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GENERLL INTRODUCTION

The increasing usage of transition metal species in homogeneous
catalysis in industrial chemical processes has stimulated the growth
of the twin fields of organometallic chemistry and catalysis of organic
reactions (1, 2, 3). Among the fundamental research interests in these
areas has been the investigation of metal-carbon boud reactivity to
understand its basic chemistry. The kinetic and mechanistic studies
of metal~carbon bond chemistry, therefore, is ome of the indispensable
aspects. The objective of this dissertation is to study the kinetics
and the mechanisms of some reactions pertaining to organochromium and
organocobalt complexes and related compounds.

This thesis consists of two independent parts. The first chapter
deals with the reactions of selected @-substituted carbon-centered
radicals, which are produced by an organochromium complex undergoing
homolytic cleavage of its metal-carbon bond, with vanadium(II) ion and
with 2 mecrocyclic cobalt(IIl) complex, The second chapter presents
a study of the decomposition of organoperoxycobaloxime complexes in

acidic aqueous media; the latter work has been published im 1981 (4).
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PART I. REDUCTION OF SELECTED ALIPHATIC RADICALS BY

THE VANADIUM(II) ION AND BY A MACROCYCLIC

COBALT(II) COMPLEX — A KINETIC STUDY

BY A NOVEL METHOD OF CHEMICAL COMPETITION



INTRODUCTION

Background

Organic free radicals have long been considered as important reac-
tive intermediates in organic chemistry. Today, their importance in a
variety of metal-catalyzed organic reactiomns as well as the reactions
of organometals is well-recognized (1). Many catalytic reactions under-
going chain processes or homolytic (one-equivalent) pathways rely on
these metastable paramagnetic transients for facile reactions. Further
interest in the study in organic radicals may be attributed to the in-
crease of chemical sophistication, which makes possible the direct ob-
servation, characterization, and even isolation of these transient
species of short-life time.

Over the last decade, one of the widely used techniques to generate
various aliphatic free radicals has been pulse radiolysis (5). The
radiolysis of water caused by impinging a pulse of high-energy electrons

onto it can be summarized by Reaction I-1, where

2

+ 0.7 H,0, (I-1)

4.0 H.0 -MVWA—> 2.6 e;q + 2.6 OH + 0.6 H- + 2.6H + 0.4 H,

the coefficients express the units of molecules of each species

destroyed or formed per 100 eV of energy absorbed by the water, and are
called G-values. In nitrous oxide saturated solutiom, [N,0} ~2 x 10-2M,
at pH > 3, the hydrated electrons are transformed into hydroxyl radicals

in a yield of ca. 90%, and the rest into hydrogen atoms.
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e” +NO-2—>N + -0H k=8.7x 10°M s (1-2)
aq 2 2

gt i —>n- k = 2.3 x 108071571 (1-3)

In the presence of the selected organic solutes having at least modest
solubility & ~ 0,.1M), the generation of particular carbon-centered
radicals may occur via hydrogen atom abstraction from the substrate upon
the reaction with hydroxyl radicals or hydrogen atoms. One example is

the 2-hydroxy-2-propyl radical1 derived from 2-propanol.
(CH3)2CHOH + -OH/H. —> -C(CHB)ZOH + H20/H2 (I-4)

This method produces a '"spur' of radical at a concentration, typically
10-5M, to permit direct detection. This concentration is high enough
that the radical is largely subject to fast self-reactions, which generally
are dimerization and/or disproportionation. Only the latter one occurs

in the case of -C(CH3)20H, however, with the rate comstant 1.4 x 109Pf18-1

(6).

2 -C(CH,)),0H —> (CH3)2CH0H + (CH3)2C0 (I-5)

)
372
Because this radical is subject to rapid self~reaction, direct kinetic
determinations are limited to substrates which react with it quite
rapidly. In practice, the techniques of radiaiion chemistry applied

to aliphatic radicals are limited to reactions which have k >3 x 10°4 's™t

(7.

1Referred to by Chemical Abstracts as l-hydroxy-1l-methylethyl
radical.



New Application of Organochromium Complexes

With this point in mind, a chemical method was used to provide a
ready source of the carbon-centered radical ia acidic solution based on
the pentaaquo-(organo)chromium(III) cations, (H20)5CrR2+, in which R
represents alkyls, aralkyls, haloalkyls, hydroxyalkyls, and alkoxyalkyls,
etc. This class of complexes has recently been reviewed (8). A

particular one shown below, (HZO)SCrC(CH3)20HZ+,

produces the aforementioned 2-hydroxy-2-propyl radical. It is now used

for illustrating the chemistry of organochromium complexes, not only be-

cause it shows typical behavior in its homologous series, but also because

it is the main reagent of this study owing to its unique kinetic character (9).
The (HZO)SCrC(CH3)20H2+ complex is metastable and is subject to

decomposition by two parallel routes simultaneously. One of them,

called acidolysis, is a reaction consisting of heterolytic cleavage of

the chromium-carbon bond (10).

2+ + 3+
(HZO)SCrC(CH3)20H + H30 I Cr(HZO)G + (CH3)2CHOH

(I-6)



It follows the rate law

2+
d[CrC(CH,) OH "]
379 _ 2+ _
- = = kA[CrC(CH3)20H ] (I-7)

with a rate constant kA given by

+
k,A = klA + kZA[H 1 (1-8)

3s-1

S~ and kyy = (4.91 £ 0.71) x 10”

at 25.09C, w = 1.0M (7). The acidolysis may be understood as an electro-

where ky, = (3.31 £ 0.10) x 10° 3y 1s71

philic process with the pH-independent pathway occurring by intramolecular

proton transfer

Ho---.- 2+ *

e oo iT!

HO
+ o 2 2+
(HZO) SCrC(CH3) 2OH2 _ (HZO) 4Cr C(CH3) 20H -—> (HZO) 5CrOH

A + (CH3) 2CHOH

(1-9)
and the pH-dependent pathway using H30+ as the attacking electrophile
H---OH, 347+

. 2
+ .
2+ H30‘ o o o s N A HZQ PP £ 5
(4,0)_CrC(CH ) . OH ——> 1(1{_.0)_Cr--+-C(CH.).0H —> Cr{u.0);
2°°5 32 25 3z 206

+ (CH3)2CHOH
(I-10)
Another route leading to the decomposition of (HZO) sCrC(CH3) 20H2+
is a process with the homolytic dissociation of the chromium-carbon bond
as the rate-~limiting step. Homolysis, actually the reverse of the reac-
tion used for its preparation, produces chromium(II) iom and the 2-

hydroxy-2-propyl radical:



‘ 2+ 2+ -
(HZO)SCrC(CHB)ZOH + B0 &2 Cr(H0) " + C(CHB)ZOH (1-11)

The homolytic decomposition pathway may be totally suppressed by the

24

b4

recombination reaction with the presence of only a small amount of Cr
typically ~'10-4M. This amount of Cr2+ often remains from the prepara-
tion of the complex, or it can accumulate from the homolysis itself,
but usually Cr2+ is deliberately added to the solution. The homolysis
is brought to completion on ﬁhe other hand when any one of certain
oxidizing agents is present. Such a reagent can be Co(NH3)5X2+ X=TF,
Ci, Br), V02+, H202, etc., which scavenges Cr2+ and/or -C(CH3)20H.
Such an oxidizing agent must not react with the organochromium complex
itself,

As a consequence, this system of organochromium comstitutes a
chemical kinetic switch: the addition of Cr2+ shuts the homolysis off

and leaves the acidolysis to proceed alone; on the other hand, the ad-

dition of an oxidizing scavenger turns on the homolysis to occur along

waf Al slio ol doVenod mMLeo fo Aaaz A 2o TLoraes T - Eoimnsd
ith the acidolysis. This is depicted in Figure I-1 by a step-fumction
plot (7).

A new application of the reversibility of homolytic dissociation of
(HZO)SCrC(Cﬁs)ZOH.Z+ was recently adopted for the studies of competitive

kinetics. This complex provides a facile source to generate a low

e mmmdmam o bl D L NPT N AT AL a1l as
conCcutiacivn v LVAR vy viea 2alicar ac

these conditions, Reaction I-5 does not prevail. If a certain substrate
S, whose reactivity toward Crz+ is negligible, reacts with -C(CH3)ZOH,
the scheme based on the chemical generation of the radical is thus

the following



Kobs /s "
0.16 |- Ky*ka
0.14 |- 3 o 0
oJ2 - o0
2
—0.005
o O — -o—0-290.004
Ky ] 0.003
I O Y, VA T T N N W T T T Y A S T S ﬁrj o B
60 4020 10 5 0] 5 10°20-40 80
—i0%[cr?] /M 0*[o]/Mm—

Figure I-1.

Illustrating the iump in rate constant for decomposition of
(HZO)SCrC(CH3)20H + from solutions containing added cr2+

.
{left, where only acidolysis is important), to experimgnts

(right) containing various oxidizing scavengers for Cr‘r and
C(CH3),0H, The latter 1nc1ude p01nts for Co(

ﬁ)gF &+ (0):
Co(‘\IH3)SC].2+ ©), Co(Miy)Br?t @), VOZ+ (D),

209 (X).



Scheme I-1
2+ 2+
CrC(CH,) 00 kzc:: + -C(CH,) ,0H (I-12)
Cr
ks
S + -C(CH,),08 — Product(s) (I-13)

With the steady-state approximation for [-C(CH3)20H], the ansalysis of
the net rate of loss of (HZO)SCrC(CH3)20H2+ affords the value of
(kaS)IkCr. Since the values of kH and kCr for this specific organo-
chromium complex have been independently measured, the desired rate

constant, kS’ for the bimolecular Reaction I-13 can be evaluated.

New Chemistry of Selected Radicals Based on the Competitive

Kinetics of the Organochromium Complexes

The 2-hydroxy-2-propyl radical has been extensively investigated
using radiation techniques (11) and has been long known to be a

strong reducing agent (12, 13).
*C(CH,) ,0H = (CH,),C0 + H +e  EO = 1.2V (14) (I-14)

Its chemistry, however, exhibits fascinating diversity. Recently, the
kinetics of the reduction of Co(NH3)g+ and related complexes by
-C(CH3)20H has been studied, 1In acidic solutions, they are too slow
to be measured by pulse radiolysis., With the new method of chemical
competition, the rate constant for Co(NHS)g+ was found to be

4.1 x 1008557 ().

Another class of reactions involving the same radical includes the
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coupling reactions with benzylcobaloxime or alkylcobaloximes. They
yield the coupled products, PHCBZC(CH3)20H and RC(CH3)20H, respectively.
The kinetics of these reactions were also studied with a modified
competitive method (15, 16).

In addition, the oC(CH3)20H radical also acts as an oxidizing
agent. Almost all reactions of this category involve strongly reducing
metal ions or complexes, and are believed to occur via metal-carbon bond
formation. One of them, which has been demonstrated before, is its
reaction with labile Cr2+. The chromium(II) ion is oxidized by
-(CH3)2OH to yield a metastable organochromium(III} intermediate which
ultimately decomposes with the assistance of acid to the thermodynamic
products Cr3+ and (CH3)2CHOH. This reaction, termed acidolysis, has

been discussed previously, Equations I-6 to I-10.

+
III H H+

3) 00 T&=
(I-15)
Several other reducing species considered to react with -C(CH3)20H in
2+ + + + +
the same fashion are Fe (17), Ni° (18), Zn" (19), Cd" (20), Pb" (2L),
and possibly Cu’ (22).

One of the themes in this chapter is to investigate the chemistry
between -C(CH3)2OH and V2+. The vanadium(II) ion is strongly reducing
(E° = - 0.26V vs. NHE). But V2+ is a d3 substitution-inert species,
hence, the displacement of the HZO coordinated to V2+ by -C(CH3)20H
to form (HZO)SVC(CH3)20H2+ is disfavored. The analogous reaction of
V(H?_O)?- with methyl radical has been explored by Gold and Wood recently

(23). The discovery of methane as the major product, although in a
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low yield (~ 25%), suggested the oxidation of V(H20)§+ by -CH3. The
occurrence of a seven-coordinate organovanadium intermediate was pro-
posed; however, no evidence was obtained to support it. Another re-
lated system is the rapid reductive coupling of aralkyl halides by
VII(Py)4C12, in which the intervention of [R-V(III)] species was
also mentioned, but still without direct detection (24).

The kinetic inhibition technique affords a useful method to
determine the rate constant of the bimolecular reaction between
V(HZO)Z+ and -C(CH3)20H. The isotope effect was also examined by
conducting the kinetic experiments in D,0. The deuterated V2+ also
provided information about the organic product by GC~MS analysis.
The inorganic product resulting from the reaction of V§H20)§+ and
'C(CH3)ZOH was kinetically analyzed. The analogous reaction between
V(H20)§+ and 1l-ethoxyethyl radical, -CH(CH3)OCZH5 was studied in the

§+ complex, This system

same manner by using the CrCH(CH3)OC2H
provides a more definitive product analysis and an opportune compari-

son for the reactivity of radicals., With

11 mmm emomams A 2T aA
1i CnéSe moOre a_taiied

[\}]

studies, further insight into the mechanisms of this kind of reactions
may be gained.

Organocobalt(III) complexes have been attracting considerable
research interest since vitamin Bl2 was found to contain a cobalt-
ond. Many of these compounds containing multideatate (
dentate, sometimes pentadentate) nitrogen~coordinated macrocyclic ligands
have been made and found to be stable (25). Among a variety of their

synthetic routes, there is one which is similar to the formation of

organochromium, in which organocobalt is formed by capture of a free
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radical by a macrocyclic cobalt(Il) complex (26, 27).

