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bromide are based on the fundamental frequeticies
reported by Hawkins and Carpenter!? and by Miller
and Carlson!® which have already been discussed; the
maximum difference between the literature value and
the present value for any fundamental is 5 cm™! for
the tetrachloride and 10 cm~! for the tetrabromide.
The data in the JANAF tables for zirconium tetra-
chloride are in error owing to their being based on a
grossly inaccurate value?* for »(a;) (315 cm—? os. the
correct value of 377 cm~!) and on estimated values for
va(e) and »(ty) (these being in error by up to 6 cm—1).
The data in the JANAF tables for the halides Til4, Zr-
Bry, and Zrl, are entirely based on estimated values for
(24) Ya. S. Bobavich, 0pt. Spekirosk., 11, 85 (1981).
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the four fundamentals in each case; these estimates are
in error to the maximum extent of 63 cm™! for titanium
tetraiodide, 9 cm—! for zirconium tetrabromide, and 17
cm~ ! for zirconium tetraiodide. Tables VII-XII there-
fore place, for the first time, the very close similarities
between the tetrahalides of zirconium and hafnium on a
quantitative basis.?
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The rates of reduction of HN; by V(II) and Cr(II) are reported. Both reactions produce 1 mol of N2 and 1 mol of NHjs

and consume 2 mol of reductant.

Both reductions proceed by mixed second-order kinetics with the rate constant indepen-

dent of [H™*] over the range 0.1-1.0 M. For theratelaw defined by —d[{HNj;] /d¢ = 2[HN;] [reductant], the rate parameters
are: for Cr2t & = 18 M~1sec™!, AHF = 7.1 keal mol™}, and ASF = —20 cal mol~! deg~!; for Vit k = 2.8 X 10~2

M=Ysec—!, AH¥ = 14.4 keal mol~%, and ASF = —17 cal mol~! deg=1, all at 25°.

The reaction of Cr?+ with HNj; produces

a Cr-N bond in the first step. The fate of the unstable species prodiiced thereafter is discussed.

Introduction

The role a reducible ligand plays in redox reactions
between metal ions has become a topic of considerable
interest since Nordmeyer and Taube produced con-
vincing evidence of a radical ion intermediate in the
Cr2?+ reduction of isonicotinamidepentaamminecobalt-
(I1I) complex.! One feature of this interest involves
the study of the rate and mechanism of reduction of
free ligands. A detailed study of the V?*+* reduction
of cobalt(1II)-azide complexes? made information about
the V2+ reduction of hydrazoic acid necessary. Several
preliminary experiments indicated that the Cr?+ re-
duction of HNj, which has been examined previously,*
was not satisfactorily understood. In this report a
description of the kinetics and mechanism of the re-
duction of HN; by these two reagents is given. Of
interest in these noncomplimentary reactions is the
fate of unstable, intermediate, oxidation states; these
are discussed.

Experimental Section

Reagents and Analyses.—The sodium azide was an Eastman
product and was recrystallized from water as described by
Browne., A solution of this solid was analyzed by adding the
NaN; solution to excess Ce(IV) and titrating that excess with
standard Fe(II) solution to a ferroin end point.®

(1) F. Nordmeyer and H. Taube, J. Amer. Chem. Soc., 90, 1183 (1968).
(2) K. Hicks, D. L. Toppen, anid R. G. Linck, unpublished observations.
(3) M. Ardon and B. E. Mayer, J. Chem. Soc., 2819 (1962).

(4) C. F. Wells and M, A. Salem, ibid., 4, 1568 (1968).

(5) A. W. Browne, Inorg. Syn., 1, 79 (1939).

(8) J. W. Arnold, Ind. Eng. Chem., Anal. Ed., 17, 215 (1945).

Solutions of Cr(II) were derived from Cr(III) solutions by
reduction with amalgamated Zn. The Cr(III) stock solution
was prepared by H,O; reduction of CrO; in HCIO,. Total Cr(III)
content was determined by oxidation with peroxide of an aliquot
made basic using ¢ 4815 at 3730 A" The [ClO;7] of the stock
Cr(III) solution was determined by ion exchange of an aliquot
on Dowex 50W-X8 in the H* form and titration of the acid
released with standard base. Reducing power of the Cr(II)
solution was meastired by adding an aliquot to deaerated Ce(IV)
solution in H,80; medium?® followed by titration of the excess
Ce(I1V) with standard Fe(II). The concentration of total cations
(exclusive of H*) was determined by heating an aliquot of the
Cr(1I) solution with excess EDTA buffered at pH 5 for 5-15
min at 80°;% after raising the pH to 10 with NH,—NH,CI
buffer, the excess EDTA was titrated with standard Zn?* to an
Erio-Black-T end point.

