driving force (expressed as AE?).21 On this basis a
decrease in k; from 2 X 104to 4 X 108 M~! sec™! may
be accounted for in the reaction of Fe(EDTA)*~ with
cyt ¢ (III)x at pH 9, but this leaves a factor of about 150
in the observed decrease in k; to 2.67 X 10! M—1 sec!
unexplained. Further rate inhibition may arise from
steric factors originating in the limited conformational
change known to accompany formation of the high
pH derivative.? The heme pocket presumably is the
region in the protein most directly affected by displace-
ment of the Met-80 ligand, but structural perturbations
in the vicinity of the heme edge are possible as well.
More structural information as well as a better estimate
of the E° for the high pH cyt ¢ (III) derivative will be
required before a choice can be made among the several
possible explanations of the observed rate decrease.
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Abstract:
is extended to higher acidities than heretofore.
two equivalent redox steps.
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The study of the stoichiometry and kinetics of oxidation of hydrazinium ion (N.H;*) by chromium(VI)
The reaction proceeds through an N-bonded chromate ester via
The reaction is catalyzed by acids H*, H;PO,, H,PO,~, and HCrOs~.

Cr(V) is

found to disproportionate, but it is not trapped by Cr(VI) as previously supposed. Revised estimates of Cr(VI)/
Cr(V) and Cr(VI)/Cr(IV) potentials are given. The Mn?2* effect on Cr(VI) oxidations is critically examined.

hromium(VI) oxidations are characterized by pre-

equilibria involving chromate(VI) esters? or one-
electron reductions to chromium(V)? and by a variety
of steps involving active intermediates Cr(V) and Cr-
(IV).23 Hydrazine is of interest as a reducing agent
because of the absence of information on N-Cr bonded
esters and because of its ability to discriminate between
two-equivalent substrates*

NoHy —> N; 4 4H* 4 4e~ (¢))
and one-equivalent substrates*
N.H, —> !/oN; + NH,* + e~ 2

Durham and Beck® have reported on the kinetics of
the reaction over the pH range 1-3. We have reported

13H* + 4HCrO + 3N;Hst —> 4Cr#* + 3N; + 16H,0 (3)

on the fate of Cr(IV) intermediates as deduced from
stoichiometric studies and Mn?* trapping experiments.®
We report here the kinetics of the reaction at high
acidity, 2.2 M > [H*] > 0.2 M, and in phosphoric
acid buffers of pH 1.6-3.0 and reexamine inferences
drawn from the Mn?* trapping experiments.

(1) To whom correspondence should be addressed.

(2) J. K. Beattie and G. P. Haight, Jr., in “Inorganic Reaction Mech-
anisms Part IL,” John O. Edwards, Ed., Wiley, New York, N. Y., 1972,
pp 93-145,

(3) J. H. Espenson, Accounts Chem. Res., 3, 347 (1920).

(4) (@) R. E. Kirk and A. W. Browne, J. Amer. Chem. Soc., 50, 337
(1928); (b) W. C. H. Higginson and J. W. Marshall, J. Chem. Soc.,
447 (1957).

) 9(%)M T. Beck and D. A. Durham, J. Inorg. Nucl. Chem., 32, 1971
1 .

(6) G. P. Haight, Jr., T. J. Huang, and B. Z, Shakhashiri, J. Inorg.

Nucl. Chem., 33,2169 (1971).

Experimental Section

Analytical grade reagents were used without further purification.
Kinetics were measured by following the disappearance of Cr(VI)
at the absorption maximum of 350 nm. Both HCrO,~ and H:CrO,
are present over much of the [H;O+] range studied, so absolute de-
termination of Cr(VI) was made after making solutions alkaline
at 372 nm at the absorbance maximum of CrO,*~.

Fast reactions were studied in a Sutin stopped-flow apparatus
previously described.” Detection of a chromium(V) intermediate
was made by employing a continuous flow of reacting mixtures
through the cavity of an esr spectrometer as previously described.®

Ionic strength was controlled using NaClO4 (or LiClO,) and
HCIO,.