Some other organocobalt(III) complexes, such as ¢-substituted
alkylcobalt compounds, are extremely unstable, so that they can oniy
exist as transients. These complexes are nowadays of interest for
their possible roles as intermediates in the Fischer-Tropsch processes
(28). Elroi and Meyerstein have reported the studies of the formation
and the decomposition for a series of a-substituted organocobalt(III)
complexes of the macrocyclic ligand Méé[laldieneNA by pulse radiolysis
(27). Their formation rates from CoII(MeG[14]dieneN4)2+ and free
radicals have been measured. The formation of the 2-hydroxy-2-propyl
complex, however, occurred too slowly and the rate constant could only
be estimated as <1 x 107M-18-1. Tait, Hoffman and Hayon studied the
similar chemistry by the similar techniques (29) and found that the
CoII(M.eh[M]1,3,8,10-tetraeneN4)2+ complex was reduced by °C(CH3)20H
to give the Co(I) complex with a rate constant 5.5 x 109Mfls-l. No
attempt was made to monitor the organocobalt(III) transient., The
rates of reduction of Co' (Me,[14]4,11-dieneN,)*" and o'’ (e, [1414,14-

dieneN4)2+ by the same radical were not measurable by pulse radiolysis

because of their sluggishmess (< 107 sy,

The investigation of the reactions of CoII([14]aneN4)2+, which is
illustrated below, with both 'C(CH3)20H and -CH(CH3)0C2H5 radicals
‘constituted the second theme of this chapter. Accurate determinations
of their rate comstants, again, were made by the competitive kinetic
method. Product analyses and the examination for the organocobalt(III)

intermediates were also studied to seek further understanding of their

reaction mechanisms.
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EXPERIMENTAL

Materials

Pentaaquo(organo)chromium(III) complex solution

Almost all the pentaaquo(organo)chromium(III) complexes are formed
through the capture of a carbon-centered radical by a chromium(II)
ion (8).

2+ 2+
- ——— - -
Cr(H,0)g + R (H,0)Cr-R™ + H,0 (I-16)

Any method which suitably supplies free radicals is employable for the
preparation of (HZO)SCrR2+ complexes. Two chemical methods have been

used in this study, as follows.

"The modified Fenton's reagent" method The reaction between

Cr2+ and H202, which produces the -OH radical in a similar way to
Fenton's reagent (30), may be carried out in a chosen solute to generate
the desired organic radical. It hence provides the most versatile

method of making various (HZO)SCrR2+ complexes according to Equations

I-17 to I-19
et + E,0, E crot 4 B,0 + +OH (1-17)
‘OH + RH —— R + HZO (I-18)
ce?t & . — cr-r%F (I-19)

For example, CrC(CH3)20HZ+ and CrCH(CH3)0C2H§+ may be acquired by con-

ducting this reaction in 0.01M perchloric acid with the presence of

2-propanol at 1M or diethyl ether at the saturated concentration
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(~ 0.5M), respectively.

The 2-hydroxy-2-propyl complex is so unstable that it has to be
made and studied in situ or used immediately after the preparation.
The yield of CrC(CH3)2OH2+ has never exceeded 70% of the theoretical,
because of the concurrence of several side reactions. The reaction of
Cr2+ and H202 consists of a one-electron redox pathway which is of major
importance (~ 90%), producing °OH as Equation I-17, and a direct two-
electron pathway (31). The hydroxyl radical can abstract hydrogen atom

from the a-carbon, the B-carbon and the hydroxyl group of 2-propanol

to give respective radicals with the relative yields shown (6)

85.5%

-C(CH3)20H + HZO (1-20)

13.3%

-OH + (CH,),CHOH -CH,CH(CH,) OH + H,0 (I-21)

2

-OCH(CH,),, + H,0 (1-22)

The small amount of the oxygen-centered radical is negligible. With

the presence of ;t least another equivalent of Cr2+, the other two
carbon-centered radicals couple with Cr2+ to form the corresponding
organochromium complexes. The B-substituted complex is extremely un-
stable in acidic solution, however, and decomposes to Cr3+ and propene
within the time of mixing (32,33), leaving CrC(CH3)20H2+ in the solution

as the major product.

This preparation also requires a large concentration of 2-propanol,

such that [2-propanol]/[Cr2+] > 50, to minimize the competition of Cr2+

reacting with <OH according to Equation I-23, k23 being 4.8 x 1091"1-15-1

(34), which is comparable to that of Equation I-20, being k19 =
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2.2 x 10°M° L

s71 (3.

K
crdt + .05 —23> cropt’ | (1-23)

The CrCH(CH3)0C235 complex is stable enough to be chromatographed
on a Sephadex C-25 column anaerobically with slightly acidic 0,25M of
NaClO4. The isolated organochromium solution can be kept at -10°C for
about two weeks under a nitrogen atmosphere.

Reactions of chromium(II) and organic halides The benzyl-

chromium(III) complex has been prepared by the reduction of benzyl
bromide with chromium(II) ion (35, 36). The overall process consists
of two steps, bromine atom transfer followed by the capture of benzyl

radical:

cr?t 4+ PhCH,Br ——> crBr?t + PhCH, - (1-24)
cr2t + PhCk., - —-——€>-PhCHZCr2+ (1-25)

The reaction may be done by injecting two equivalents of Cr2+ into one
equivalent of PhCHzBr dissolved in aqueous acetone. The resulting

benzylchromium ion can also be purified by column chromatography.

(1,4.8,11-tetraazacyclotetradecane)cobalt(II) perchlorate solution (37)

The macrocyclic complex, (HZO)ZCO([IA]aneN4)2+ or cobalt(Il)-
(cyclam), can be made by mixing equimolar quantities of Coz+, [14]aneN4,
and HClO4 under a nitrogen atmosphere. No attempt at isolation of this
complex was made because of its extreme oxygen sensitivity., 1Its concentra-

1

tion was determined spectrophotometrically at Amax 465 mm (e = 22 Mrlcmf ).

The maximum concentration of this solution throughout this study was 0.05M.
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The perchlorate solution of C02+ was obtained by chromatographing
CoCl2 on a Dowex 50W-X8 ion-exchange column. The [14]aneN4 ligand was

purchased from Strem Chemicals, Inc,

Vanadium(II) perchlorate solution

Solutions of vanadium(II) were prepared by the reduction of vanadyl
ion with zinc amalgam in an acidic aqueous solution. Two moles
of hydrogen ion are also required to reduce one mole of voZ+
ion. The VO(ClO4)2 solution was made from VOSO4 by the ion-exchange
technique. Its concentration was spectrophotometrically measured at
lmax 760 nm (¢ = 17.2 Mflcmfl) and used as that for V2+ solution. The
concentration of H% was determined by titration of the eluent from ion
exchange with standard base.

A solution of VO2+ was concentrated twice in DZO to 1/4 of the

original volume to give > 99% of deuteration. The reduction of this

solution formed V(D20)§+.

Chromium{II) perchlorate solution

Solutions of Cr2+ were prepared by the reduction of chrowium(IXI)

perchlorate with zinc amalgam in acid.

Miscellaneous

2,3-dimethyl-2-butyl hydroperoxide The oxidation of 2,3-dimethyl-

2-butanol by H202 in acid gives the hydroperoxide (38)

>—|—OH + H,0, —> >+oon + H,0 (1-26)
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Essentially the same method was used to prepare l-phenyl-2-methyl-2-

propyl hydroperoxide (PhCHZC(CH3)200H) (39).

Methods

Characterization

Inorganic reagents All of the solutions of the metal ions or

complexes were characterized with UV-visible spectroscopy and showed

values consicstent with the literature data (Table I-1).

Analysis

2+

Inorganic product In the reaction of CrC(CH3)20H with V2+,

2+

the product, V3+ ion, was analyzed by studying its reduction by Cr

A solution of CrC(CH3)20H2+ was made first by mixing 0.0354M H202,
2+

0.0708M Cr~ , 1M 2-propanol and 0.0615M HClO4 in a total volume of
5 mL. Immediately after the preparation, 3 mL of this organochromium

solution was transferred into 7 mL of 0.179M V2+ solution containing
G.65M Hf. The mixture was allowed to react at 25.0°C for 3 minutes
(~ 5 half-lives). Then, 9 mL of the resulting -solution wss-added into
a 5 cm cylindric cell which had 5 mL of 0.0853M Cr2+ and 1.330M HClOQ.
This solution was monitored at A 408 mm at 25.0°C. Both the ab-

sorbance change and the reaction rate were determined and compared

a ate o P N RNy | Y73+
L0 tne Cailuracted v .
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Separation of organic products Organic products were separated

from aqueous or semi-aqueous reaction solutions first, then identified.
Two separation methods were chosen according to the solubility of the

organic products in water.



Table I-1. The UV-visible spectroscopic data for some inorganic reagents

Absorption
Compound Solvent hmax/nm (e/M-lem~1) Ash/nm (e/M~lem—1) Reference
(HZO)SCrC(CH3)20H2+ H,0/2-propanol 407(700) 311(2500) 32, 40
24
(Hzo)Scrcn(ctia)och5 HZO 396(468) 290(2270) 32, 40
vt H,0 850(3.22) 558(4.44) 364 (~ 2) 41, 42
v H,0° 586(5.47) 396(8.07) 41, 42, 43
vo?t H,0 760(17.2) 43
(uzo)zma([14]aneN4)2’r H,0 465(22)  316(16.5)° 4t
ity = o.8M.

bThis absorpt.ion sometimes appears as a shoulder.

61
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Owing to the miscibility of 2-propanol and acetone with water,
their extraction is almost impossible. An XAD-4 resin which has a
strong affinity for organic material was used for the separation
(45). A column packed with a 1 cm x 20 cm XAD-4 sorbent bed was washed
with methanol, then followed by distilled water several times. Acetone
or 2-propanol at 10 mmol level in a 10 mlL aqueous solution may be ef-
fectively sorbed on the column. The water phase was removed by aspira-
tion. The organic components then were completely eluted off the column
with 10 mL of chloroform or ether, and ready for anmalysis.

The less water soluble products such as acetaldehyde and diethyl
ether were simply extracted with CI:ICl3 directly from reacted solutions
and analyzed.

GLC analysis Acetone, diethyl ether, and acetaldehyde were
identified on a 5% FFAP column, using a Perkin-Elmer 3920B instrument
with a FID, by the comparison of the authentic reagents. On a non-

polar capillary column, 2-propanol in chloroform could be detected with

T2 2o : a+ RN 4. 100
. A N W deheiies W teaaa e e e e e - e D e
and the samples were chromatographed isothermally to give better separa-
tion of the small volatile compounds from the solvent (chloroform), ex-

cept that 180°C was applied for the detection of pinacol.

HPLC analysis Acetone was also directly detected in the reacted
solutions without separation. The aqueous samples were injected into
a micropak MCH-10 30 cm x 4 mm reversed phase column installed in a
Varian 5060 HPLC instrument., The chromatography was done with an
eluent of 90% H20-10% CH3CN at a flow rate of 1 mL/min, with 48 atm

pump pressure., It was detected with a UV-50 detector at A 260 mm.
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GC-MS analysis The identification and quantification of 2-

propanol and diethyl ether were also done with a Finnegan-90 GC-MS

instrument equipped with a nonpolar capillary columm by the Instrument

Service group.

Kinetics

The conventional spectrophotometric method was employed for the
investigation of the kinetics. The decomposition of the organochromium
complexes was monitored with time by following the decrease in the ab-
sorbance at their maximum absorption wavelength. The immersion of the
spectrophotometric cell in a water bath in a thermostated ceil holder
which was installed in the sample compartment of a Cary 219 spectrometer,
maintained constant temperature throughout the course of the reactions.
The ionic strength of the reaction solution was brought to a constant
value by the addition of LiClO4.

In a typical run for the reactions of CrCH(CH3)0C2H2+ a mixture

5 b

of the desired amount of Cr2+ and V2+ (or CoII([IA]aneN4)2+) with the

required concentrations of HC].O4 and LiClO4 in a 2 cm cuvette was
deaerated with NZ for 15 minutes and then thermostated for the same
period. The reaction was initiated by the injection of a small amount
of CrCH(CH3)OCZH§+. The absorbance at X 396 nm was recorded as a func-
tion of time.

The CrC(CH3)20H2+ complex was prepared in situ and the kinetic
measurements were performed in solutions also containing 2-propanol.

In a 2 cm cuvette, a solution containing 2-propanol, perchloric acid

and lithium perchlorate was deaerated first. After introducing Cr2+
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into the cell, it was brought to 25.0°C in the cell holder. The in-

jection of HZOZ with shaking the cell instantaneously produces yellow

2+

2+
CrC(CH3)20P )

The immediate addition of pre-thermostated V

*

Co([l&]aneN4)2+ initiated the reaction which was monitored at A 311 mm
or A 407 mm.

The isotope effect for the reaction of CrC(CH3)20H2+ and V2+
was determined by using vanadium(II) in 92% D20 for the kinetic
studies. A small volume such as 0.5 mL of premade CrC(CH3)20H2+
(~5 x 10-3M) with excess Cr2+ was injected into 5.50 mL of ca. 0.078M
V(D20)§+ solution at 25.0°C, and the reaction was monitored as before.

All of the kinetic runs were studied under pseudo-first-order

conditions. The data were analyzed by a nonlinear least-squares

program,
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RESULTS

Product Analysis

The reaction of vanadium(II) with the 2-hydroxy-2-propyl radical

Organic products The result of HPLC analysis for the reacted
solution was compared to that of authentic aqueous acetone and
no acetone was detected in the sample. The GLC analysis showed
that 2-propanol was the only significant organic species in the product
solution. One cannot arbitrarily conclude that 2-propanol is the product,
however, because that reaction itself was conducted in a solution con-
taining 2-propanol. In order to discern whether and how 2-propanol was
formed in the reaction, an experiment was carried out in D20.

2+

A mixture of 0.521 mmol of H202, 1.04 mmol of Cr™ , 10.06 mmol

of 2-propanol and 0.8 mmol of HC1O,, having a total volume of 10 mL,
was brought together to make CrC(CH3)2OH2+. To maximize its yield,

the local concentration of 2-propanol during the mixing must be high
and those of Cr2+ and HZOZ must be low, so that .OH will predominantly
react with 2-propanol instead of Cr2+; and H202 is used to initiate -OH
instead of oxidizing 'C(CH3)20H or CrC(CH3)20H2+. This was done by
injecting acidic H202 and Cr2+ simultaneously into Z-propanol reagent
at a steadily controlled speed. The resulting brown color indicated a
good yield of CrC(CH3)20H%+. A volume of 3.4 mL CrC(CH3)20H2+ solution
was immediately transferred to 21.6 mL of V2+ solution (5.36 mmol)

in 99% D20 with [D30+] = 0.1IM under a nitrogen atmosphere. The reaction

was allowed to go for 10 minutes at 25.0°C. The solution was chromato-



graphed with XAD-4 column. The organic sample then was analyzed with

GC-MS.