Solutions of VO?* were prepared either by electrolytic reduction
of V305 in HCIO; acid or by treatment of a solution of VOSO; with
an anion-exchange resin in the ClO;~ form. No differences in
rate behavior between the two solutions were observed. Reduc-
tion was accomplished with amalgamated Zn. When not in use
this solution of V(II)was stored at —78° in order to prevent reduc-
tion of ClO,~. Total V was determined spectrophotometrically
as the peroxide complex;® [ClO,~] was determined as outlined
above. Analysis for total reducing power utilized the ceriometric
technique described for [Cr(II)], except that the excess Ce(IV)
was titrated with Fe(II) in a solution >5 M in H.SO, in order to
reduce VO,+ before Fe(phen);®*.t The [V?*F] 4+ [V¥] 4 [Zn?t]
was determined by an EDTA titration after oxidation of V2* with
ClO;~ or NO;~.

(7) G. Haupt, J. Res. Nat. Bur, Stand., 48, 414 (1952).

(8) J. Y. Tong and E, L. King, J. Amer. Chem. Soc., 82, 3805 (1960).

(9) G. Doppler and R, Patzak, Z. Anal. Chem., 162, 45 (1958).

(10) P. R. Guenther and R. G. Linck, J. Amer. Chem. Soc., 91, 3769 (1969).

(11) G. P. Walden, Jr., L. P. Hammett, and S. M. Edmonds, ibid., 66,
57 (1934).
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Ion-exchange studies were catried out on Dowex 50-X2 resin,
200-400 mesh.

Kinetic Studies.—The reduction of HNj; liberates N, which
causes bubbles to form on the walls of the reaction vessel. This
feature combined with the relatively small difference in absor-
bance of reactants and products makes spectrophotometric
monitoring of reaction progress difficult. Nevertheless, it was
found that this technique was adequate if care was exercised.
In particular, visual observation of the reaction cells was used
to confirm the lack of light-scattering bubbles in the vessel.
Because this approach was not possible on the stopped-flow
spectrometer, this instrument was used in only a few runs. A
typical experiment involved deaerating a solution of appropriate
medium with a stream of N, or Ar, followed by thermostating of
the cell and its contents. A deaerated solution of NaN; and the
reductant were then added with syringe techniques and mixed,
and the course of the reaction was observed on a thermostated
Cary Model 14 spectrophotometer. The raw kinetic data were
analyzed by a nonlinear least-squares program that minimizes
the sum of the squared deviation between calculated and observed
data points with weighting appropriate to the variable observed
(absorbance on the Cary, transmittance on the Durrum stopped-
flow spectrophotometer) by a Newton-Gauss technique.’?
Usually the calculated absorbance was within 0.002 absorbance
unit of the observed up to greater than 95%, reaction. The un-
certainty in individual rate constants was usually 1.5%.

Results

Stoichiometry.—Ardon and Mayer® have indicated
that Cr(Hy0):NH;%t (hereafter denoted CrNH,%+) is
one of the Cr(III) products of the reduction of HNj;
by Cr?t. This result has been substantiated here
by ion-exchange separation. In ClO,~ media, the other
dominant Cr(III) product is Cr(H;O),3*+ and 1 mol
of N, per mol of HNj; is produced as measured by the
volume of gas evolved. Table I gives analytical data

TaBLE 1
STOoICHIOMETRIC RESULTS FOR REDUCTION OF HN; BY Cr?+
———Per mol of HN;s reduced———
Mol of N2
~——Tnitial concentrations, M-—— —Mol of Cr(III) product— product
(Cr2+]o [HNazjo CrNHs#+* Crét CrClI2t N2
1.75 X 107t 6.75 X 1072 1.01
1.55 X 102 6.59 X 10-% 1.02
1.71 X 1072 9.28 X 10~% (.90¢ 0.894
7.25 X 1072 4,58 X 1072¢ (.90 0.88/
8.18 X 1072 4.48 X 107% (0.92¢ 0.88¢
1.71 X 1072 9.28 X 10~% -0.97 1.00
5.70 X 1073 2,29 X 10~% 1.02 1.02
1.58 X 102 1.05 X 10-% 0.96 0.87