Results

The Rate Law. Figure 1 shows that all runs with
excess hydrazine exhibit first-order kinetics in Cr(VI)
over several half-lives, giving the pseudo-first-order
rate law

—d[Cr(VD)]

dr
Order in NH;NH,+. The slopes of the lines in
Figure 1 are roughly proportional to [NH;NH,*].
However, the values of kgysa given in Table I show a

small but distinct departure from first-order behavior
at high [NH;NH,*] consistent with the equation

kobsd = kb[NH3NH2+]/(1 "I" 3.2[NH3NH2+]) (5)

This result is consistent with the formation of a

(7) S. A. Frennesson, J. K. Beattie, and G. P. Haight, Jr., J. Amer,
Chem. Soc., 90, 6018 (1968).

= kobsd[cr(VI)] (4)
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Figure 1. First-order dependence of Cr(VI) on time. All runs
in 1.0 M HCIO,, [N;H;*] = (A) 0.03, (B) 0.01, (C) 0.04, (D) 0.05,
(E)0.02 M.
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Figure 2. [H*]effect: u = 2.2, [N:H;:*] = 2 X 1073 M, [HCrO, o
=2X10"* M.
Table I. Variation of NH:* in 1 M HCIO»
102[N,H;+] 10k obsa, sec™! 10ksa10d, SEC™1
0.500 0.96 0.93
0.750 1.38 1.38
1.00 1.87 1.84
2.00 3.51 3.37
3.00 4.95 5.22
4.00 6.73 6.79
5.00 8.57 8.28
e Ky =32,u=10M, kK, = 21.7 M 1sec™!, [HY] = 1.0 M,
[Cr(VD]e =2 X 1074 M, T = 25°,

chromate ester of hydrazinium ion (NH;*NHCrO;-)
with K; = 3.2 =+ 0.3.

Effect of Hydrogen Ion Concentration on k. Table
IT shows that ki, increases linearly with [Ht] at low

Table II. Variation of [H*]*

[H*] 10Kobsa, sec™!  10Keated, S€C™1 kb, M~1sec™!
0.2 0.693 0.739 3.47
0.6 2.31 2.10 11.55
1.0 3.46 3.32 17.30
1.0 3.20 3.32 16.00
1.0 3.50 3.32 17.50
1.4 4.95 4.43 24.75
1.8 5.06 5.44 25.30
2.2 6.02 6.37 30.10
2.2 M, Koy = 20.2, [N;H*] = 2 X 10-2 M, [HCrO]°

a u =
2 X 10-¢*M. NaClO, was added to control u.

10ky
O - m U b o

Figure 3. [H*] effect in H;PO~H,PO,~ buffer: [H;POJ] +
[HePO4™] = 0.2 M, [N.H;*] = 5 X 1073 M, [Cr(VD)], = 2 X 1074 M.

[H*] but starts to level off at high [H*]. The leveling
off is consistent with the formation of H,CrQO, from
HCrO,4.

We postulate the mechanism

HCrO + H* = H,CrO, (X = 0.15) (6)

Ko | -
HCrOi + NH;NH;* 22 NH;NHCrO; + H:0 @)
(or NH,NH,CrO;)
. _ ok
H+* + NH;NHCrO; —1> products 8

—d[Cr(VI)]
dt

[Cr(VD)] = [HCrO«] + [H:CrOJ] + [NH;NHCrO;]
[Cr(VD)] = [HCrO< K1 + 0.15[H*] + K[N:H;*])

= kK [HCrO,~JINH;NH,*[H*]

—d[Cr(VD)]  kK[Cr(VD]IN:Hs*][H*] 9
dr " 14 0.I5H7 + KoNeEe] O
Here
[H:CrO,]
[HH[HCrO] ~ 0.15
[Hali-INHCrOa—] _x

[N.H;t][HCrO7]
Since K[N:H;*t] <« 1 for data in Figure 2

_ kKJ{HY
= 1+ 0.15[H7

A plot of ku(1 + 0.15[H*]) vs. [H*] should yield a
straight line with a slope of k1K, if the above mechanism
is correct. The linearity obtained from the plots of
ku(1 + 0.15[H*]) vs. [H*] in Figure 2 supports the pro-
posed mechanism.