A blank was made with exactly the same procedure as above except

that CrC(CH3)20H2+ was not transferred into V2+ until CrC(CH3)20H2+

had decomposed. Aqueous 2-propanol (0.14M) was also analyzed for the
purpose of comparison.

The GC-MS results confirmed that 2-propanol was the only organic
compound in the three samples. The blank and the solution containing
authentic 2-propanol showed the same mass spectrum whose base peak was
at m/e 45 due to CH3CH2=OH ion, The real reaction system has es-
sentially the same pattern of its mass spectrum except that the peak
of m/e 46 is significantly greater than that in the former two. The

relative contents of m/e 45 to 46 fragments for 2-propanol in those

three solutions mentioned before are shown by the following data.

Table I-2. The relative contents of m/e 45 and m/e 46 fragments for

2-propanol
% relative
Samples m/e 45 m/e 46
Authentic 2-propanol 96.32 3.3¢
Blank solution 96.59 2.63
Reaction solution 87.97 11.53

The extra amount of the m/e 46 fragment in the reaction solution may

+ + +
be contributed by CH3CD=OH, (CHZD)CH=OH, and/or (CH4)CH=0D,

The last species believed to be formed by solvent exchange is negligible,
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because the blank solution shows only the 13¢ natural abundance for

m/e 46, whose intensity is the same as that found from aqueous 2-propanol
within the error, but mno indication of deuterium exchange. The other

two fragments are resulted from the alcohols which are produced by the
way of Equations I-20 and I-21 followed by deuterium abstractiom.

The maximum possible amount of these dl-alcohols is 0.47 mmol limited

by Equation I-17, and then is 4.7% of the total 2-propanol. The relative
content of d1-2-propanol observed is 8.9% which is a positive evidence
of the production of dl-2-propanol but not a quantitative explanation

for its formation.

Inorganic product The reaction solution was allowed to age

anaerobically and then chromatographed on a Sephadex C-25 ion~exchange

column, also anaerobically. The discovery of only V2+ Cr3+

>

and

traces of [(HZO)L}CrOH]g+ implies that V2+ behaves as a catalyst in the

reaction. To know the primary product for V2+ turned out to be a
problem.

An assumntion made is that if 2-propanol is indeed the only or-

. . . . . + -
ganic product of this reaction, the oxidation of V2 to V3+ is ex-

pected. The V3+ ion can be eventually reduced back to V2+ by Cr2+

The direct analysis for V3+ is not feasible in the presence of large

amounts of V2+ and Cr3+ at low pH values (<2). Fortunately, the

A . .. . . G - L2+ . i e e o
kinetics of the reduction otf V by Cr nas been studled Dy Lspenson

(46); a kinetic method monitoring this redox reaction hence was de-
signed to prove the assumption.

. . 3+ 2+ . -
The reaction between V and Cr ions follows the rate law of

1

- -
Equation I-27 with k = 0.710 M "8™* at 25.0°C and 0.771M H':
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T (1-27)

A certain amount of acidic Cr2+ was deliberately added to the reacted

solution so that the reduction of V3+ by Cr2+ could obey the pseudo-

first-order kinetics. At the high‘concentration of hydrogen ion, this
reaction is slower than the homolysis of CrC(CH3)20H2+. It thus
could be studied after the radical reactions were completed.

With the known kinetic data for the preparation and the decomposition
of CrC(CH3)20H2+ and for the reaction between V2+ and -C(CH3)20H, the
instant concentrations of related species while immediately after the
addition of Cr2+ were calculated to be as follows, assuming the reaction

occurs as shown in Scheme I-1: [Crz+

3+ M, v¥*) = 7.65 x 1072, ('] = 0.771M, and [2-

] = 3.43 x 100M, [V>'] = 3.8 x 107N,

[cr”1 = 9.84 x 10

1

-2 -
propanol] = 0.19M. The apparent rate constant observed was 2.56 x 10 S

The second-order rate comstant thus was determined to be 0.746 M 15~ T

which was in good agreement with the calculated value (0.710 Mfls-l)

with an error of only 5%.
The absorbance change at A 408 mm for the reaction between V3+
and Cr2+ was measured in a 5 cm quartz cell to be 0.17. Since the

ultimate concentrations of all the remaining species can be determined

by calculating the loss of V3+ and Cr2+, and the gain of Cr3+ and V2+,
being [Cr’¥] = 3.05 x 10°2M; [V°'] = OM; [Cr>'] = 1.37 x 10°24; [vZ¥] =

8.03 x 10-2M; [H+] = 0,771M, the overall absorbance change at A 408 nm

1

is 0.18 by using ¢,gq = 15.6 ¥ len ! (er¥y; 7.62 1 len !t vy,

1

1.30 ¥ lem™? v?); and 0 M lem™! (cr?t). Again, it is consistent with

the experimental result with an error < 6%. The vanadium(III) ion



S TtET R o mmmsmsTT T T

27

is confirmed to be primary product of the reaction of V2+ with

- C(CH,) ,0H.

The reaction of vanadium(II) with the l-ethoxyethyl radical

The reaction was conducted in an aqueous solution instead of a semi-
aqueous solvent so that the product is the only organic species in the
resulting solution and can be analyzed without interference by the
organic co-solvent. The CrCH(CH3)OC2HZ§+ complex reacts almost ex-

clusively with VZ+, because its acidolysis is so slow as to offer but

a small background.

A mixture prepared with 3 mL of 2.06 x 10  2M CrCH(CH3)0C2H§+
in H,0 and 2.4 uL of 0.326M V(D20)§+ and 9.25 x 10™2M DC10, in D,0

was left to react at 25.0°C under a nitrogen atmosphere for four
hours. The solution at 45 mole-7 deuterium then was extracted with
three portions of distilled chloroform with a total volume of 5 mlL.
The organic extract was analyzed on GC and found to contain only
diethyl ether. Its yield was 907% of the theoretical, determined by
comparison to an authentic sample of diethyl ether. The GC-MS
analysis was used to quantify the level of deuterium enrichment for
both the product and the standard. The relative intensities for the

+
major fragments whose identities could be CH,CH.O (m/e 45), CH,CH ocet
J 3772

3772 2
(m/e 59), the molecular ion (m/e 74) and their corresponding P + 1
species are shown in Table I-3. The relative contents of m/e 60 to
m/e 59 and m/e 75 to m/e 74 for the authentic ether are 3.17/96,.8 and

]
4.45/95.6, respectively, consistent with the natural abundance of ‘3C,

being (1.1/98.9) x (number of carbon atom in the fragment). The
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Table I-3. The selected GC-MS data for the standard of C.,H.OC,.H

and the product 2525
Ordinary C,H/0C,H, Peoduct

m/e Relative % @+ 1)/P% Relative % (P+ 1)/P
45 79.77 97.8 91.78 96.6

46 -b 2.0¢ 3.20 3.37
59 100 96.8 100 93.1

60 3.27 3.17 7.44 6.92
74 60.17 95.6 66.03 92.6

75 2.80 4.45 5.31 7.44

8The relative content of fragment P + 1 vs. fragment P.
bThe value is too small to be evaluated.

“The value is calculated according to the 13C natural abundance.

analogous value for m/e 46 to m/e 45 is not available, but can be

reasonably estimated as 2,2/97.8, because the responsible fragment for

; . . - - ~
m/e 45 is CH3C&O containing two carbon atoms. The extra contents of

m/e 75, m/e 60, and m/e 46 for the product are 3.0/100, 3.75/100,
1.17/100, respectively. Since -CH(CH3)OCZHS abstracts the deuterium
atom at the o-carbon to give CH3CHDOC2H5 in the reaction, the molecular
ion (cn3cm)oczﬁ";) and the fragments of m/e 60 (CH3CHDOCH+, CH3CHZOCHD+)

ought to show full amount of deuterationm of ether no matter how they

are formed. But the fragment of m/e 46 only show 50% of the deuteratiom
of ether, because either a CZHS group can be lost from ether to give
CH3CHD(5+ or a CH3CHD group leaves to give CH3CH20+. Therefore, the

relative amount of the deuterated ether calculated from the extra
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content of m/e 46 is 3.34/100. The average percentage of the o-deuterated
ether thus is (3.3 + 0.3)%. With 45 mole-% deuterium in the reaction
solution, and the approximated ratio of kH/kD ~ 6 (a value determined

for the analogous reaction of -C(CH3)20H),8 12.5% level of deuteration

of ether was expected. The discrepancy could be caused by the H-D
exchange in the water coordinated to V2+ and solvent water, but this

point was not explored further since the quantitative (90%) production

of ether makes the point,

The reactions of (HZO)ZCOII([14]aneN4)2+ with radicals

The reactions of Co([l&]aneN4)2+ with both CrC(CH3)20H2+ and

CrCH(CH.3)OC2H§+ have been studied in essentially the same mammer as the

analogous reactions of V2+. When the cobalt complex was added to a
solution of the (HZO)SCrC(CH3)20H2+ complex, a decrease in absorbance

was observed at each of the absorption maxima of CrRz+. The final
spectra indicated no consumption of Co([l&]aneN4)2+.

in the visible region was distinctive and exceeded that of other species.

Its absorption

s Z Z . . R
Addition of Cu’’ and Hg‘+ to the reaction mixture resulted in a small
increase in absorbance throughout the visible spectrum. Most of the

absorbance changes occur at A ~ 570 mm and A ~ 400 mm, indicating that

the reaction responsible is the oxidation of Cr2+ to Cr3+ by Hg2+ or

Cu2+. Based on the measured absorbance change at A 570 mm and A 408 mm,

Cr3+ was produced in a quantitative yield compared to the initial
[CrC(CH3)ZOHZ+] (47). 1t suggests that the chromium(II) ion results

2
from the homolysis of CrC(CH3)20H'+ in a quantitative yield.

2+

The product solution of a mixture consisting of CrCH(CHB)OCZH5
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(9.78 x 10-3M) and Co([l&]anel\k)2+ (1.96 x lO-ZM) was found to contain

acetaldehyde (8.9 x 10-3M), in 91% yield. In the reaction of

CrC(CH3)20Hz+, only acetone and no pinacol was found.

Organocobalt(II1) intermediate The spectral changes observed

during the reactions of Co([llx-]aneN4)2+ with CrC(CH3)20H2+ and
CrCH(CH3)002H§+ indicated only the decomposition of the organochromium
complexes. The intermediates were detected spectrophotometrically. It was
thought that both ([14]aneN,)CoC(CH,) L0 and ([14]aneNA)CoCH(CHB)OCZH?-,
possibly formed as intermediates, might be too unstable to be detected

by spectrophotometry. The reactions between Co([lé}aneNA)2+ and PhCHz-

or (CH3)ZCH-, which might give the more stable organocobalt complexes

thus were examined by two methods.

Espenson and Martin have reported that some cobalt(II) macrocyclic

complexes react with tert-alkyl hydroperoxides to yield organocobalt

products (26).

342 ) JOH (I-28)
. . 1 (T-
RC(CH3)20 —> R + (CdS)ZCO (I-29)
R+ + (Co'l) — > R(Co™Ty (1-30)
.. -3 -2 2+
The mixing of 9 x 10 ™™ PhCHZC(CH3)200H and 2.09 x 10 "M Co([l&]aneNA)

in 1:1 H,0-Bu"OH mixture solvent with [E] = 2.5 x 10”2M immediately
causes a formation of an orange species having a maximum absorption at
A 524 mm and a shoulder at A 380 mm. The absorbance change at A 524 mm

was 0.69 in 2 1 cm cell. If the reaction was assumed to be complete,
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with all the reactants having been converted to products, the molar

absorptivity at A 524 nm could be evaluated as 76 Mrlcm-l. This value

is very close to that of CH3Co([14]aneN4)OH§+ (e478 m 81 Mflcmfl

(48)). It is very reasonable to assign this cobalt product as
PhCHZCo([14]aneN4)0H§+ due to the known chemistry and the similarity
of the spectral characteristic with CHSCo([14]aneN4)2+. The
complete UV-visible spectrum of PhCHZCo([lélaneNL)2+.was never ob-

tained, since it had decomposed during purification using column

chromatography. The analogous reaction between (CHS)ZCHC(CH3)200H

and Co([l&]aneN4)2+ also produces a product with an absorption maximum
at A 526 nm (¢ ~ 85 Mflcm-l), which can be assigned as

2+
(CH3)ZCHC0([14]aneN4) .

The PhCHZCo([léjaneN4)2+ was also observed in the reaction between

PhCHZCr2+ and Co([l&]aneNA)2+. The growth of the absorption at A 530 mm

occurred during the course of the slow homolysis of PhCH Crz+. Un~

2

fortunately, increasing cloudiness of the solution caused by the pre-
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impossible. This species had also decomposed by the time of purifica-
tion.

