©2.95 X 10~*+ M [Co(NHg):Br]Br. ¢1.7 X 10~4 M
9'0 10-2 5'7 103 .62 [Co(NH3);NCS}(ClO4); 1.39 X 1074 M KBr. 410 X 102
e TXIE K;[Co(CN)gJ; 5 X 1075 KBr. ¢8 X10~* M[Co(NH;);F(ClOs);
_ L 1 X 1074 M KBr. /4.4 X 10-* M [Co(NH);,0Ac[CIO.).. 72
(CooumupaCIon  LOXIOY 1991070 178 S0 aCotN00CER IO 1 % 10+ Kb,
1.0X 1070 1.1 % 10-% 2.55
;(8) § ig:: ig § 18:: %ég Table II. Reactions of H Atoms with Free Ligands
1.0X 1071 2.5%10"% 1.90 [Ethanoll, [Ligand]
3.0 X 1071 2.6 X 108 1.55 Ligand M (Ethanol]  G(Hy)e
9.3 X 1072 3.2 10~% 1.39 :
[Co(NH;):N;5)(ClOy). 8.0 X 1073 3.0Xx 102 234 NO,™® 2.3 X 1072 1.09 X 102 0.76
8.0 X 10% 6.7X 10"2 1.64 2.2 X 1072 2.85 X 1072 0.60
2.4 1072 8.1 X102 1.44 8.0 X 10-3 3.75 X 102 0.57
8.0 X 10~% 1.36 X 10t 1.03 7.7 X 10-3 1.00 X 1071 0.49
[Co(NH;);NCSI(ClO4), 3.0 X 10~2 2.43 X 10~* 3.30 0 @e 0.35
6.0 X 1072 2.69 X 103 2.99 HNO,4 8.0 X 103 2.4 X 102 2.45
3.0 X 1072 2.82Xx10°% 2.74 1.6 X 102 4.9 X 1072 1.92
3.0 X 1072 54X 10°% 2.18 8.0 X 103 9.8 X 1072 1.40
3.0 X 1072 9.8 X103 1.92 0 ® 0.44¢
1.5 1072 1.04 X102 1.93 N~/ 2.0 X 101 3.6 X 1073 0.65
3.0 1072 1.11 X 102 1.63 2.0 X 10! 7.3 X 1073 0.61
0 ® 0.46° N3 1.0 X 107! 7.2 X 108 0.58
[Co(NH3);CNICl, 6.0 x 107+ 0.19 3.23 1.0 X 101 1.46 X 10-2 0.53
[Co(NH3);CNJ(ClO04). 3.4 X 10°% 0.53 2.22 5.0 X 102 3.05 X 102 0.40
1.7 X 10~% 1.08 1.73 5.0 X 102 3.84 X 102 0.40
1.7 X 10~ 1.57 1.35 5.0 X 102 1.19 X 10t 0.34
1.7 X 10~ 2.10 1.24 HN;"* 2.0 X 10! 2.40 X 102 3.97
[Co(NH;)sNO.J(ClOs) 4.0 X 10~3 1.07 X 1071 3.38 1.0 X 101 5.76 X 102 3.42
2.0x 1078 2.14 X 10t 2.35 2.5 X 1072 1.16 X 101 3.06
4,0 X 1078 3.3 x 107t 1.97 2.5 X 102 2.60 X 10! 2.07
2.0X 107 4.8 X 107t 1.65 2,5 X 1072 4.50 x 10! 1.65
4.0 X 1078 19 0.42 [Fumarate]?~* 5.0 X 102 7.9 X 102 0.40
[Co(NH3)s(NO»);] 40X 1073 6.5X 1073 3.30 [H-fumarate]~/ 5.0 X 102 1.35 X 102 0.51
4.0 % 1073 1.32x 10"z 2.83 5.0 X 102 2.3 X102 0.50
40X 1078 2.8 102 2.73 5.0 X 102 1.7 X 10! 0.37
-3 -2
‘218 ;2 18_3 2(2) § %8_2 %;(8) a Measured G(Hz) values for media used (other than 0.1 M HCIO,)
4‘0 X 1072 1‘63 % 10-1 1‘33 when no ligand present: G(H:) = 0.88 for neutral solution contain-
20 X 10-3 5'5 % 10-1 0'71 ing 5 X 102 M ethanol and 2.5 X 10~% M acetone; G(Hz) = 0.99
50 % 10-3 22 0.45 for solution containing 5 X 10~3 M NaHCO;, 8 X 10~% M ethanol,
Nag[Co(CN)q] 2’4 % 10-%  1.78 X 10-! 3'32 and 2.2 X 1078 M acetone. > NaNQ; in 5 X 10-3 M NaHCO;
§ ¢ 2'4 % 10-3 3'6 % 10-1 3'42 containing 2.2 X 1073 M acetone. <8 X 107* M NaNQ, ¢In
12510 71x10-1 266 0.1 M HCIO,. ¢8 X 10~* M HNO.. /NaNjin 50 X 10~ M
2'7 X 102 8‘5 % 10-1 2'68 acetone; no added acid. ¢ NaN; in 2.5 X 1072 M acetone; no
12%10-% 1 ’43 240 added acid. *In 0.1 M HClO,. ‘Sodium fumarate in 6 X 10~%
1'2 % 1073 2'43 2.08 M NaOH and 2.7 X 10~2 M acetone. 7 In 2,7 X 10~2 M acetone;
K[Co(CN);] 1.0 % 10-2 2 60 1.91 total ligand concentration includes 90% H-fumarate™ and 109
2.0 X 1078 6.5 1.24 fumarate™.
1.0 X 10~% 9.1 1.08
0 ® 0.374 o _ ,
[Co(NH3)e[(ClO.)s 3.0 X 107 0.95 3.2 ku+cocnyg- Our determinations yield for the ratios,
2(7) § %8—: 73'1 gg K+ Co(NHsC12+! KH+ Co(NHs)sBr2+ kH-!—Coil‘\IPﬁ)nI“the Valugs
: g : 1:8.8:21, in reasonable agreement with the correspond-
- —~ 4
[CotNHa)HOKCIOW, f; § %8_4 4113 gig ing ratios 1:4.5:13.7 (at pH 4-6) reported by Anbar
[Co(NH;3):FI(CIO4): 1.1 x107% 3.0 3.10 and Meyerstein® and 1:6.3:45 (in neutral solution)
6.0 X 10 8.9 2.97 reported by Navon and Stein” There are, however,
1.0 X107* 10.6 2‘8(3)6 discrepancies of up to a factor of ten between our
[Co(NH):0Ac(ClO:), 1 g % 10-2 8.7 ;: 10-2 (3) go absolute rate constants and the earlier ones for these
50% 104 4.1 315 compounds as well as for k'H+c°(NHs),st+ and
0 @ 1.237 ku+coxmgscn:+  These discrepancies are probably not
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Table III. Summary of Rate Constants
kH + substrates®
Substrate M~1sec™!