General Acid Catalysis. Beck and Durham?® ob-
served a second-order term in HCrO,~ in unbuffered
solutions at pH 3. If the decomposition of NHj*-
NHCrO;~ involves general acid catalysis, one should
observe increased rates in the presence of other acids.
Accordingly, a brief study was made in 0.2 M H;PO+
H,PO,~ buffer over the pH range 1.6-3.0. The results
are plotted in Figure 3 from which one rhay deduce the
rate law.

—d[Cr(VD)]
dr

with Kok’ = 27 + 3and Kok’ = 0.09 = 0.02. If Kok’
corresponds to k:K, in eq 8, its value should be 22/(1 +
K.(0.2)) where K, is the mean formation constant for
chromatophosphate esters. Ester formation should
reduce Kok’ to between half and one-third of Kok;. In
fact, Kok’ is larger than Kok; by 25%,. This indicates

ke,

= [N2H5+][HCTO4_]K0(k'[H+] + k') (10)
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9=1.98

Figure4. Epr signal due to Cr(V).

acid catalysis by H;PO, and/or H,PO,~. A complete

rate law involving general acid catalysis in H;PO4

H,PO,~ buffers would be

—d[Cr(VI)]
dr
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Figure 5. Arrhenius plot, In &, vs. 1/T.

= Ko[;IH3NH2][Cr(VI)](k1[H+] + kJ[H:PO] + k{H:PO,] + k{HCrO )

+
(1 + 0.15[H+] + 3.2[NH;NH,] + 9.4[H,PO,] + 6[H.;PO,])

The values 9.4 = [H,PO,CrO;]/((H;POJ[HCrO,]) and
6 = [HPO.CrO,;*J/[H.PO,HCrO.7]) are obtained
from the literature.”® Values of k&, = 9 and k; = 0.3
have been estimated from the data used for Figure 3.
This rate law cannot be considered proved. The com-
plexity of the system makes a complete study rather
unprofitable. However, the finding of acid catalysis
by P(V) species is considered to be well established.

The term k[HCrO,] did not contribute significantly
to any of our results.

Effect of Changing Ionic Strength. Table III shows

Table ITI. Variation of Ionic Strength*

Variable Kobsd, s€C™1 Kealed, SECT1
1.0 3.51 3.37
1.2 3.39 3.37
1.4¢ 3.75 3.37
1.8¢ 4.08 3.37
2.0¢ 4.20 3.37
2.2¢ 4.36 3.37
2.2 3.20 3.37
2.2b 3.46 3.37
2.2 3.50 3.37

s [N;H:*] = 2 X 102 M, [HCrO]o = 2 X 10-¢ M, [HY] =
1.0 M, Kik = 20.5, T = 25°. ® NaClO, was added to adjust u.
¢ LiClO, was added to adjust u.

a study made increasing ionic strength from 1.0 to 2.2,
using LiClOs or NaClO, for controlling the ionic
strength. Three experiments at 4 = 1.8, 2.0, and 2.2
gave rather high results for konsa. This may arise from
the unusual behavior of LiClO. in HCIO, solution.
Simple Guggenheim approximation for 1:1 electrolytes
indicates ym- (activity coefficient) will decrease only
slightly on adding NaClO, to 1 M HCIO, but will in-
crease about 409, on adding LiClO; to 1 M HClO,.*?
For example

ve(1 M HCIO,) = 0.823
vr-(1 M HCIO; + 1 M NaClO,) = 0.810
va«1 M HCIO, + 1 M LiCIO,) = 1.100

Due to the increase in ym- on adding LiClO,, the high
results for k.».a are expected because of the hydrogen
(8) F.Halloway, J. Amer. Chem. Soc., 74,224 (1952).

(9) H. S. Harned and B. B. Owen, ‘“Physical Chemistry of Elec-
trolyte Solutions,” 3rd ed, Reinhold, New York, N. Y., 1958, p 605.