Kinetics

The reactions of vanadium(II) with radicals

The reaction of V2+ with -C(CHS)ZOH, based on the competitive

inhibition of CrC(CH3)20H2+, may be written as below,
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Scheme I-2
+
B,k 5
Cr”" + (CH;),CHOE  (I-31)
(8,0) CrC(CH,) 08
\ “x or?t 4+ "C(CH,) ,08  (I-32)
k
Cr
ky 24

24
V(H,0)" + +C(CHy),0H ——> (H,0) VOH  + (CH,),CHOH (I-33)

where kA, kH’ kCr’ kv are the respective rate constants for acidolysis,
homolysis, bimolecular recombination between Cr2+ and ~C(CH3)20H

and the reaction being explored. Since kCr[Cr2+] and kV[V2+] are much
larger than kH’ [-C(CH3)20H] remains quite low throughout the reaction.
With the steady-state approximation for ['C(CH3)ZOH], the decomposition

of CrC(CHs)ZOH2+ is expressed as Equation I-34

2
d[(H,0)_CrC(CH,). 0B
- 25 = 372 = (k, + “ = )[CrC(CH3)20H2+]
kCr [Cr™ ]
14T
kV[V2+]
(1-34)

The reaction follows pseudo-first-order kinetics when [Cr2+] and [V2+]

are in large excess over [CrC(CH3)20H2+], and the apparent rate constant

is formulated:

ky

=k, + (I-35)
obsd A k. [Crz+]

Ur
1+ —

kv[V2+]

Depending on the value of the ratio [Crz+]/[V2+], k

k

obsd will vary in the

range from kA to (kA + kH). The large difference in values of kA

(~ 8 x 107°5™" when pH >0) and ky (0.127 571, at 25.0°C) for CrC(CH,) ,0H

2+
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allows a wide variation of kobsd'

Rearrangement of Equation I-35 leads to a linear relationship

-1 2+ 2+
( - n 1/t
between (k bsd ku) and [Cr™ 1/{ 1.

1 1 !Cr |
—_— = (I-36)
Koo~ Ka Ky k’HkV

As a matter of fact, for the analogous reactions of the same organo-
chromium under a given set of condition, the plots suggested by
Equation I-36 have a common intercept k;ll. Among the conditions to
be specified are temperature, the concentration of hydrogen ion, and
ionic strength. At a given temperature, kH is known to be independent
of [H'] (1.0 x 107°M - 1.0M) and iomic stremgth (0.1M-1.5M), whereas
kA varies with each but in a known manner, as shown in Table I-4.

2
Table I-4. The rate constants for 4cidolysis of CrC(CHs) 20H’+
25.00 + 0.05°C

Solvent [H+] /M Ionic strength/M kA/S-I

B0 0.20 i.5 (4.56 + 0.01) x 10>
H,0 0.50 1.5 (7.04 + 0.24) x 107>
H,0 1.00 1.5 (1.02 + 0.05) x 1072
H,0 0.20 1.0 4.30 x 107°
H,0 0.10 0.5 (4.30 + 0.03) x 107>
H,0 0.20 0.5 (4.64 + 0.04) x 1072
927 D,0 0.20 0.5 (1.43 + 0.03) x 107>

8Calculated value from M. Shimura's data: ky = (3.31 x 1073 +
4.91 x 10-3[HF]) s~ at w= 1.0 (7).
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1

Figure I-2 illustrates the plots of (kobsd - kA)
2:

for the reactions of CrC(CH3)2OH + with various substrates S. It indeed

“ys. 1er?f1/1s)

shows the linearity and a common intercept as expected. In the plot for
S being V(H20)§+, the kinetic data determined at different [H+] and
different ionic strength fall on the same line, indicating that the
slope, kCr/kaV’ and the intercept, k%}, are independent of [H+] and
the ionic strength. With the kinetic data summarized in Table I-5 and
the values of kA under the corresponding conditions, shown in Table
1-4, and the value of kH being 0.127 S-l, the ratio of kCr/kV can be
directly evaluated as 241 + 6 by a2 nonlinear least-squares fit to
Equation I-35. Simce k. is 5.1 x 10 M 157!, as measured by the
pulse radiolysis techniques (32), ky is (2.10 £ 0.05) x 105 Mfls-l.
The error given is that from the £it, without considering the error of
L The latter is substantial (~ 4+ 15%), and the same error is at-

tributed to the absolute value of kv.

Primary deuterium isotope effect Kinetic experiments for the

reacticn of -C{CH,} OH with V" were alsc carried out in 92% D,0, The

+ -
rate constant for acidolysis of CrC(CH3)20H2 was measured as 1.43 x 107> S

at 25.0°C under the conditions shown in Table I-4. The value of ky is
the same as that obtained im H,0 (7), being 0.129 §™', as proved by the

common intercept for the plot in Figure I-2. Table I-6 shows the

kinetic data, from which “Cr/kV(DZO) was determined to be 1380 + 100,
4 . ~1.-1 . -
and then kV(DZO) = (3.70 + 0.27) x 10" M "S ~. The isotope effect

expressed by the ratio kV(HZO)/kV(DZO) being 5.7 + 0.6, is very

substantial.

1
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(Kobsd - ka ) !/ sec

800

Figure I-2,

4.0

0.)04 0.28 0.

b= oad
N

[Crz"'}m5

r |
lReductant Jo

The first-order rate constants correlate with the concentra-
tions of the competitive reagents for the .C(CH3)o0H
radica] according_to Equation _I-32., Data are shown for
V(£0)¢" @, Co**([14]aneN)*T (W), and V(D,0)E" (©).

In the plot for V(Hzo)é+, different symbols represent

the runs carried out at [H'] = 0.2M v = 1.5 (@), p = 0.5
©, »=1.0 ® (given in Table I-5, I-6, and I-8).



Table I-5. Kinetic data for the oxidation of V(H20)§+ by 'C(CH3)20H at 25,00 + 0.05°C

[Cr ]XS
w o [HY /M 10“[32021°/M 103[Cr2+]o/M 102[V2+]O/M 102kobsd/s L 1w (kpog kz) L gec
1.5 1.0 2.48 2,51 7.17 2.64 2,80 x 1072 61.3
1.5 0.2 3.47 4,18 11.2 1.86 3,11 x 10~2 71.8
1.5 1.0 4,14 2.93 6.57 2.44 3,20 x 10”2 70.4
0.5 0.2 3.40 2.50 5.12 1.61 3.55 x 10™2 87.3
1.5 1.0 4,14 2.93 5.71 2.25 3.68 x 102 80.6
1.5 1.0 4. 14 2.93 5,25 2,18 4.00 x 1072 85.5
1.5 0.2 3.47 4,18 5.82 1.58 4,46 x 1072 89.9
1.5 1.0 A TA 2,93 4.53 2,11 4.63 x 1072 90.9
1.5 1.0 b 14 2,93 4.20 2.09 5.00 x 10™2 92.6
0.5 0.2 3,40 3.33 5.12 1.35 5.18 x 102 113
1.5 1.0 99, 3¢ 2.00 3.58 1.84 5.59 x 1o:§ 122
1.5 1.0 2.48 2,51 8.33 1.82 5.61 x 10 123
1.5 1.0 4o 14 2,93 3.48 1,78 6.03 x 10™2 130
1.5 0.2 3.47 4,18 5.58 1.20 6.24 x 10”2 137
0.5 0.2 3.40 4.17 5.12 1.16 6.82 x 10™2 147
1.0 0.2 3.40 4,17 5,12 1.08 6.82 x 10™2 154
1.5 0.2 3.40 4.17 5,12 1.09 6.82 x 10~2 158
1.5 1.0 4,14 2.93 2.96 1.73 7.09 x 1072 139
1.5 1.0 4. 14 2,93 2.36 1.71 8.90 x 102 143

a 24 .2+
[Cr ]xs = [Cr ]o - 2[820210.

Pry = (3.3.x 1073 + 6.9 x 1073(H'])s™! at p = 1.5; (3.31 x 1073 + 4,91 x 1073[H' s at p =
1.0; 4.64 x 10738~ at [H'] = 0.2M, p = 0.5.

®This run was done by injecting 0,25 mL of pre-made CrC(CH )20H2+ into 5.75 mL of V2t solu-
tion, this value being actually [HZOZ]O used for making CrC(CH3§20H2+

dThis value is actually [Cr2+]XS.

9¢



Table 1-6. Kinetic data for the oxidation of deuterated VZ+? by +C(CH,4) 0 at 25.00 + 0.05°C,
[H'] = 0.2M, » = 0.5

[Cr

4 3 24+, ¢ 2,24+ d,-1
10 [CrC(CH3)20H 10”[cCr ]XS/M 10°[v (v obsd " kA) /S
0.91 0.826 7.12 1.6 1.16 x 98.3
1.22 1.10 7.12 5.66 1.55 x 236
1.22 1.49 7.12 5.69 2,10 x 235
1,22 1.85 7.12 5.99 2,60 x 219
1.22 2,18 7.12 4.48 3.07 % 328
3.04 3.93 7.12 2.88 5.53 x 690
3,04 4,42 7.12 2,93 6.21 x 667
3.04 5.11 7.12 2,71 7.18 x 781
3Reactions were done in 92% D,0,
b (]
707% of [H202]o used,
Cin 2+ _ 2+ 2+
) [Cr ]XS = [Cr ]o - 2[H202]O + [CrC(CHB)ZOH ve.? in which [CrC(CH3)20H ]a [HZOZJO
x 70% % 0.5,
A = 1.43 x 10755"

A

1 (conditions are shown in Table I-4),

LE
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The analogous analysis for the reactions of -CH(CHB)OC H_ with

2
V2+ and Co([l&]aneN4)2+ according to Equation I-36 also shows a linear
relationship between (kobsd - kA)-l and [Cr2+]/[V2+] or [Co([lA]aneN4)2+]

and a common intercept of kil as depicted in Figure I-3. The kinetic
data for V2+ reaction are given in Table I-7. With kA = (5x 10-7 +

-5 4. -1 _ -3.-1
3.1 x 10 “[H]1)S ~ (41), ky = 2.04 x 10 °S ~ (10), the value of kCr/kV

- was—calculated as 563 + 34, and ky as (6.0 £ 0.4) x 10% M st since

9

kCr is 3.4 x 107 M-ls-l in this case (32).

The reactions of (HzO)zCoII([14]aneN4)2+ with radicals
-1 2+
4)

The linear plots of (kobsd - kA) vs. [C:2+]/{Co([14]aneN ]

are shown in Figures I-2 and I-3 for the reactions of -C(CH3)20H and
'CH(CHB)OCZHS, respectively. The kinetic data are listed in Tables I-8
and I-9. A nonlinear least squares fit of these data to Equation I-35
gives the values of kCr/kCo and kCo for Reaction I-37 can be determined

with the known value of corresponding L

Re + CoTl([141aneN ) 2F —C€9%5 r oM (1147anen 32 (1-37)

Therefore, for the reaction of -C(CH3)20H, kCr/kCo is 5.82 + 0.25, and

kg, is (8.8 £ 0.4) x 10% ¥ 1571 for the reaction of - CH(CH,) OC, H ,

= - 6 ,~1.-1
kCr/kCo = 19.7 + 1.1, and kCo = (1.7 + 0.1) x 10" M S
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Figure I-3, The first-order rate constants correlate with the concentra-

tions of the competitive reagents for the -CH(CH3)O0CjoHg
radica}l according to_Equation I—%Z. Data are shown for
V(HZO)6+ @ and CoII([lhlaneN4) + () (given in Tables I-7
and I-9).



Table I-7. Kinetic data for the oxidation of VZ+ by -CH(CH3)0C2H5
at 25.00 + 0.05°C

w/M (H /M 10* {CrCH(CH3)OCZH§+] /M 10° [Cr2+];S/M
1.55 0.967 1.0 0.837
1.55 0.967 1.0 0.837
1.51 0.750 1.0 2,51
1.50 0.90 1.0 2.51
0.50 0.19 2.6 8.37

a . 2+ _ 2+
[Cr ]XS - rcr ]0

7

P, = (5 x 1077 + 3.1 x 107 (€ ST (41)
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[Cr2+]xs
(v2hy 10%k o/ [v2+1o 103G, - KD/
0.185 7.14 4.52 x 1073 1.90
0.185 5.55 4.52 x 1073 1.46
0.299 4.13 8.39 x 1073 2.57
0.201 2.85 1.25 x 1072 3.89
0.0949 0.415 8.82 x 1072 28.1




Table I-8. Kinetic data for the oxidation of CoII([lélaneN4)2+ by 'C(CHB)ZOH at 25.00 + 0,059C,
(wt] = 0,1M, p = 0.5

24.a

[Cr ]XS
10°[8,0,] /M 10 (cx?*] /M 103[co( [14]1aneN,) *F1 /M 102, _4/87" [Co([14]aneN) ™ ] (k. - i)t
0.331 1.81 1.11 0.560 15.7 769
0.331 1.87 1.25 0.5% 13.9 610
0.331 1.87 1.43 0.598 12.2 595
0.331 1.88 1.89 0.655 9,58 444
0.331 1.70 3.38 0.857 4,83 234
1.66 2,07 4,38 0.928 3.97 201
0.331 1.36 3.38 0.989 3.83 179
1.66 1.88 4,38 1.01 3.54 172
1.66 1.70 4,38 1.09 3.13 152
0.331 1,02 3.38 1.14 2.82 141
1.66 1.51 4,48 1.20 2.69 130
1.66 1.13 4,48 1.55 1.82 89.3
0.331 0.678 3.38 1.54 1.81 90.1
1,66 0.942 4.38 1.84 1.39 70.9
1.66 0.753 4,38 2.53 0.963 47.6
0.331 0.377 3.38 3.42 0.920 33.4
1.66 0.565 4,38 3.12 0.534 37.2
1.66 0.565 8.75 5.82 0.267 18.5
1.66 0.377 4,38 6.62 0.105 16.2
a 2+ 2+ .
[Cr ]XS = [Cr ]o - Z[HZOZ]O.
bkA = (4.30 + 0.3) x 10-3 S_1 (reaction conditions are shown in Table I-4).

(A



Table I-9, Kinetic data for the oxidation of CoII([IA]aneN4)2+ by ‘CH(CH3)0C2H5 at 25.00 + 0,05°C,

w= 0,5
2+
[Cr ]XS
+ 4 . 2+ 3,248 2. II 4 -1 [, II 3 b,-1
[H]/M 107 [CrCH(CH,)OC,HL"]/M  107[Cr™ 1yc/M 107[Co™"] /M 107k ; 4/S [Co™ 7] 107 (k poq = Ka)
0.100 3.11 1.88 4.71 11.8 0.0399 0.850
0.0340 2.2 2.51 3.27 7.55 0.0768 1.33
0.0430 5.3 5.02 3.17 5.73 0.158 1.75
0.0430 6.9 5.86 3.14 4.93 0.187 2,03
0.0430 5.3 8.37 3.11 3.17 0.269 3.17
0.0355 5.3 8,37 2.49 2,42 0.336 4,15
a 2+ 2+
[Cr ]XS = [Cr ]o.

b, = 5 x 1077+ 3.1 x 1072 DsTE ).