Co(NH;3):12+ (3.3 £ 0.8) X 101¢
Co(NH;3);Brz* (1.4 == 0.2) X 101
Co(NH;);NCS 2+ (6.3 £0.7) X 10°
Co(NH3)s(H-fumarate)?®+ 6.1 £1.0) X 10°
Co(NH3)sClI** (1.6 & 0.2) X 10°®
Co(NH;3)sNj2+ (1.1 £0.3) X 10°®
Co(NHj3);NO,2* (1.6 £ 0 2) X 108
Co(NH;);CN2+ (6.1 £0.8) X 107
Co(CN)g*~ 2.0£0.3) X 107
Co(NH;);F* <2.0 X 108
Co(NH;3);:0Ac?* <1.3 X 108
Co(NH;);OH,%+ <1.0 X 108
CO(NH3)5P04 267 X 108
Co(NH;);00CCF;2+ <2.7 X 108
CO(NH3)53+ _<_13 X 108
NO,~ (2.4 £ 0.4) X 10°
HNO, (1.0 £ 0.2) X 10¢°
N3~ (7.3 % 0.8) X 10°
HN; (1.6 £0.1) X 108
H-fumarate™ ~5 X 109

¢ At 26 == 1°; other conditions given in Tables I and II.

outside the uncertainty of the diffusion model on which
the determinations of Navon and Stein are based and
undoubtedly also arise in part from the use by Anbar
and Meyerstein of a value of kg +s.p.propanot Which is too
low, being based in turn on kgto, = 1.9 X 10° M—!
sec™!, The other rate constants listed in Table IT have
not previously been determined.

In 2 number of cases including Co(NH;);NO,2*, Co-
(NH;);Cl#*, Co(NH);Br+, Co(NH;);NCS 2+, Co(NHj);-
(trans-OOCCH=CHCOOH)?**, and Co(CN)s*, it
was established (Table I) that G(H,) approached a
limiting value of ~0.4 (~Gpy,) with increasing [cobalt-
(Ii)]/[ethanol] ratio. It thus appears that, except for
the case of Co(NH;);O0Ac?t referred to earlier, H
atoms react with these complexes by reduction rather
than by hydrogen abstraction.

In addition to the cobalt(III) complexes, the reaction
solutions generally contained one or more of the follow-
ing anions: ClO¢, Br-, Cl-. At the concentrations
used ClO,~ is apparently inert to all the species present
in the solution. Br— and Cl~ are unreactive toward H
atoms but susceptible to oxidation (to Br and Cl,
respectively) by OH.25 Scavenging of OH radicals by
ethanol, however, is sufficiently efficient under the condi-
tions of our rate constant measurements to prevent this
(KoH+ethanot = 2 X 10% M~1sec~1).2¢ In certain experi-
ments, designed to determine whether H atoms react
by hydrogen abstraction from the cobalt complexes,
ethanol was absent and KBr was deliberately added to
scavenge the OH radicals.