e [H*¥] = 059 M. *[H*] = 091 M. ¢[H*] = 0.88 M.
4 Vield of dimer is 0.05 mol per mol of HNj; reduced (0.10 mol
of Cr(III)). ¢ [H*] = 1.07 M. / Yield of dimer is 0.047 mol
per mol of HN; reduced. Vield of CrN;?t is 0.017 mol per mol
HN; reduced. ¢ Vield of dimer is 0.040 mol per mol of HN;
reduced; of CrN;2*, 0.024 mol per mol of HN; reduced. * [Cl™]
= 0.88 M, [H*¥] = 0.91 M. [Cl7] = 0.226 M, [H*] = 0.96
M. 7[Cl7] = 0.088 M, [H*] = 0.93 M.

in support of the dominant stoichiometry
2Cr2* 4+ HN; + 2H* = CrNHg*t 4 Cr*t + N,

At the concentrations used in the kinetic experiments,
CrN;?+ 3 is produced in, at most, trace concentrations;
the dimer containing 1 mol of nitrogen per 2 mol of
Cr(III)2 accounts for about 8109 of the total Cr(I1I).
It has also been reported? that CrCl?** is formed as a
product in preference to Cr®+ in 1 N HCl. Experi-
ments summarized in Table I extend the range in which
this statement is true to lower concentrations of Cl1—.

(12) This program, RHODON36, is based on the method outlined by R. H.
Moore and R. K. Ziegler, Report LA 2367, Los Alamos Scientific Laboratory.
The functional relationship used to relate absorbance to time is variable to
allow equal equivalent concentration experiments to be analyzed.
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The V2+ reduction of HNj also produces a gas as a
product. Spectrophotometric analysis of the solution
after reaction of V2* with HN; was carried out using
literature values for the extinction coefficient.1314 For a
solution originally 0.051 M in V2+, 0.004 M in V?3+
and 0.021 M in HNj; the final concentrations were
0.0084 M in V2* and 0.0465 M in V¥t This result
indicates that the stoichiometry is adequately repre-
sented by

2Vt + HN;s + 3H* = 2Vi+ + NH;* + N,

Kinetics.—The Cr?* reduction of HN; was followed
at I = 1.0 M over a range of [Cr?t] of (0.4-45.2) X
10-% M, [HN;] of (0.40-3.3) X 10=% M, [H+] of 0.16—
1.00 M, [CI7] of 0.0-0.99 M and a temperature
range of 15.1-34.8°. Most reactions were monitored
at 4020 A. Within the rather large experimental errors
all data are consistent with the rate law

—d{HN;]

S = K[Crt*] [HNy)

with % independent of [H*] over the indicated range
and of [Cl~]. The data in Table II include the ob-

TABLE II
Rate DATtA ForR REDUCTION OF HN; By Cr2+,
I = 1.0 M HCIO,

108 M M-t see —l———
Temp, °C [Cr2t]e [HN3Jo kobsd koaled’
11.9 2.53 1.14 12.7¢ 9.7
12.4 2.39 1.67 11.3 10.0
12.4 2.49 1.67 11.0 10.0
12.7 3.13 1.26 9.8 10.1
15.1 4.97 2.18 12.2 11.3
15.1 1.80 1.44 12.4 11.3
15.3 2.08 1.01 10.6 11.4
17.0 1.19 0.51 12.8 12.3
17.1 2.21 0.72 9.4> 12.4
17.1 2.72 1.01 13.8 12.4
17.1 2.10 1.11 13.2 12.4
17.2 1.98 1.32 16.2¢ 12.5
17.2 3.35 3.30 16.7¢ 12.5
17.2 5.77 2.20 8.8¢ 12.5
24 .9 1.69 0.84 17.24 17.6
24.9 1.63 1.74 17.8 17.6
24.9 2.71 0.75 18.6 17.6
25.0 2.51 1.73 20.9¢ 17.7
25.0 1.73 1.73 14.8 17.7
25.0 1.81 0.90 21.4 17 7
25.0 1.81 0.90 17.8/ 17.7
25.0 0.85 0.50 19.6 17.7
25.1 1.18 0.88 16.8 17.8
25.2 2.72 0.56 21.1 17.9
25.2 0,82 0.53 21 .40 17.9
25.2 2.52 1.57 20.9 17.9
25.2 1.84 1.32 21.6 17.9
25.2 24 .4 0.53 25,84 17.9
25.3 39.0 0.53 27.8¢ 18.0
26.0 45.2 0.40 14.6 18.5
34.8 0.42 0.55 26.4¢ 26.9
34.8 1.27 1.12 31.1¢ 26.9