£
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INTERPRETATION AND DISCUSSION

Mechanisms of the Oxidation of Vanadium(II) Ion with Free Radicals

Competitive kinetics

The competitive kinetics prove that the indicated reactions occur
according to the second-order kinetic equation,

2+
- Q[ZTI = kv[v2+] [R-] (I-38)

and afford a means of evaluating the second-order rate constants kv.
However, these studies supply direct information about the reaction
mechanism no further than Scheme I-2 (page 32), since the kinetics were

studied only by monitoring the disappearance of the organochromium

complexes with time.

The roles of radicals and vanadium(II) ion

The o~hydroxyalkyl radicals are reactive reducing agents toward a

variety of chemical compounds. The radicals are oxidized to ketone or

acvli compounds. For exampie, Z-hydroxy-Z2-propyl radical can be oxidized
to acetone, as illustrated in Equation I-14,
- . - A+ - -
°C(Cn3)20n = (Cn3)2C0 +H + e {(I-14)

On the other hand, the a-hydroxyalkyl radical can also react with reducing
substrates to “repair” the radicals by the way of hydrogen atom trans-
fer. One typical case is the reduction of -C(CH3)20H by ascorbic acid,
yielding 2-propanol with a rate comstant (1.2 + 0.1) x 10° wlis-t (49).

The reactions of o-alkoxyalkyl radicals are expected to resemble

those of o~hydroxyalkyl radicals in the reducing aspect, although fewer
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studies have been made. The oxidation of l-ethoxyethyl radical yields

acetaldehyde and ethaniol according to the following equation (10):

. -+ -
CH3CH20CHCH3 + H20 = CH3CH0 + CHSCHZQH +H +e (I-39)

The single known case of the reduction of -CH(CI'I:‘})OCZH.5 by Cr2+, gives

11

the Cr I-CH(CH3)OCZH5 complex, and ultimately produces Cr3+ and

(CZHS)ZO’ only more slowly by decomposition of the organometallic

complex.

The absence of acetone and acetaldehyde in the reactions of V(H20)§+
with -C(CHS)ZOH and -CH(CH3)OCZH5 proves that these radicals are not oxi-
dized. This.is not unreasonable in spite of the fact that 'C(CH3)ZOH and
'CH(CH3)OCZH.5 are commonly known as good reducing agents, since
V(Hzo)é+ is also a good reducing species (E° = - 0.255V).

In the reaction of V(H20)§+ and -C(CH3)20H, 2~-propanol was found
as the only organic substance remaining in the reacted solution. Al-
though a large amount of 2-propanol was employed to be a co-solvent,
this resuii stiil impiied chat -O{CH,;),0H acted as an oxidizing agent,
and was ''repaired" by the abstraction of a hydrogen atom.

The significant content of dl-z-propanol found in the deuterated
system can be attributed to a mixture of (CH3)ZCDOH, (CH3)(CH2D)CHOH,
and (CH3)2CH0D. Among them, the solvent-exchanged product, (CH3)ZCH0D,
was not considered, since it did not appear in the blank solution either,
The B-deuterated species is not important according to Equation I-Zi.
Therefore, only (CH3)2CDOH is the major product, suggesting the fol-

lowing redox reaction between -C(CHj3)o0H and V(DZO)§+:
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2+

2+
V(DZO)G + -C(CH3)20H = (DZO)SVOD + (CH3)ZCDOH (I-40)

Evidence to confirm the occurrence of Equation I-40 is the dis-
covery of V(H20)2+ as a primary product. The reduction of V(H20)2+
by Cr2+ following Equation I-40 was also proved. This result also ex-
plains the eventual recovery of V2+ and loss of Cr2+, as found by
chromatography.

In the reaction of V(H20)§+ with -CH(CH,)OC,H, the formation of
diethyl ether in a yield of 907 of theoretical and as the only organic

product is similarly attributed to the reduction of the radical by

2+
V(H20)6 :
V(H 0)2+ + -CH(CH,)OC H_ = (H,0) VOH2+ + (C,H.),O (I-41)
276 3777275 27’5 27572
Reaction mechanisms
Quter-sphere electron transfer An outer-sphere process for the

reduction of radicals by V(HZO)§+ can be argued against for two reasons.
First of all, the direct formation of the aliphatic anion from the

radical as in Equation I-42 is energetically disfavored.

Scheme I-3
V(8,002 + C(CH) 08 ——> V(1,003 + 13(CH,), 08 (1-42)
296 302 29 + C(CHy),
+ _fast
® :c(cH,) 00 + B L2555 (o). crom (1-43)

Secondly, a significant primicy isotope effect with ky/kp = 5.7 was
observed. The value of kD was determined in a solution of 92%

deuterium content., For convenience of discussion, the ratio may be
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mathematically extrapolated to 100% of D20, being 6.2, In the reduction
of Co(NH3)2+ by 'C(CH3)20H, the hydrogen exchange between the co-
ordinated ammonias and solvent water was negligibly slow. The rate
constants for Co(ND3)g+, therefore, could be individually measured
either in H20 or in D20. A very small isotope effect with kH/kD = 1.35
in HZO’ or 1,68 in D20 was found in strongly acidic medium, which sup-
ported the outer-sphere rmechanism (7). In contrast, the rate constants

of the reaction of vanadium(Il) were substantially lower in D,O.

2
Since they are independent of pH and of the ionic strength, the isotope
effect must be attributed only to the reaction itself. It strongly
suggests that a hydrogen transfer to -C(CHB)ZOH in forming 2-propanol
has to be important in the rate-limiting-step. The outer-sphere

mechanism does not ewvplain this result at all,

Hydrogen atom abstraction A plausible mechanism which rationalizes

all the experimental observations is one in which the 'C(CH3)20H radical

. 2+
abstracts one hydrogen atom from a water molecule coordinated to V .

Scheme I-4
i 2+ %
q
V(H.0)2" + -C(CH,).0H —> | (H.0) v—o/ —>
296 303 205V .,
“H--'..eC(CH.).OH
o 377 )

(CH,) ,CHOH + (H,0) vor’t
372 5
(D)
(I-44)
Generally speaking, this process is disfavored because it shows a

stronger O-H bond breaking concertedly with the formation of a weaker
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C-H bond. Nevertheless, the strong reducing center of v2+ might afford

a compensating driving force for the hydrogen atom transfer. A relatively

low rate comstant, 2.1 x 105 Mfls'l, of this reaction is not surprising.
In the deuterated system, a large primary isotope effect is

naturally expected, because the transfer of a deuterium atom occurs in

the rate-limiting-step. In addition, an a-deuterated 2-propanol,

(CH3)2CDOH, ought to be and is the product. In the analogous reaction

of -CH(CH3)OCZH5, CH3CHDOCHZCH3 is the product as expected.

V-C bond formation followed by acidolysis An associative path~

way leading to an organovanadium(III) intermediate, which decomposes

by acidolysis, is illustrated in Scheme I-5,

Scheme I-5
V(H,0)2" + -C(CH,) ot 45> (H.0),V-C(CH,) 062" (I-45)
2776 3727 %, 26 372 B
2+ k46 2+

(H,0) (V-C(CH,) ,08°" —=> (,0) VOH™ + (CH,),CHOH (1-46)

The seven-coordinate organovanadium(III) species is proposed because
V(32°)§+ is a d3 kinetically inert ion which does not permit the
substitution of -C(CH3)20H for HZO on this time scale. A similar case
is the oxidation of V(H20)§+ by the methyl radical. The intervention
of a seven-coordinate organovanadium species was also postulated (23),
but no evidence of this intermediate was obtained.

With the steady-state approximation for [(H,0) 6vc<cn3)20112+

1,

an expression for ky, which can be referred to in Scheme I-2, is

established.
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k, .k
=45 46

> - =
If k46 > k-45’ Equation I-47 is simplified to kv 45 which suggests
the formation of the V-C bond is rate-limiting. This case is unlikely,
because it does not explain the substantial isotope effect.

Reaction I-46 is actually the acidolysis of 2-hydroxy-2-propylvanadium-

(111), which can be written in the form of Equation I-48.

Scheme I-6
H 2+ +
/0\..'
2+ 2. 2+
. .—9
(H,0) (VC(CH,) ,0H™ —> (HZO)SV,_c_!J,H (H,0) ;VOH
CKCH3)20H

+ (CH3)20HOH
(I-48)
The proton transfer in the transition state is expected to contribute

a large isotope effect in the deuterated system, It will come true if

k46 << k-45’ then

1.
A

= Tk, (I-49)
v = &, e

indicating that the acidolysis of Scheme I-6 is the rate-limiting step.
The intermolecular pathway of acidolysis is not considered, because

kv is known to be acid independent in the experimental region ([ﬁ+] =

2,2M - 1.0M), The intramclecular route ig

the seven-coordinated intermediate is too crowded to be stable.

Preequilibrium process The mechanism shown in Scheme I-7,

in which a rapid equilibrium between V(H20)§+ and the 2-hydroxy-2-propyl

group-bound vanadium precedes the acidolysis, is mathematically in-
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distinguishable from that in Scheme I-5.

Scheme I-7
%50
V(E.0) 2" + -C(CH,) 0H === (H,0) ,VC(CH,), 08> (I-50)
276 372 276 372
2+ k51 2+
(H,0)VC(CH,) ,08”" —==> (8,0) VOH™" + (CH,) ,CHOH (I-51)
The form of kV is derived as Equation I-52
ke K
51750
k_v = _——T (1-52)
1+ K. [V ]

50
2+ 2+ . s .oy .
When KSO[V ] >1, ky = ksll[V ]J. This is not true within the experi-
mental region ([V2+] > 2x 10-2M -1.1x 10‘1M) because the experimental
data show no further [V2+]-dependence in kV. I1f KSO[V2+] << 1, the
upper limit of Kg, is 10-1M71; and kgy >2 x 107! since ky = kgiKeq.
These values imply that the seven-coordinated organovanadium species is

extremely unstable.

~

Mechanisms of Reactions of CoLL([14]aneN4)‘+ with Radicals

The possibility of the reduction of -C(CH3)20H and -CH(CH3)OC2H5
by CoII([14]aneN4)z+ complex is eliminated, because acetone and
acetaldehyde are found to be the products instead of 2-propanol and
diethyl ether, respectively. Tnerefore, only the mechanisms ieading to

the oxidation of the radicals are considered., Both inner-sphere and

outer-sphere pathways will be discussed.
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Inner-sphere mechanism

The pathway of the Co-C bond formation According to the results

of the radiolytic studies, these reactioms can be immediately attributed
to the formation of the organocobalt(III) intermediates.
Scheme I-8

HOC(CH,),

11 2+ III 2+
(HZO)ZCO ([14]aneN4) +--C(CH3)20H —_— ([14]aneN4) +—H20

#2° (1-53)
OCZHS
HrC-CH3
(8,0) ?_cOH ([14]aneN,) 24 .cH(cH,) 0 i —> cot (1147 aneN, ) 2
"2° (I-54)

The bimolecular rate comstants, k. being 8.8 x 102 w7t for Equation

Co
I-53, and 1.7 x 106 M lS -1 for Equation I-54, are consistent with those

expected (27). They show the same trend as those for the formation of

the organcchremivm compleves, k. = 5.1 x 107 wist for CrC{CH,) y.oueT
and ko = 3. 4 x 107 M st for CrCH(CH3)OC2 5 . The less prominent ’

difference in the chromium system may be invoked by the better lability
of the nommacrocyclic Cr(H20)§+ leveling out the electronic effect of
the radicals (13, 27). Of course, this is not necessarily the only
factor.

The formation of PhChZCo([14]aneNa)OH§+ complex in the model
benzyl system also supports that the organocobalt(III) species is a
reasonable primary product of the free radical and CoII([14]aneN4)2+.
It also proves that the coexistence of organochromium and
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CoII([lln-]aneN'l})2+ indeed constitute a suitable system to carry out this
kind of reaction. Conventional spectrophotometry did not provide de-
tectable evidence for ([14]aneN4)CoC(CH3)20H2+ and ([14]aneN4)Co-
CH(CHB)OCZH§+. This may be because both of these species have very
short lifetimes and had been decomposing during the course of the reac-

tions which were rate-limited by the homolysis of the organochromium

complexes. This is not surprising since CoIIIL-CHZOH(L = Me6[14]dieneN4
through this section) decomposes with k = 0.1 S-l, and for CoIIIL-
CH(CH,)OH, k = 1 x 10° 87" at pi 7 and ~ 2 x 10° §™% at pH 1. The
electron-donating group on the radical would enhance its reducing
ability and thus would destabilize the Co-C bond (27).

The decomposition of the Co-C bond The CoIIIL-CHZOH de-
composes by the way of a two-equivalent electron transfer to give
formaldehyde and CoIL complex

Co™ - T1L-CH, 08 ——> Co'L + HCHO (1-55)
The formation of Co{I) species in the reaction of CQII(1i3;8,10-tetra—

eneN4)2+ with -C(CH3)20H was directly monitored by pulse radiolysis
at pH 1 and 6.5 (29). It is reasonable to conceive that both the
organocobalt(II1) intermediates also heterolytically cleave their
Co-C bonds as depicted in Scheme I-9, to yield the organic products

of the oxidized radicals.
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Scheme I-9
HO-C(CH,), 2+
CoIII([lé]aneNA) —_— (CH3)ZCO + HCoIII([IQ]aneN4)2+
HZO (1-56)
?CZHS
H-C-C
'11?3 2 0 o III 2+
Cc|> ([14]aneN4) _— CH5CHO + CZHSOH + HCo ' ( [14]aneN4)
H,0 (I-57)

The Co(I) species is actually the conjugate base of the hydridocobalt(III)
complex. At pH <1, it ought all to be in the latter form. Further
chemistry of the hydridocobalt(III) complex will be discussed in the
following sectionm.,

A general scheme of this reaction is worth more consideration.
Scheme I-10 represents this sequence. The form of the apparent rate
constant, kCo’ is shown in Equation I-60.