1n

ion dependence of the reaction rate. Since NaClO,
behaves similarly to HCIO, in solution, NaClO, was
subsequently employed for the study of the effect of
changing ionic strength. From the results using
NaClO, for adjusting the ionic strength, as shown in
Table III, we conclude that there is no effect on the
rate due to changing ionic strength. This indicates
that the rate determining step may involve a neutral
species or a neutral and a charged species, although the
high ionic strengths used make such a conclusion very
tentative.

The denominator in eq 8 approaches 1.0 at high pH
and low [N;H;*]. Values of all constants, estimated
from the data and taken from the literature, are given
in Table IV.

Table IV. Values of Constants at 25°

__[NH,NHCrOj]
* T [N.H;H[HCro]

K, = [NH;0CrO,l/[NH,OH*][HCrOs] < 0.1 M1 11
_ _HCrod ~1b —le¢ —1d
K = (HCrO = = 015 M~1202 M~1c0.15 M
ki = 6.8 M2sec™1(u = 1)
6.5 M~2sec™1(u = 2.2)
kot ~9 M-%sec™1?
k# ~03 M~2sec1?
ky = 60 M—2sec™15,

K =32 M1}

s Allowance was made for removal of HCrO,~ as esters of H;PO,
and H.PO,~ in estimating k; and k3.7.% ® This study. ¢J. Y. Tong,
Inorg. Chem.,3,1804 (1964). < G. P. Haight, Jr., D. C. Richardson,
and N. C. Column, ibid., 3,1777 (1964). ¢ Our calculation.

Chromium(V). Chromium(V) was clearly detected,
(Figure 4) although at very low steady-state concentra-
tions, indicating that rate constants for Cr(V) disap-
pearance are large compared to those for Cr(VI). Any
mechanism should include Cr(V) as an intermediate.

Activation Parameters. Figure 5 shows a plot of log
ki vs. 1/T, giving a straight line from which we calculate
AH* = 7.32 kcal/mol and AS¥ = —11.8 eu at 25°.
Interpretation is difficult in view of the complexity of
the reaction.

Discussion

Intermediate Anhydride. NH,NH,+*CrO;~ or NH;*-
NHCrO;~ constitutes the first chromium(VI) anhydride

Haight, Huang, Platt | Reaction of Chromium(VI) with Hydrazinium Ion
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Volts

Oxidation Number
Figure 6. Frost diagram for Crand V.

having an N-Cr bond for which a formation constant
is available. We cannot, on the basis of the data alone,
distinguish between NH;*NHCrO;~ (I) or NH,NH,*-
CrO;~ (II) nor rule out the possibility of NH;*NH,*+-
CrO;~ (II1) forming and then being activated by sol-
vent. By analogy with studies of Cr(VI) oxidations of
H;PO; and NH;OH*, we propose that the ester is ]
or II and that the rate determining step involves acid
or base induced dissociation of H* from N to give the
activated state

H
+ 1. HY T
HI\lIIl\ICrOs‘ - HI\\IIl\ICrosH¢
HH HH
This is similar electronically to the activated states
found for P(III)'* and N(I)!!
o ok
HOPOCrO;~ and HI\lIQCrOaH
OH H

in which lone pairs of electrons are found on both the
bridging atom and the atom to be oxidized. Anhydride
III would block all electron pairs and is considered an
unlikely precursor to electron transfer. Again, I and
II cannot be distinguished.

Detailed Mechanism for Catalysis by a General Acid
HB. Presumably the initial nitrogen oxidation product

HCrO,~ + NH;NHy* == NH;NHCrOy~ + H,0 (D)
NH,NHCrO; + H+ === NH,NHCrO;H (IIa)
NH,NHCrO;~ + Li* == NH,NHCrO;Li (IIb)
NH;NHCrO:;H + B- == NH;NHCrOH + HB  (IIl)

Vet Wi

NH.NHCrO;H — Cr1v + N;H, av)
2N.H; —> N:H; + N. )
2CrIV —> Cr¥ + Cr(1II) VD

CrV + N;H, —> ,N, + Cr(III) (VID

is N,H;. No information on the fate of N,H, is avail-
able from this study. Presumably N,H, dispropor-

(10) G. P, Haight, F. Smentowski, M. Rose, and C. Heller, J. Amer.
Chem, Soc., 90, 6325 (1968).