2[Cl17} =089 M. *[HY] =024 M, [Lit] = 0.76 M. ¢ Wave-
length of observation 2700 A. 4[Cl-] = 099 M. ¢[H*] =
0.16 M, [Li*] = 0,84 M. /[Cl7] = 0.28 M. ¢ Wavelength of
observation 2500 A, *[H*] = 0.87 M, I = 1.0 M with Cr2+.
t[H+] = 058 M, I = 1.0 M with Cr?+ and Li*. 7 Calcu-
lated from the activation parameters given in the text.

served values of k. From a nonlinear least-squares
computation using individual temperature-rate con-
stant values, the activation parameters were obtained.

(13) 8. C. Furman and C. S. Garner, J. Amer. Chem. Soc., T2, 1785 (1850).
(14) J. M. Malin and J. H. Swinehart, Inorg. Chem., T, 250 (1968).



TreE RepuctioN oF Hyprazoic Acip BY Cr(IT) anp V(II)

This fit yields kyse = 17.8 = 2.4 M~! sec™!, AH¥* =
7.1 = 0.8 kcal mol-!, and AS* = —289 + 2.9 cal
mol~! deg—!. This rate constant is in reasonable agree-
ment with the earlier report,* but the activation data
differ considerably.

The reduction of HN; by V2+ was studied over
the temperature range of 18.9-35.3° at I = 1.0 M,
with the reagent concentrations varied over the limits:
[V2+], (0.91-3.62) X 10—% M, [HN;], (0.30-2.65) X

10— M; [H*], 0.09-0.94 M. The individual runs
are described in Table III. The least-squares analysis
TABLE III
RATE DATA FOR REDUCTION OF HN; BY V2t
I=10M

M
—X102—— ~— X102 M 1 sec™i—
Temp, °C  [V2*]y  [HNi] [H*) kealed® kobsd
18.9 1.48 1.08 0.13 1.66 1.52
2.75 0.77 0.76 1.68
1.87 1.18 0.12 1.57
24 .9 2.96 0.39 0.79 2.81 3.02
1.77 0.35 0.87 2.74
2.70 0.78 0.13 3.34
0.92 0.38 0.93 2.61
25.0 1.02 0.30 0.94 2.83 3.44
1.85 0.36 0.88 3.15
1.03 1.14 0.79 2.88
2.04 1.09 0.78 2.97
34.8 0.92 0.38 0.94 6.34 6.3
1.72 0.37 0.88 5.8
2.96 0.85 0.83 5.4
2.96 0.85 0.09 7.5
35.3 2.61 2.30 0.64 6.6 6.9
3.62 1.09 0.72 6.9
1.57 2.65 0.56 6.6

e Wavelength of observation, 3050 A. ?Calculated from the
activation parameters given in the text.

yields kyse = (2.83 £ 0.32) X 1072 M~ sec™!, AH*

= 14.4 %= 0.6 kcal mol~!, and AS* = —17.3 = 2.0
cal mol—*! deg—! for the second-order rate law
—AHNL _ g van ag

with & independent of [H*] over the indicated range.

Stoichiometry of Mixed Reductant Experiments.—In
trying to establish the details of the mechanism of the
Cr?2+ reduction of HNj; it was necessary to ask if a
reagent could be found that would compete with Cr2+
for any intermediate that might be found in the re-
duction. V2?7 is such a reagent. The experiment that
establishes this point involves the reaction of HNj
with a mixture of V2+ and Cr?*+. Since the reactivity
of Cr?7 is 600 times as great as is that of V2*, the initial
step in the reduction of HNj in this mixed reductant
medium must involve Cr?t. If V2% does compete
with Cr?* for an intermediate, then some V(III) will
be produced in reaction 4; it is known that Cr2+ reduces
V3+ at a rate low!5® compared to the Cr?* reduction
of HNj;, thus affording the opportunity to assess the
V(III) concentration after the reduction of HNj; is
substantially complete. In an experiment with [Cr2+],
= 268 X 1078 M, [V2+], = 2.71 X 10—% M, and
[HN;zlo = 1.36 X 10—3 M the absorbance at 5700 A
was monitored. Since V2* and V3% are isosbestic at
this wavelength, the only absorbance change is due