Scheme I-10

K
58
R- + (Co'D) == R(Co™ 1Ty (1-58)
-58
III, _*59
R(Co " 7) — Products (1I-59)
K Kk
-58 T Ksg

If k59 > k-58’ then kC = k58' This is the very case cited before.

59 k-58’ kCo =3 . For the purpose of comparison, the
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values of k59 for the complexes with the Mé6[14]dieneN4 ligand are

used. It is noted that k_., for CoIIIL-CH(CH3)OH is 104 times greater

59
than that of CcIIIL-CHZOH at pH 1, With this trend, the value of k59
for CoIIIL-C(CH3)20H would be 108 S-l, and k-58 >108 S'l, an unusually

high rate for the homolytic cleavage of the Co~C bond. It suggests
that the decomposition of the organocobalt intermediates is unlikely
to be rate-limiting.

Reactions of hydridocobalt complex Hydrido complexes of

cobalt(III) are conjugate acids of the corresponding Co(I) complexes.
These two species, however, show very different reactivity (50, 51).
The hydride complexes of cobalt have been found to be unstable,
slowly decomposing to form Co(II) complexes and evolve molecular
hydrogen (52).

H

l 11T

2(Co I

) = Z(CoI ) + H, (I-61)

Related studies for Reaction I-6l1 are the decomposition of vitamin
B g (53), HCo(CN)g- (54), and HCo(dmgH),P(n-Bu), (55). In the last
one, a bimolecular pathway shown in Equation I-62, and a hydride
transfer process forming Co{III), as in Equation I-63 were proposed.

Scheme I-11

TN ™

28Co{dmgi) oF {n-3Bu) 3

l

H, + 20" (dngH) ,P(n-Bu), (1-62)

HCo(dmgH)zP(n-Bu)3 + H

+ - II1 +
30 — dZOCo (dmgH)ZP(n-Bu)3 + HZ

(1I-63)
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Both of these routes may be used to explain the decomposition of
2+
)

HCo([14]aneN4

reacted with a rate constant 4 x 104 fold greater than the other

. The former one might be more important since it

route for the Co(dmgH)2 system. In the reaction between CrC(CH3)20H2+
and Co([l&]aneN4)2+, the cobalt(II) complex was found to be completely
recovered at the end of the reaction. The amount of Cr2+ left over
was also found to be the same as that of initial CrC(CHs)20H2+ used
(47). These results also support that the coupling pathway is

dominant, because it produces the Co(II) complex directly. But, the

primary product of the hydride transfer route would be CoIII([14]aneN )3+

4
which would need to be reduced to CoII([la]aneN )2+ by Cr2+.

4

Quter-sphere electron transfer

The direct outer-sphere reduction of CoII({ll;]aneNa)2+ by the

free radical cannot be arbitrarily precluded.

Scheme I-12
Corl([14]ameN, )2t + -C(CH,) 0 ——> Cot([14]aneN, )"
4 2 4
+
+H + (CH3)2C0 (I-64)
I 2 HO 1 +
Co ([14]aneN4) + 'CH(CH3)OCZH5 —=—> Co ([14]aneNA)
+
+ H + CH,CHO + C,HOH (1-65)

The analogous chemistry of Equation I-64 was found for the

1

CoII(1,3,8,10-tetraeneN4)z+complexwith a rate constant 5.5 x 109 s~

Nevertheless, CoII([lh]aneN )2+

L is a much stronger reducing agent than

b4
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CoII(1,3,8,10-tetraeneN4)2+, thus, the direct reduction of

CoII([14]aneN )2+ is not necessarily as feasible as CoII(l,3,8,10-

A

tetraeneN4)2+.
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CONCLUSIONS

Among the mechanisms cited before for the reactions of V(H20)§+ with
radicals, Schemes I-4, I-5, and I-7 are all in agreement with the experi-
mental observations. The last two schemes are mathematically indis-
tinguishable. Therefore, only the two routes which are very different in a
chemical sense are considered. The first one is that the carbon-centered
radical directly abstracts a hydrogen atom from a water molecule co-
ordinated to vanadium(II) ion. In this case, the hydroxovanadium(III)
ion is the immediate product which rapidly equilibrates with H3d+ to
yield V(Hzo)z+ (pKa ~ 3-4). In addition, the radical is “repaired.”

The second mechanism invokes the formation of a seven-coordinate organo-
vanadium(III) intermediate, which undergoes rate-limiting intramolecular
acidolysis to give the corresponding products. No detectable evidence for
the organovanadium species is available. At this time, further distinction
between the alternative mechanisms cannot be made.

In summary, the reactions between CoII([lalaneN )2+ and the radicals

4
can be illustrated according to the following sequence:

+C(CH3) pO0H

Con([m]aneu'&) Z+ —-<

°C]3.(CI.’0.3)0C2H5

> ([14]anel,)Co " "C(CHy) ,0R2* (1-662)

N ITI ' 2+
> ([l4]aneN4)Co CH(CHs)OCZH5

(1-66b)

III0(0113) 20}12“‘” —> HCo X ([14] aneN, )% + (CH,) €O (I-67a)

([14]aneN4)Co A

H.0
ICH(CH3)0021-1§+ 2 HCoIII([14]aneN4) + CH,CHO

+ CZHSOH (I-67b)

2HCOM I ([14]aneN,) *" ——> 2001 ([14]aneN,) * + B, (1-68)

1 2+

([14]aneN,) Cot
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This sequence is essentially analogous to the previously studied reactions

of Corl([14])dieneN, )" and B

A with the same radicals.

12r
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PART II. REACTIONS OF (ALKYLPEROXY)COBALOXIMES

IN ACIDIC AQUEOUS SOLUTIONS



59

INTRODUCTION

Literature Background

The reactions involving molecular oxygen and transition metal
compounds have continued to receive a great deal of attention, not
only because of their catalytic usage in industry (2, 56), but also
because of their versatile roles in the biological realm (57). Omne of
the areas in which extensive work has concentrated is the metal catalyzed
autoxidation of organic compounds (2). It is known that in almost every
case, these reactions occur by radical routes in which peroxo or hydro-
peroxo complexes are intermediates (2, 58). The direct investigation
of peroxo complexes, therefore, attracts special interest.

Many metal peroxides, M:g or M~0-0, have been synthesized through
oxidative addition reactions of O2 and the complexes of the following
metals: Ti, V, Nb, Cr, Mo, W, U, Co, Rh, Ir and Pt (59). The metal-
coordinated dioxygen was found to be generally more reactive than
molecular oxygen.

Dinuclear peroxo transition metal complexes have also been re-
ported for these metals: Mn, Fe, Co, Rh and Mo (60). The u-peroxo
dicobalt compounds have been extensively studied. A number of them
decompose to give the corresponding mononuclear cobalt(III) complexes
and hydrogen peroxide in acidic solutions. One of these cases is
the complete hydrolysis of the p-peroxodecacyanodicobalt ion. Haim
and Wilmarth found that the [(NC)SCoIII-O-O-CoIII(CN)5}6- ion requires

two equivalents of acid per mole to decompose, in a reaction forming

two moles of (HZO)Co(CN)g_ ion and one mole of H202 (61).
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[ (NC) 5Cc>HI-o-o-Cc>III (cN) 5]6' + 28 + 28,0 —> H,0,

+ 2(H,0) Co(CN)g- (11-1)

Winfield and his coworkers confirmed this result and proved that the

hydrolysis proceeded via the hydroperoxo complex, HOOCoIII(CN)g' (62):

111 ITI 6- .+
-0-0- —
[(NC) ot E-0-0-Co™ (M 1°7 + H' 2
i
[ (NC) SCOIII-O-O-COIII (€9,] >- (11-2)
oI L 1T 5
[(NC) Co -0-0-Co I(CN)S] T+ H0—>
3- 2-

HOOCo (CN) 2™ + (H,0)Co(CN)? (11-3)

HOOCoIII(CN):;- + H30+ —_—> (HZO)COIII(CN)? + H,0, (1I-4)

The hydroperoxo cobalt ion was hydrolyzed comparatively slowly, and could
be isolated and analyzed as the potassium salt. It may also be synthe-

sized by direct addition of 0, to HCoIII(CN)g-. Both methods yield the

S An whirh haoc an ahgar
S, WALCOD 228 2z 2230

(ks
(B
(5]

n mavimnm at 272 rm,

Another interesting case involving a Co-OOH species is the oxidation
of 2-propanol in a solution of Co(salen). The reaction is greatly ac-
celerated, and oxygen uptake takes place in a reversible manner, when
triphenylphosphine is added. Kinetic investigations of both the
alcohol oxidation reaction and the prereaction equilibrium suggest the
formation of a labile complex of [ROH--~62Co(sa1en)PPh3]. The rate-
determining step of the reaction is postulated to involve an outer-

sphere hydrogen migration from the alcohol to the dioxygen ligand to
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give the hydroperoxo complex, Equation II-5. Further steps in the

reaction were not delineated (63).

-

i
\

o ) (11-5)

+ CR,R,0H

Other metal-coordinated hydroperoxides, such as FeIII-OOH, are
commonly invoked to explain the metal ion assisted decomposition of
hydrogen peroxide, or as intermediates in the autoxidation of ferro-
hemoglobin (64).

The organoperoxy metallic compounds, MOOR, of many main group
metals drew increasing attention during the decade of 1960 (65). These
compounds were prepared by the reaction of organometallic compounds
with oxygen or peroxides. For transition metal complexes, however,
very few compounds were known.

A series of stable organoperoxy cobalt complexes was prepared by
Giannotti, Gaudemer, and their coworkers during the early 1970s. Alkyl-
or aralkylperoxycobaloximes, R-O-O-Co(dmgH)ZL (wherein R = -CH3,
372> "™ Cslyys
~CH2CH:CR2, -CH206H5, -Céﬁll(cyclohexyl), etc.; L = -0OH,, N- pyridine,

-C H,, -n-C,H,, -CH(CH,),, -CH(CH,)(C,H,), -CH,CH(CH

N- pyrazine, N- piperidine, and their derivatives) may be either photo-

chemically or thermally synthesized by the reaction of molecular
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oxygen with alkyl- or aralkylcobaloximes (66). Their structures are
shown in Figure 1I-1.

hv(vis) or A/O2
RCo(dmgH)zL CHCl3, CH2C12’ (CH3)2COZ»ROOCo(dmgH)2L (11-6)
C6H6’ aq. CH

3OH, etc.
R = alkyl, aralkyl

These peroxo compounds were isolated in the form of reddish-brown
to black crystals, the color varying with the alkyl group. They were
well-characterized by 1H and 13C NMR, UV-visible, and IR spectroscopies
and elemental analysis. The data indicated that two oxygen atoms were
inserted between the alkyl carbon atom and the cobalt atom in the com-
pound. The X-ray structures of ethylphenylperoxy- and cumylperoxy-
(pyridine)cobaloximes confirmed this conclusion and showed that the 0-Co
bond was approximately perpendicular to the pyridine plane and pro-

jectively bisected one of the dimethylglyoxime groups (67).

Giannotti et al. have studied the thermal and the photochemical de-
composition of ROOCo(dmgH),Py, (R = . -Q , -caé-@ , and@:; )
N

(68). They were irradiated at the wavelength 254 mm or thermalyzed by
refluxing in either methanol or benzene., The decomposition of the
peroxo group leads to the formation of the corresponding carbonyls
(ketones or aldehydes) or alcohols. It was suggested by Gianmotti that
alkylpercxyccbalouime  like diallkyl peroxides, homolytically cleave to
R-0- and M-0- radicals under the conditions used.

In 1976, Bied~Charreton and Gaudemer reported the decomposition

of R-0-0-Co(dmgH),Py, (R = -CH,CH,, -CH,C H., -CH(CH,)(C,H,),

2773 2765
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(L\ ,CHs
H3C— Qﬁ—gdﬂ—% CH,

L

Figure II-la. The structure of an organocobaloxime

Figure II-1b. The structure of an organoperoxy(pyridine)cobaloxime
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—CH(C6H13)(CH3), -CH(C6H5)(CH3), -CH(P-C6HSCH3)(CH3), -C(CH3)2(CH=CH2),
-C(CH3)(02H5)(CECH)) in acidic nonaqueous solutions (69). The peroxides
were treated with 4% trifluoroacetic acid or 1% perchloric acid in
deuterated chloroform. The relative yields of the organic products
were identified as alkyl hyvdroperoxides, ketones, aldehydes, and/or

alcohols by 1H NMR. A consecutive mechanism was proposed as Equation

11-7,

RiRyC=0 + H,0 (R, =H)

Ry R /

|
R4-C-0-0-Co(dmg) ,Py -E5 R -c-0-0-H (1I-7)
l

3 3

| \\N
R, Ry
1

in which the decomposition of alkylperoxycobaloxime first gave the

RyR;C=0 + R,0H (R, #H)
corresponding alkyl hydroperoxide, ROOH, which was either stable or
further decomposed to give carbonyls or hydroxyl compounds. The reaction
rate was cnly qualitatively described to be dependent on the nature of
the alkyl groups and the nature of acids. Quantitative kinetic studies,
however, were not done,

Ryan and Espenson recently reported the reaction of isopropyl-
chromium(III) ion with molecular oxygen (70). A rate law with only a
3/2-power dependence on [CrCH(CH3)§+] and no dependence on [02] and
[H+] within the studied region was obtained. The organic products
consist of acetone primarily and smaller amounts of 2-propanocl. No

2-propyl hydroperoxide was detected. A chain mechanism containing a

postulated isopropylperoxychromium(III) cation was presented as below:
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Initiation: CrCH(CH3)§+ —L5 oty -CH(CH,) (II-8)
Propagation: O2 + -CH(CH3)2 -2, -OOCH(CH3)2 (I1-9)

2+ 3 2+
. _—
CrCH(CH3)2 + OOCH(CH3)2 CrOOCH(CH3)2
+ -CH(CH3)2 (11-10)

A

Termination: 2-OOCH(CH3)2 > (CH3)ZC=0 + (CH3)ZCHOH + 0

2
(II-11)

With the steady state approximation for the chain-carrying intermediates

and the assumption of a long chain length, the rate law is derived as

Equation II-12

2+
d[CrCH(CH,):) k, 1/2
3’2 1 1 2+.3/2
TS = k3(—2k4) [CrCH(CHy), ] (1I-12)

The mechanism shows the isopropylperoxychromium(III) cation as the

immediate product of Equation II-10. It is assumed to react rapidly

with H30 to yield chromium(III) ion and acetone by the reaction
2+ + 3+
= -
(HZO)SCrOOCH(CH3)2 + H ——-—-9'(CH3)ZC 0+ Cr(HZO)6 (II-13)

Since the isopropylperoxychromium ion has not been identified yet
among the products, the unavailability of this species for direct

study and observation left the mechanism of its decomposition in acidic

medium as an unsolved problem.
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Statement of the Research Problem

To explore kinetics and mechanism of the acid-induced decomposition
of the organoperoxy metallic complexes, the stable alkylperoxycobaloximes
have been chosen as appropriate species. Among the questions to be
answered are how this decomposition reaction actually occurs, and how
the alkyl group and the axial ligand influence it. Since the proposed
scheme of Equation II-7 has not been verified yet, one would ask
whether the alkylperoxycobaloxime was truly decomposed consecutively,
such that the ketone is produced by the decomposition of the hydro-
peroxide, or whether two products are formed in concurrent reactions.