Reactions of H Atoms with Free Ligands. In a
number of cases it was considered important to de-
termine the reactivity of H atoms toward the free
ligands because of the possibility that the free ligand is
produced under the conditions of the reaction by hy-
drolysis or decomposition of the cobalt complexes.
In certain cases it was also of some interest to determine
the relative reactivities of the free ligand and the com-

(25) T.J. Sworski,J. Am. Chem. Soc.,76, 4687 (1954); M, Anbar and
J. K. Thomas, J. Phys. Chem., 68, 3829 (1964).

(26) M. S. Matheson, W, A Mulac J. L. Weeks, and J, Rabani,
submitted for pubhcauon
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plex. The results of our measurements are summarized
in Tables III and I1.

The value of 2.4 X 10° M—!sec™! for kg4 no,- agrees
with several earlier determinations of this rate constant
when normalized to the value of ku+cmcmon (=3.8
X 107 used by us.!™° Our results further indicate
little differences between the reactivities of NO,~
and HNO, toward H atoms. Reaction of H atoms
with HNO, apparently does not involve hydrogen ab-
straction since a 0.1 M HCIO;, solution containing 8 X
10-* M HNO,, in the absence of ethanol, yiclded a
value of G(H;) = 0.44 (~Gyg,). It is also of interest
that the reactivity of Co(NH;);NO,%* toward H atoms
is significantly lower than that of either NO,~ or HNO,
(Table II). In contrast to this, the reactivity of Co-
(NH;):N,2+ was found to be intermediate between the
reactivities of Ny~ and HNj;. The results for fumarate
are less precise but suggest that the reactivities of
HOOCCH=CHCOO~- and ~OOCCH=CHCOO-
toward H atoms are similar to each other and to that of
Co(NH ) (OOCCH=CHCOOH)?+,

Discussion

While the products of reaction of H atoms with the
cobalt complexes were not established in these studies,
it appears that, with the possible exceptions of Co-
(NH;3);NO,**, Co(NH3);N;**, Co(NH;);(OOCCH=
CHCOOH)?*, and Co(NH;);NCS?*, which will be
referred to separately, the ligands of the complex are
inert toward H atoms and the reactions with H atoms
involve reduction of the cobalt(III). This is also
supported by the general agreement of our rate con-
stants (and those of Anbar and Meyerstein®) with the
rate constants determined by Navon and Stein’ for the
formation of cobalt(I) by reaction of H atoms with
cobalt(IIT) complexes.

The nature of the reductant, its low reactivity toward
Co(NHj)e*", and the very drastic solvation change
associated with the direct (outer-sphere) oxidation of H
atoms to H;O* make it seem very likely that the ob-
served reactions of H atoms with the cobalt(II)
complexes occur by a mechanism analogous to the
inner-sphere (bridged) reduction of cobalt(Ill) com-
plexes by Cr?+, Co(CN);*, etc.,* 5 and involving attack
of the H atom on the anionic ligand,? i.e.,

(NH;);ColIX~ + H — [(NH;);Co!!XH] —>
Coll + HX (or H* + X~) + 5NH; (7)

The reactivity pattern toward different cobalt(III)
complexes determined above for H atoms is not suf-
ficiently distinctive, when compared to those for other
reductants,®> > to either support or refute this view,
except to the extent that it does not appear to resemble
the common reactivity pattern exhibited by several
different outer-sphere oxidants and thus indirectly
favors an inner-sphere mechanism. Inner-sphere mech-
anisms involving transfer of bridging ligands have also
been proposed for the reduction of metal salts by or-
ganic free radicals.2?

It is of some interest to compare the reactivity order
of H atoms toward the halopentaamminecobalt(IIT)
complexes, i.e., Co(NH;);I** > Co(NH;);Brz+ >

(27) 1. Halpern, Discussions Faraday Soc., 29, 252 (1960).

(28) J. P. Candlin and J. Halpern, Inorg. Chem., 4, 766 (1965).

(29) H. E. de le Mare, J. K. Kochi, and F. F, Rust, J. Am. Chem,
Soc., 85, 1437 (1963).
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Co(NH;):Cl** > Co(NHjy)sF2*, with that for other
inner-sphere reductants. The order is the same as
that observed for Cr2+ % and Co(CN);3-  as reductants
but the reverse of that observed for Eu?* ¢ and Fe?+ %
which are also believed to reduce these cobalt(III)
complexes by inner-sphere mechanisms and which ex-
hibit the reactivity order, Co(NH;);F 2+ > Co(NH,);Cl2+
> Co(NHj):Br2* > Co(NH;);I?~. Since the inner-
sphere mechanism involves transfer of the bridging
ligand from the cobalt to the reductant, i.e.