(15) J. H. Espenson, Inorg, Chem., 4, 1025 (1985).
(16) J. H. Espenson and Q. J. Parker, J. Amer. Chem. Soc., 90, 3689
(1968).
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to Cr2t being oxidized to Cr(III). If it is assumed
that CrNH;?} is produced in yield equivalent to the
initial concentration of HNj; (see below), then the
quantity of Cr(III) produced from intermediate re-
duction can be calculated from the known extinction
coefficients of the various Cr species after the reduction
of HN; is complete (22200 sec). Such a calculation
yields the result that 0.4 mol of Cr3* and, by difference,
0.6 mol of V3+ are produced per mol of HNj; destroyed.
This production of V3* is confirmed by noting a rela-
tively slow change in absorbance with time at 5700 A
as the excess Cr2t reacts with the V3+ produced to
yield V2* and Cr’+. The assumption that CrNH;*+
is produced in the reaction was confirmed by ion-
exchange experiments. These experiments showed that
more than 0.82 mol of CrNH;*+ is produced per mol
of HN; reduced. (Incomplete separation of V from
CrNH;*+ results in the establishment of only a limit.)
It is to be noted that the absorptivities of Cr®+ and
CrNH;3+ differ only slightly at 5700 A (14.6 and 17.4
M~ em~!, respectively) and hence the conclusion
that V3+ is produced in this experiment is not very
sensitive to the exact yield of CrNH;®+.

Discussion

The mechanism of the reduction of HNj; by either
Cr?t or V2+ proceeds through a transition state that
contains one molecule of reductant and one of hydrazoic
acid. Because the latter is a two-electron oxidant,
this rate behavior demands that an intermediate oxi-
dation state of one of the two reagents be formed. One
of two formal schemes seems most likely

ScHEME 1
M2t + HN31+M(IV) + NH; + N, (1)
M2+ 4+ MIV) = 2MIII) (2)
ScueME 11
M2+ + HN; = M(III) + N(~1II) + N, @)
N(~1II) + M2+ = M(III) + NH* @)

There is by now a large body of evidence on the expected
behavior of reactions such as (2). In both the V2+
reduction of VO2+1" and the Cr?* reduction of systems
in which Cr(IV) is expected to be present,'® a dimeric
species is found. In the former case this species is
unstable with respect to a rather rapid decomposition
to 2 mol of V3+,1? but the Cr(III) dimer decomposes
only slowly. Ion-exchange separations of the product
of the Cr?* reduction of HNj; show no evidence of
Cr,(OH)y4*. In addition, there was found no evidence
for the presence of the highly colored dimer of V(III)
in the V2t reduction of HN;. These data indicate
that Scheme II is a more appropriate mechanism for
the reduction of HNj3 by V2+ and Cr2+. The establish-
ment of this feature of the mechanism does not com-
plete a definition of either reaction’s course, because
it does not specifically account for the details of the
stoichiometric properties of the reduction.

The detailed features of the rate and stoichiometry
of the Cr?* reduction of HNj; that must be taken into
account in writing the mechanism of this reduction

(17) T. W. Newton and F. B. Baker, J. Phys. Chem., 68, 228 (1964).

(18) (a) L. S. Hegedus and A. Haim, Inorg. Chem., 6, 664 (1967); (b)
A. C. Adams, J. R. Crook, F. Bockhoff, and E. L. King, J. Amer. Chem.

Soc., 80, 5761 (1968).
(19) T. W. Newton and F. B, Baker, Inorg. Chem., 8, 569 (1864).
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are (1) the production of 1 mol of C+rNH;*+ per mol
of Cr®+, (2) the presence of small quantities of a
dimeric species, written here as Cr.NH,’+ although
the binding mode is unknown, and (3) the production
of CrClI?7 in the presence of Cl— even at concentrations
of 0.083 M.

From the experimental results described above a
plausible mechanism for the Cr?* reduction of HNj,

consistent with the data is
k H

Cr?* + HN; —> CrNN;?+ (5)

H
CrNN; + H* —> CrNH !+ 4+ N, (6)
CrNH,** + Cr?t —> Crp,NHY * )