In this project, the reactions of organoperoxycobaloximes with
aqueous perchloric acid were studied. The compounds examined are
(1) ROOCo(dmgH)z(Pyridine) complexes with R = 2-propyl, 2-butyl,
cyclopentyl, benzyl and d7-2-propy1 and (2) (CH3)ZCHOOCo(dmgH)2L
complexes with L = pyridine, piperidine, water and ammonia.

1H NMR has been used throughout to characterize and quantify
peroxide reactants and organic and inorganic products., In additionm,
iodometric titrations were used to amalyze the alkyl hydroperoxide, and
GLC techniques to identify ketones and to study the kinetics of their
formation.

The major kinetic studies were done spectrophotometrically at
25.0 + 0.1°C, The temperature dependence was evaluated only for the
2-butyl-peroxy(pyridine)cobaloxime. The kinetics of the decomposition
of (CD3)2CDOOCo(dmgH)2Py was also studied, as was the product yield, the

amount of (CD3)CDOCH being determined by iodometric titration., The latter
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experiment was designed to measure whether a significant isotope effect
would be found for the ketone formation.

Variation of the axial ligand in the series of 2-propylperoxycobaloxime
also permits an evaluation of its effect on the tzsc strength of the

oxime oxygens in this series of compounds.
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EXPERIMENTAL
Materials
Cobalt compounds
Organocobaloxime, RCo(dmgH),L A nucleophilic process gives the

best synthetic method for organocobalt complexes, where the parentheses

represent

111

(Co™)™ + RX — R-(Co™™1) + X (1I-14)

a four-coordinated macrocyclic ring of ligand(s), e.g.: two dimethyl-
glyoximes in this case,

Two preparative procedures have been used in this work. The
first method used to synthesize 2-propyl, d7-2-propy1, 2-butyl(pyridine)-
cobaloxime, 2-propyl(aquo)cobaloxime and 2-propyl(piperidine)cobaloxime
was carried out by an adaption of the general procedure developed by
Schrauzer (71), in which, I\IaBH.4 was the reducing agent.

Another published procedure followed was the OH promoted dispro-
portionation of the cobalt(II) complex in the presence of the desired

halide (72)

200" (dngh) L. 2> Co™ (dmgH) ,L” + HOCo™ ' (dmgH),L (II-15)
Co' (dmgH) L™ + RX — RCo(dmgH) L + X_ (1I-16)

Cyclopentyl(pyridine)cobaloxime and cyclopentyl(aquo)cobaloxime were

prepared by this method.
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Alkylperoxycobaloxime, R-0-0-Co(dmgH) oL

R

-CH(CH3)2, -CD(CD3)2, -CH(CHB)(CZHS)’ and -C5H9(cyclopenty1).
L = pyridine, piperidine, water, and ammonia.
Alkylperoxycobaloximes were prepared by a photoinduced oxygen-
insertionmethod developed by Giannotti and Gaudemer. Details are as
follows:
An amount of 100-150 mg of the given alkylcobaloxime with the de-

sired axial ligand was dissolved in 200 mL of solvent (CHC1l,, CH,Cl

32 727 2?
aqueous methanol, or acetone). The solution was placed in a Pyrex

flask fitted with a gas dispersion tube to promote the dispersal of
oxygen. The irradiation was carried out with the temperature maintained
between 5-10°C, or at -109C for the aquo compounds, a vigorous stream of
oxygen being maintained throughout. The light, produced by a Sorensen
150 watt XLS1 Xenon lamp, was filtered by a UV filter or a solution of
CuSO4 (73). The initially orange solution turned brown during the course
of the reaction, which was monitored by TLC until the yellow spot of

the starting complex disappeared completely. The solution was evaporated
to form a brown solid, which was purified by thin layer chromatography

on a silica gel column. A mixture of chloroform-ethyl acetate-methanol
with volume ratio of 2:2:1 was used as the eluent. The first reddish-
brown band was collected. When CHZCI2 was used as the solvent of the
reaction, the first orange band was CHCIZCo(dmgH)zPy, and the reddish-
brown band would contain the peroxo product along with a little
ClCo(dmgH)zPy (74). The solvent of the desired fraction was evaporated

by mildly blowing air over it. The compound was recrystallized
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from methanol.

The final product was in the form of blackish-brown to greenish-
brown crystals, varying with the aikyl group, in an overall yield of
50-60%. The preparation of 2-propylperoxy(ammine)cobaloxime started
with 2-propyl(aquo)cobaloxime, to which was added an excess of
concentrated ammonia, followed by the irradiation.

Diaquocobaloxime perchlorate, [(H70)7Co(dmgH),]C10, Solid

diaquocobaloxime perchlorate provided by G. W. Kirker was made by
stirring H[ClZCo(dmgH)Z] (75) with AgClO4 in aqueous solution overnight,
then crystallized with LiClO4 (76).

A solution containing [(H20)2Co(dmgH)2]+ ion was also prepared
by adding acidic Hg2+ into aqueous CH3Co(dmgH)20H2. The resulting
solution actually consisted of (HZO)ZCo(dngH3)Z+ ion, CH3Hg+, and
excess Hg2+ ion (77).

(Aquo) (pyridine)cobaloxime perchlorate, [(H20)Co(dmgH)oPy]CL0ys

(78) [(HZO)Co(dmgH)zPy]C104 was prepared by dissolving 119 mg of

~f1N 3 1 T
~ an

- -7 I
4 T r 2
0.02 mL of reagent grade pyridine in 1 mL of methanol. Upon mixing

Tr/ra A\ Ma /e~
L \as

zvl Zvv\%“,zl O 2t S‘IOOC

+n whisrhh viog thoan 2A3A4dsA
s «C WALCO Wac el fgcec

these two solutioms, a yellow slurry was attained. It was recrystallized

from methanol.

Organic compounds

Cyvclopentyl hvdroperoxide The starting material, cyclopentyl

methane sulfonate was prepared by Mosher's method (79). It was oxidized

by H202 under alkaline conditions (80):
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o
idine H 02
D—on + CH,S0,C1 Pyridize, [:}oscn3 —ﬁ? 00H  (II-17)
o

Miscellaneous reagents

The LiClO4 solution was prepared by neutralizing Li CO with HC1O0,,

3
followed by evaporation of the solvent to yield LiClO4 crystals. After

recrystallization, a concentrated stock solution was prepared and
standardized by titration of the acid which was displaced from a cation
exchange column by a quantitative aliquot of the LiClO4 solution.

4:
dimethylglyoxime, alkyl halides, cyclopentanol, methane sulfonylchloride,

Other commercially available reagents, such as: HC10 CoC12'6H20,
etc. were used without further purification.

Methods

Characterization of the synthesized compounds

Elemental analyses for C, H and N were done by the Ames Laboratory
analytical service group. Cobalt was determined as Co(NCS)Z- spectro-
photometrically (e 93 om = 1842 Mrlcmfl) after fuming the sample in
perchloric acid. Their data are listed in Table II-1.

The cobalt compounds were also characterized by electronic absorp-

tion and 1H NMR spectroscopies; the latter affords the most characteristic

features useful for the identifications.

The UV-visible spectra were recorded using a Cary 219 spectrophotometer.,
The analogous species exhibit similar absorptions. Spectra of 2-propyl-

cobaloximes and 2-propylperoxycobaloximes are shown in Figures II-2 and II-3,



Table II-1, Data of elemental analysis of some cobalt complexes

Formular % found (caled.)

Compound weight c H N Co
c-Csﬂgco(dmgH)zpy 437 49.05(49,43) 6.40(6.50) 15.39(16.01) 13.50(13.47)
c-Csﬂgooco(dmgH)zpy 469 45.,70(46.06) 5.93(6.01) 14.70(14.92) -
iso—C3H7OOCo(dmgH)2py 443 42.69(43.34) 5.78(5.90) 15.66(15,80) -

586 27.00(26.6) 4,15(3.75) 12,34(11.9) 11.87(10.1)

[HZOCo(dmg2H3)py](0104)2

cL



73

—~2.0
T
£
1c
= |45
~
»
=
=
L 4
g
]
2 10
<
o
S
(=]
=
x
< —0.5
.0 \
-
—0.0 .
T

Wavelenath / nm

Figure 1I-2. The UV-visible spectrum of Anmwvmomooaammvwm.% in mmou
pH 7



R gt

74

1.8 -0.18
1.4 -0.14

o - =

o

c

©

2 ro -0.1

o

) \

ol '\
0.6 0.06

\ \
-0.2 -0.02
3zC ag¢c Sge

Wavelength / nm

Figure II-3. The UV-visible spectrum of 8.0 x 10™-M (CHs),CHOOCo(dmgH),Py.
The 2bsorption range ic 2.0 in the region of X 200-400 mm

and 400~600 nm, 1 cm path length



FAIIVRS R mmem——— e

75

and a complete data summary is shown in Table II-2. The NMR spectra
were taken at room temperature on a 60 MHz of Perkins-Hitachi R-20B
high resolution model or a Variam HA-100 spectrometer. TFigures II-4
to II-6 show these spectra of the cobalt compounds.

The 1 or spectra of cyclopentyl methane sulfonate and cyclopentyl
hydroperoxide are shown in Figures II-7 and II-8. The later compound
was also characterized with a high resolution AE1-902 mass spectrometer.
Its molecular weight was evaluated as 102.06805 (calculated 102,06808).

The spectrum is shown in Figure II-9. Table II-3 gives the complete

4 wR data.

Product identification

In addition to the NMR studies of the products, as will be il-
lustrated later, gas chromatography and an iodometric titration method
were used to do either qualitative or quantitative analyses for the
organic products.

A gas chromatograph instrument, Hewlett-Packard Model 5700A, was
used to analyze the products from 2-propylperoxy(pyridine)cobaloxime
after decomposition by acid in aqueous solution, and a Tracor 560 instru-
ment was used for cyclopentylperoxy(pyridine)cobaloxime. In both
cases, a 10% FFAP column was used with a column temperature of 100°C.
The major product in each case was identified.by examining the overlap
of the most prominent peak from the sample solution in comparison
with the peak obtained for the authentic compound.

A method of iodometric titration originally used for hydrogen

peroxide was satisfactorily used to determine the amount of alkyl



Table II-2, Data for UV-visible absorption of the cobalt complexes

Compound Solvent

(2) Organocobaloximesa

iso-C3H7Co(dmgH)2-Py H20 462(-)
iso-C3D7Co(dmgH)2-Py MEOH/HZO 462(-)
iso-C3H7Co(dmgH)2-0H.2 H20 462(1300)
150-C,H_Co(dmgH) ,-Pip H,0 462(1300)
sec-C4H9Co(dmgH)2-Py HZO 462(-)
c-CSHQCo(dmgH)Z-Py HZO 460(-)
c-Csﬁgco(dmgH)z—OH2 MEOH/HZO 460(-)

(b) Alkylperoxycobaloximes

iso-C3H7OOCo(dmgH)2-Py HZO 298sh(8100)
150-C,D00Co(dugH) ,-Py E,0 294sh(6000)
iso-C3H7OOCo(dmgH)2-OH2 HZO 292sh(7500)
1s0-C,H,00Co(dmgH) ,-pip H,0 288sh(9000)
isc-C3H7OOCc(dng)2-NH3 HZO Z288sn(5100)
c-CHy00C0(dmgH) ,-Py H,0 280sh(-)
(c) Inorganic Co(III)-Cobaloximes
b
[(HZO)ZCO(dmgH)ZI[C104] H20 340 (2000)
(8,0) Co (dmgH) ,Py] (€10,) B,0 340sh(-)

aOrganocobaloximes "instantaneously" lose axial base' in aqueous
solution; the species being studied is thus RCo(dmgH)ZOHZ.
b

From R. A. Heckmann, Ph.D, dissertation, Iowa State University;
see Ref, (37).
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386sh(-)
388sh (-)
386sh(1600)
382sh(1700)
384sh(-)
380sh(-)

380sh(-)

242(24000)
244(18000)
244.(23000)

244(22000)

240(21000)

242(24000)

320sh(-)
320sh(-)
320sh(4200)
316sh(3800)
320sh(-)
316sh(-)

320sh(-)

280sh(-)
288sh(-)
280sh(6200)
280sh(5400)
280sh(-)
278sh(-)

280sh(-)

230(=)
230(-)
230(24000)
230(24000)
230(-)

230(-)

Not determined
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Figure II-4., The 1H NMR spectra of 2-propvl- and 2-propvliperoxv(pvridine)-
cobaloximes in CDCl3



79

(Et)(Me)CHCo(dmgH),Py

(Et)(Me)CHOOCo(dmgH)zPY

Mmum

. S W -t Jw———-—uﬂ\—)»

PR B R ENNE U RS, § i I |
Ppm 9 8 7 6 5 4 3 2 1 0
- B S T, RN £ a1 1 4 9.1 1 ¢ 3\
rigure ii=->, 1né n vl SpeEC i 2-butyl- and 2-butylpercoxy{pyridine)-

2tTa ©
cobaloximes in CDCl3



80

c-CSHQCo(dmgH)zPy

TMS

c-CngOOCo(dmgH)zPy

)

S

T™S

SR BN N DA ENNPEE NP SR
oM 9 6 7 6 5

1
ure IT-6, The "H NMR spectra of cyclopentyl- and cyclopentylperoxy-

4

(pyridine)cobaloximes in CDCl3

p—
3

P
2

1
1

P
[+




81

(2]

=

ot

2 U 1
[
[ R NPUR SN R SU SN R
ppm 9 8 7 6 5 4 3 2 1 0
Figure II-7. The 1H NMR spectrum of cyclopentyl methanesulfonate,
neat sample
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Figure 1I-8. The "H NMR spectrum of cyclopentyl hydroperoxide, neat
sample
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Table II-3.