Co-X + red —» Co + X-red

it is to be expected that the reactivity order when X is
varied will be influenced by the variation of the strengths
of both the bond being broken (Co-X) and the bond
being formed (X-red). For the oxidants and reduc-
tants in question the trend is almost certainly for both
bond strengths to increase in the order I < Br < ClI <
F. It might further be expected that for highly re-
active reductants the influence of bond making in the
transition state is of less importance than bond break-
ing, and hence that the reactivity order should follow
the sequence determined by the strength of the bond
being broken, i.e., Co(NH;)I?* > Co(NH;);Brz+
> Co(NHj);Ci** > Co(NH;);F?*. For reductants of
low reactivity, on the other hand, stabilization of the
transition state by bond making to the reductant is
expected to assume greater importance, and the

(30) 1. H. Espenson, Jnorg. Chem,, 4, 121 (1964); H. Diebler and H.
Taube, ibid., 4, 1029 (1965).

reactivity order should thus be influenced to a greater
degree by the strength of the bond being formed, i.e.,
F > Cl > Br > 1. Put in a somewhat different way,
this is equivalent to saying that in highly exo-free ener-
getic reactions the transition state tends to resemble the
reactants, whereas in endo-free energetic reactions it
tends to resemble the product. The observed reactivity
orders of the different reductants toward the halo-
pentaammine complexes are consistent with this
interpretation when considered in the light of the ab-
solute reactivities of these reductants which follow the
order: H (1.6 X 10% > Co(CN):*~ 2 X 107 >
Cr2+ (2.6 X 10% > Eu?r (3.9 X 10?) > Fe?* (1.4 X
10-%), the values in parentheses being the rate constants
(in M—1sec—! at 25°) for reaction with Co(NH;);Cl2+,

Finally some comment is in order on those complexes
that contain ligands which are reactive toward H
atoms in the uncomplexed state. In these cases the
possibility must be considered that the reactivity of the
complex toward H atoms is essentially that of the li-
gand, influenced only to a minor degree by the presence
of the reducible cobalt(IIT) center, and hence that these
reactions differ in a rather fundamental way from those
of the other cobalt(Il[) complexes. While the ob-
served comparisons of the reactivities of several of the
complexes and the corresponding free ligands (notably
fumarate, NO,~, and N;™) are consistent with this view,
they do not rule out some influence of the cobalt(I1II)
center, and further investigations directed at elucidating
this important point would appear to be called for.

Electronic Character of Metal-Anion Bonds
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Abstract: The F!® nmr shielding parameters of m- and p-fluorophenylplatinum(II) complexes provide a criterion

of the electronic characteristics of other metal-ligand bonds in the compounds.

The o-donor characteristics

measured in this way parallel the basicities of the anions involved. The CN~, C;H:C=C~, and SnCl;~ ions are
strong 7 acceptors, but the halide ions have a net »-donor effect.

he electronic interaction between a metal ion and a

coordinated ligand has been studied by many
physical techniques.! The electronic spectra of ionic
complexes? and the infrared spectra of octahedral metal
carbonyls?® have been particularly useful in assessing
the nature of the metal-ligand bond. In complexes
of the type XMn(CO);, the C=0 stretching frequency
of the carbonyl trans to the anionic ligand X can be
related to the o-donor and w-acceptor character of the
Mn-X bond. A recent communication* described the

(1) Physical studies of metal-ligand interaction in the phenomenon
of the trans effect are reviewed by F. Basolo and R. G. Pearson, Progr.
Inorg. Chem., 4, 381 (1962).

(2) C. K. Jorgensen, “Absorption Spectra and Chemical Bonding in
Complexes,”” Pergamon Press, New York, N. Y., 1962,

(3) F. A, Cotton, Inorg. Chem., 3, 702 (1964), and references cited
therein.

use of F!® nmr shielding parameters of fluorophenyl-
platinum complexes (1 and 2) to study the Pt-X bond.
A fuller description of this technique is reported here.

1|>Et3 ll’Et3
Ot O
F PEt; PEt,
1 2

The F" shielding parameter of a monosubstituted
fluorobenzene is a very sensitive criterion of the elec-
tronic effect of the substituent.%¢ An inductive elec-

(4) G. W. Parshall, J. Am. Chem. Soc., 86, 5367 (1964).

(5) L. H. Meyer and H. S. Gutowsky, J. Phys. Chem., 57, 481

(1953). )
(6) R. W. Taft, E. Price, L. R. Fox, I. C. Lewis, K. K. Anderson, and
G. T. Davis, J. Am. Chem. Soc., 85, 709, 3146 (1963).
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