H+

CrNH,** + Cr?* —> CrNHg** + Cr3+ 8)
CrNH,¢* 4+ Cl- + H* —> CrNHg#+ 4 Cl 9)
Cr2* 4 C1 —> CrCl12t (10)
Reaction 5 is required by the [HT]-independent rate
law and the trapping experiments with V2+. Reaction6
seems plausible in acidic aqueous solution. The fate

of CrNH.?* is indicated by reactions 7-9. The first
seems to be the only plausible means of producing
the dimeric Cr(III) product, although there is no evi-
dence demanding bridging through NH,~ in preference
to bridging through OH~. Reactions 9 and 10 must
be invoked to explain the high yield of CrCl*+, even
at [Cl—] of 0.088 M. To argue that CrCl?+ arises
from a nonbridging ligand effect of Cl1~ on the reductant
Cr2+ assigns too great a rate-enhancing ability to CrCl+
over Cr?*; evidence pertinent to the magnitude of
such nonbridging ligand effects is available.?® Re-
action 8, the outer-sphere reduction of CrNH.*+ by
Cr?+, is not absolutely necessary to explain the data.
An alternative scheme would involve reaction of
CrNH,*+ with solvent to give CrNH;*+ 4+ OH. Such
reaction is thermodynamically unfavorable when NH,
is free in solution (or as NH;™),?12? although coordina-
tion to Cr(III) may increase the oxidizing power.
Nevertheless, the data argue against oxidation of sol-
vent. Entry 3 compared to entries 4 and 5 in Table I
show that a fourfold increase in the concentration
of Cr(II) does not affect the quantity of dimer formed.
This result implies that Cr®+ and (Cr,NH,)**+ arise
from reaction paths of the same order in Cr?+. Thus
reactions 7-9 adequately account for all the observed
data.

The mechanism discussed above is usefully contrasted
with that found for the Cr?+ reduction of NH;OH*.%8
In this case the Cr?+ attacks the oxygen atom forming
Cr®+ and NH;*+; the latter does not yield CrNHg*+
as a product but reacts with Cr?+ by an outer-sphere
path. This result is consistent with the formation
of a chromium-nitrogen bond in the first step of the
reductions of HN; by Cr?+. A comparison can also

(20) D. E. Pennington and A. Haim, Inorg. Chem,, T, 1659 (1968).

(21) P. Davis, M. G. Evans, and W. C. E. Higginson, J. Chem. Soc.,
2563 (1951).

(22) M. Lefort and X. Tarrago, J. Inorg. Nucl. Chem., 16, 169 (1961).

(23) W. Schmidt, J. H. Swinehart, and H. Taube, Inorg. Chem., T, 1984
(1968).
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be made between the reactivities of NHz+ and CrNH,3+
by comparing the NH:OH* and HNj; oxidation of Cr?+,
In the former, added Cl~ has no effect and added Br—
leads to only a less than stoichiometric amount of
CrBr?* as product.?® This is to be contrasted to the
Cr?+ reduction of HN; which produces CrCl12+ quantita-
tively. This result is understood on the basis of in-
creased oxidizing power of CrNH,3+ compared to NH;*.

The mechanism of the V2+ reduction of HN; cannot
be specified as easily. The rate of this reaction is
slower by a factor if almost 10° than the substitution-
limiting rate of oxidation of V2+.242 Either an inner-
sphere or outer-sphere mechanism is compatible with
this result. It is possible to make some indirect rate
comparisons to argue about mechanism, but it seems
more advisable to await more rigorous means of as-
signing mechanism.

The entropy of activation of the V2+ and Cr2+ re-
ductions of HNj; are usefully compared to other activa-
tion entropies. Newton and Rabideau?® first noted a
parallel between the formal absolute entropy of an
activated complex and its charge; this correlation was
extended to many reactions of the actinides?” and has
been applied to other systems as well.22 Table V2923

TABLE IV
ForMAL IoNic ENTROPIES OF ACTIVATED COMPLEXES
AS¥,  g¥Fp@
cal cal
mol=1 mol-1
Net activation process deg~! deg-! Ref
V2+ 4 Brz = [VBr2*]¥ ~28 -20 32
V2t 4 Iy = [VIg2H]F —21 -12 32
Va2t 4 HN; = [VNsH?2+)F —-17 +8 This work
Cr?* + HN3 = [CrNsH2+]F -29 +9 This work
Cr2* 4 ClO;= + H* = [CrCIQsH2+]F -17 +9 33
@ Entropies of the species taken from Latimer?® except for
V2t = —23 cal mol™t deg~1® and Cr?*, estimated as —13

cal mol~! deg ™! from the Powell-Latimer equation.3!

lists values for several reactions of V2+ and Cr?* that
generate transition states with dipositive charges. All
of these values fall within the range of —20 to 410
cal mol~? deg—! quoted by Newton and Baker? as
appropriate for dipositive transition states. It would
appear that charge effects are as predominant in deter-
mining AS¥ for these reactions as they are for re-
actions between two metal ions.
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