(11) R. Scott, G. P. Haight, and J, Cooper to be submitted for pub-
lication.

tionates to NoH; and N,, making reaction VII a net
reaction. The disproportionation of Cr(IV) is con-
sidered proved for this system by the reanalysis of the
Mn?+ effect® given below. Evidently catalysis by the
very small ion, Li*, similar to that of H*, occurs as
well. The absence of any effect due to ionic strength
variations suggests a neutral species in the production
of the activated state. Whether the zwitterion NHst-
NHCrO;~ qualifies as neutral is difficult to say. The
neutral species could be H,CrO, from the rate law giving

H,CrO, + NH;" —> NH,NHCrO;H+ + H,0 (IIlb)

It is interesting to compare the oxidation of N,Hs*
by VO, !2 with the results reported here. V(V) is
only reduced to V(IV) and there is no evidence for inter-
mediate V(III) or V(II) under the conditions of the
kinetic study. The activated state requires two VO.*.
N is the only oxidation product of N,Hz+ characteristic
of a two-equivalent primary process. This indicates
that N;H, is not oxidized in steps but simultaneously
by two VO,* coordinated to each N in N,H,.

H H 2+

Lo
ON—I\lI—I\lI—VOz

H H

The association constant for VO,* and N,H, was not
determined. The second-order term in Cr(VI) ob-
served by Beck and Durham could be attributed to a
pathway leading to Cr(V) similar to that for VO.* to
VO, However, we prefer to include HCrO,~ in the
collection of acid catalysts for the CrV’-N,H;* reaction.
No second-order term in HCrO,~ appeared in our data.

Since the VO,;+/VO2+ potential of 1.00 V is sufficient
to oxidize hydrazine by a two-equivalent process and
VO,+/V3+ = 0.65 V is not so, this would indicate that
the Cr(VI)/Cr(IV) potential is greater than 0.65 V,
while Cr(VI)/Cr(V) is less than 1.00 V and also less than
Cr(VI)/Cr(1V). This conclusion is consistent with the
suggestion of Rodek!? that Cr(V) can disproportionate
to Cr(VID) and Cr(I1V). It also argues further against
the capture of Cr(IV) by Cr(VI), which is potentially
unfavorable if this analysis is correct. Limits for
chromium potentials thus deduced are shown in the
Frost diagram, Figure 6. Cr(VI) oxidizes Mn(C;04),*~
to Mn(C;04);%,!4 but may not oxidize N,H;+ by a
path involving 2Cr(VI) — 2Cr(V) corresponding to the
V(V) reaction. Thus 0.5 V < Cr(VI)/Cr(V) < 0.65 V.
Similarly, Cr(VI)/Cr(IV) > 0.65 V and Cr(I1V)/Cr(1II)
> 1.70,!* leaving a large uncertainty as to Cr(IV)
potentials. Even so, one can conclude that Cr(IV)
and Cr(V) both disproportionate readily while none of
the vanadium species from V(II) to V(IV) dispropor-
tionate. This raises a serious question concerning our
previous interpretation of the effect of Mn?" on the
rate of the Cr¥'-N,H;* reaction.®

Effect of Manganese(I). It has been previously
reported (see Figure 2, ref 6) that the rate of reduction
of Cr(VI) by N,H;*+ is halved by Mn(II) in the presence
of excess Cr(VI). Mn(Il) has no effect on the rate in
the presence of excess NoH;*. These two results led
us to conclude that when Mn(Il) traps Cr(IV) to give

(12) G.Bengtsson, Acta Chem, Scand., 25,2989 (1971).

(13) J. Rodek and M. Rahman, J. Amer, Chem. Soc., 93, 5455, 5462
(1971).

(14) C.Huber and G. P. Haight, Jr., unpublished results.
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Mn(IIT) and Cr(III) it interrupts a pathway involving
Cr(VI) + Cr(IV) — 2Cr(V), thus halving the rate of
disappearance of Cr(VI) when Cr(VI) is present in
excess. In excess N.H;*, Mn(II) interrupted a path
involving 2Cr(IV) = Cr(V) + Cr(III) which would not
affect the rate of Cr(VI) disappearance.

In the presence of Mn(II) the stoichiometry is altered
to

TH* 4 2HCrO4~ + 3NoH;+ —>-
2N; 4 2NH,* + 2Cr3+ 4+ 8H;0 (12)

Evidently Cr(IV) cannot oxidize N,H;+ before Cr(IV)
reacts with other species or disproportionates. A re-
analysis of Figure 2, ref 6, leads us now to propose that
Cr(1V) disproportionates in the absence of Mn?2* when
either Cr(VI) or NoH;t is in excess. The halving of
the rate in excess Cr(VI) can be shown to be an artifact
of the change in stoichiometry shown by eq 12. Thus
trapping of Cr(IV) by Cr(VI) in the absence of Mn(II)
is no longer necessary to explain the results. -In the
presence of excess Cr(VI), it is [NoH;*] which changes
significantly during a run. Figure 2, ref 6, shows that
ti, is halved when Mn?* is present. Therefore, when
no Mn?*is present (using eq 3)

3141
When Mn?2*is present (using eq 12)

d[N:H;*]
dt

3d[Cr(VD)]

= 2[Cr(VDIINoH;*] = o ——

d[Cr(VI 4k,
‘[—:1%_)] = S [Cr(VDINH;*]

in both cases. Thus the ‘“slower’ rate in presence of
Mn?t is an artifact of the change in stoichiometry and
faster consumption of N.H;*.

The oxidations of NH;OH* and NH;NH,* are
notable in that each requires two equivalent oxidation
involving electron pair transfer to Cr(VI) involving a
bridging atom. Neither appears to trap Cr(IV).
While NH;OH* forms a bridge to Cr(VI) exclusively
through the oxygen atom,!! it forms a weaker complex
than NH;NH,* consistent with the generally greater
donor ability of >N: over >O:. However, most
possible N complexes with Cr(VI) cannot be studied
due to saturation of N atoms with protons as in NH,*
and RNH;+, whereas oxygen in potential ligands vir-
tually always has a pair of electrons free to form dative
bonds.
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Abstract:

least motion of atoms have been carried out for 15 further reactant-product systems.
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Using the PLM approach developed previously calculations of the stereochemical paths involving the

These include: 1,2-, 1,3-,

and 1,4-eliminations, acetylene formation, allene formation, enolizations, homoenolizations, a concerted 1,2-hy-

dride shift, and epoxidation.

Again there is remarkable agreement with available experimental observations.

The only major discrepancy with experiment is in the 1,3-elimination of 2-norbornyl tosylates for which a truly

concerted process may not apply.

he system chosen by Hine* to illustrate the principle

of least motion (PLM) as applied to atoms was a
prototypical 1,2-elimination, namely, the transfor-
mation of ethyl chloride into ethylene. Calculation of
the minimum sum of the squares of the atomic dis-
placements* (Enin)* for the syn and anti modes of this
elimination gave results favoring the latter.1¢+ Sub-
sequently, a more general method of calculation was

(1) PartI: O.S.Tee,J. Amer. Chem. Soc., 91, 7144 (1969).

(2) Part II: O. S. Tee and K. Yates, J. Amer. Chem. Soc., 94, 3074
(1972).

(3) (a) Sir George Williams University; (b) University of Toronto.
(4) J. Hine, J. Amer. Chem. Soc., 88, 5525 (1966).

devised! and applied!? to a variety of reactions which
could have, in principle, more than one stereochemical
pathway. The results obtained agreed remarkably
well with experimental observations and with more
sophisticated theoretical models. !

In the present paper we explore further the appli-
cability of the method to the stereochemistry of various
types of elimination, enolization, homoenolization, a
concerted 1,2-hydride shift, and epoxidation. The
method of calculation has been described previously!?
and does not need further elaboration. Molecular
geometries were calculated either from published

Tee, Altmann, Yates | Eliminations, Enolizations, and Homoenolizations