15 ™R data of synthesized compounds

Compound Solvent
Part A. Organocobaloximes
iso—C3H7Co(dmgH)2—Py CDCl3
iso-C3D7Co(dmgH)2-Py CDCl3
iso-C,H. Co(dngH) ,-OH, CD,0D
iso—C3H7Co(dmgH)2-Pip CDCl3
iso-C3H7Co(dmgH)2-NH3 DZO
(Et)(ME)CHCo(dmgH)Z-Py CDCl3
c-C5H9Co(dmgH)2—Py CDCl3
c-CSHQCo(dmgH)Z-OH2 CD30D
Part B, Alkyvlperoxyccbaloximes
iso-C3H7OOCo(dmgH)2-Py CDCl3
iso—CsD7OOCo(dmgH)2-Py CDCl3
iso-C3H700Co(dmgH32-0H2 DZO
iso-C3H7OOCo(dmgH)2-Pip D,0
CDC1
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Chemical shift/ppm vs. TMS

Alkyl group CH3-DMGH Base ligand
0.46(d) 2.13(m) 2.13(s) 8.48(m) 7.28(m) 7.59(m)
-CH(CHy),  -CH(CH,), Ho-Py  HS-Py  Hy-Py
- - 2.12(s) 8.59(m) 7.25(m) 7.68(m)
Ho-Py HB-Py Hy-Py
0.20(d) 2.23(m) 2.23(s) -
-CH(CH,), ~CH(CH,),
0.37(d) 2.28(m) 2.28(s) 1.56(m,6H) 2.77(m,4H)
-CH(CH,) , -CH(CH,) ,
0.41(d) 2.21(m) 2.21(s) -
0.43(d) 0.83(t) 1l.2(m) 1.63(m) 2.13(s) 8.58(m) 7.28(m) 7.58(m)
-CH,(Me) -CH,(Et) -CH,(Et) -CH Ho-Py  HB-Py  Hy-Py
1.40(m) 2,11 (m) 2.11(s) 8.67(m) 7.35(m) 7.77(m)
(CHZ) 4 -CH He-Py HB-Py Hy-Py
1.33(m) 2.23(m) 2.23(s) -
(CH,), -CH
0.91(d) 3.40(m) 2.30(s) 8.37(m) 7.26(m) 7.67(m)
~CH(CH,), -CH(CH,), Ho-Py  H8-Py  Hy-Py
- - 2.30(s)  8.37(m) 7.22(m) 7.64(m)
Ho-Py HB-Py Hy-Py
0.79(4d) 3.15(m) 2.53(s) -
0.81(d) 3.23(m) 2.45(s) 1.35(m,6H) 2.67(m,4H)
0.84(d) 3.21(m) 2.42(s) 1.45(m,6H) 1.73(m,4H)



Table II-3. Continued

Compound Solvent

1so-C3H7OOCo(dmgH)2-NH DO

3 2
CD3OD
(Et) (Me)CHOOCo(dngH) ,-Py ~ CDCL,
c-CBHQOOCo(dmgH)Z-Py CDCl3

Part C. Organic compounds

Cyclopentyl methane Neat

sulfonate CDCl3
Cyclopentyl Neat

hydroperoxide CDCl3
D0
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Chemical shift/ppm vs. TMS

Alkyl group CH3-DMGH Base ligand
0.85(d) 3.35(m) 2.43(s) -
0.81(4) - 2.37(s) -
0.91(d) 0.74(t) 1.15(m) 3.13(m) 2.30(s) 8.37(m) 7.20(m) 7.66(m)
CHy(Me)  CHy(Et) CH,(Et) -CH Ho-Py  H8-Py  Hy-Py
1.42(m) 3.68 (m) 2.28(s) 8.38(m) 7.26(m) 7.68(m)
(CH,), -CH Ho-Py  HB-Py  Hy-Py
1.80(m) 3.00(s) 5.15(m)
1.68(m) 3.00(s) 5.15(m)
(CH2)4 -CH3 -CH
1.68(m) 4.63(m) 8.40(s)
1.68(m) 4.63(m) 5.88(s)
1.68(m) 4.63(m) -
-(CH,) -CH -00H

274
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hydroperoxide (81). The sample solution was prepared in a total volume
of 25.0 mL and contained 1M of HC104 and alkylperoxycobaloxime of the
order of millimolar concentration, This solution was deaerated with
N2 for more than two hours which was long enough to let the reaction go
over 997% completion without air oxidation of iodide. This solution

was divided into several portions. Into each portion, a large excess
(~1 g) of Nal was added, followed by 5 drops of saturated starch
indicator. The dark purple solution was titrated with 3.007 x IO-SM

Na2$203 solution to light yellow. The relative stoichiometric rela-

tionship for produced ROOH and S 02_ is 1:2 according to the equations

273
below.
ROOH + 21 + 2H ——> I, + H,0 + ROH (1I-18)
I. + 2502 —>§,0%" + 21" (I11-19)
2 273 476
Kinetics
Spectrophotometry Two methods were used to study the kinetics.

The first one was the conventional spectrophotometric method which was
carried on all peroxo cobaloximes. The concentration of perchloric
acid in the runs was varied from 0.00iM to G.1M. It was present in
large excess over alkylperoxycobaloxime to achieve pseudo-first-order
conditions. Lithium perchlorate was used to adjust the ionic strength
to 1.00M. All solutions were well thermostated at 25.0 + 0.1°C, then
mixed in a 1 cm quartz cell. After shaking the mixture for several
seconds, the reactions were monitored using Cary 219 spectrophotometer

by measuring the absorbance decrease of alkylperoxycobaloximes at about



88

300 mm versus time.
The pseudo-first-order rate constants, kobsd’ were determined by
evaluating the slopes of the plots of ln(Dt - D} against time according

to Equation II-20

ln(Dt - Dw) = 1n(Do - Dm) - kobsdt (1I1-20)

where Do’ Dt and D°° are the respective absorbance readings at the initial
time, time t and at the completion of the reaction. One example for
the reaction of (CH3)2CHOOCo(dmgH)2Py is shown in Figure II-10. The
values of kobsd were mostly calculated by a nonlinear least~squares
program, but occasionally by a -graphical method.

In some kinetic rums, a two-stége reaction was observed. The
plots of ln(Dt - D) vs. time in such cases consisted of two added

straight line segments according to Equation 1I-21
Dt - D, = ce + Be | (11-21)

It k1 :>k11, kII may be determined simpliy Dy measuring the siope of the
long-term linear portion of the plot. The kI value will be calculated

by comstructing a new parameter, 4,
- t -kt
a=D_-D_- Be rt (11-22)

-k -t
S LI . . ,
wnere pPe for each t was obtained by esitimating the value at time

ct

on the extrapolating line of the slow portion, and a2 plot of 1lrA
against time affords kI' A typical case of this biphasic reaction is

illustrated in Figure II-11; the corresponding data are givean in

Table 1I-4.
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Figure II-10. The pseudo-first-order plots of the decomposition of

(CH3) 2CHOOCo(dmgH) 9Py at 25.0°C, i = 1.0M [H'] =
0.0099M (@); 0.03M (®D; 0.07M (O ; and 0.6M (%)
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Figure 1I-11. The pseudo-first-order plots for the biphasic _kinetic
data of Table II-4, the reactiom of 9.0 x 107°M
(CH3) 2CHOOCo (dmgH) 2Py with 0.07M HClO4 at 25.6°C,
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The data for a typical biphasic kinetic experiment? on
the decomposition of a mixture of (CH3)2CHOOCo(dmgH) Py
and (CH3),CHOOCo(dmgH),0Hy by perchloric acid

t/s D, & & t/'s D,
40 0.474 0.228 0.0375 750 0.397
60 0.462 0.226 0.0270 870 0.391
80 0.454 0.225 0.0200 990 0.385

100 0.447 0.224 0.0140 1230 0.373

120 0.443 0.223 0.0105 1470 .363

140 0.439 - - 1710 0.352

160 0.436 - - 1950 0.344

180 0.433 - - 2190 0.335

200 0.431 - - 2430 0.326

220 0.429 - - 2670 0.319

© 0.209

qConditions of this reaction are [ (CH3) oCHOOCo(dmgH) 5Pyl =

7

optical path

9.0 x 107oM,

fakl = 0,07049M, uw = 1,0, A = 320 mm, T = 25.0°C,
1 cm.

b Tkprt
X = Be .

[

Gas chromatography
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he formation rate of

the ketone by gas chromatography. These studies were only done for

2-propylperoxy(pyridine)cobaloxime and cyclopentylperoxy(pyridine)-

cobaloxime,

The reaction solutions comnsisted of alkyiperoxycobaloxime in

In addition to the spectrophotometric method,
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millimolar concentration, and 0.2M HClOQ for the 2-propyl or 0.1M

HC]'OLI. for the cyclopentyl complex. The ionic strength was fixed at

1.0M. Temperature was not controlled in the course of the reaction,

but reasonably estimated as 23 + 29C. The peaks corresponding to the
products were identified by comparison with reagent grade acetone and
cyclopentanone, and their peak heights were measured against time. Since
the sensitivity of the instrument varied occasionally, certain organic
reagents were added as internal reference. In the reaction of the 2-propyl
system, 2-propanol was used as the standard, and acetone was used for

the cyclopentyl system. The ratios of the peak heights of ketone to the
peak heights of the standard were plotted vs. time, allowing the ap-
parent rate constants of the formation of ketone to be determined and

compared with that obtained spectrophotometrically.
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RESULTS

Product Analysis

Eg MMR analysis

The organic products of the decomposition of secondary-alkylperoxy-
cobaloximes RlRZCHOOCo(dmgH)ZL, by aqueous perchloric acid have been
identified as a mixture of secondary-alkyl hydroperoxide, RlRZCHOOH, and
ketone, R1R2C=O. The 1H NMR analyses of the products were done for
(CH3)ZCHOOCo(dmgH)2L with L = pyridine, piperidine, and water,
(CH3)(CZHS)CHOOCo(dmgH)ZPy and c-CSHQOOCo(dmgH)ZPy.

According to Ried-Charreton and Gaudemer's study, 2-butylperoxy-
(pyridine)cobaloxime was exclusively decomposed to 2~butyl hydroperoxide
by 4% CF3COOH in CDCl3 (69). Reaction (3) repeated this experiment,
and the data exhibited in Table II-5 confirmed this result. In Entry

(8), the cyclopentyl complex was reacted with CF,COOH under the same

3
condition., The product was confirmed to be cyclopentyl hydroperoxide,
because its NMR spectrum was in good agreement with that of the authentic
sample. Their data are listed in Entries (10) and (11). The reaction
product of 2-propylperoxy(pyridine)cobaloxime with CF3C00H shown in
Entry (1) was reasonably recognized as 2-propyl hydroperoxide.

The NMR data for the alkyl hydroperoxides and for the authentic
ketones as the standards, the organic products of the Reactioms 2, 5,
6, 7, and 9 in Table II-5 are identified and summarized in Table II-6.
Their yields were afforded by integration of the areas of the cor-

responding resonances. A typical spectrum of reaction 5, illustrated

in Figure II-12, gives positive evidence for the formation of 2-butanone
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Table II-5. The 1l NMR data of the organic products of the decomposition of RjRoCHOOCo(dmgH) oL
by perchloric acid

Chemical shift/ppm (8§)

Reaction Solvent: RlRZCHOOH R1R2C=O
(1) (CH3)ZCHOOCo(dmgH)2Py CDCI3 1.27(4d) 4,34(m)
+ CF3COOH - CH3 ~-CH
(2) (CH3)ZCHOOCo(dmgH)2Py D20 1.18(d) 4,23(m) 2.22(s)
+ HCIO4 -CH3 ~-CH -CH3
(3) (CZHS)(CHS)CHOOCo- CDCl3 0.93(t) 1.25(d) 1.58(m) 4.15(m)
(dmgH)ZPy + CFSCOOH CH3(Et) CHB(Me) CHZ(Et) -CH
4) (Czﬂs)(CHs)CHOOCo— CDCl3 0.93(t) 1.23(d) 1.55(m) 4.02(m) 2.12(s) 1.04(t)
(dmgH)zPy + HClO4 CHB(Et) CH3(Me) CHZ(Et) -CH CHB(MQ) CHB(Et)
(5) (CZHS)(CH3)CHOOCo— D20 0.88(t) 1.18(d) 1.53(m) 4.01(m) 2.19(s) 1.00(t) 2.57(m)
(dmgH)ZPy + HClO4 CH3(Et) CH3(Me) CHZ(Et) -CH CHB(ME) CH3(Et) CHZ(Et)
(6) (CHS)ZCHOOCo(dmgH)ZPip DZO 1.19(4) 4,23(m) 2.25(8)
+ HClO4 -CH3 -CH -CH3
(7N (CHB)ZCHOOCo(dmgH)ZHZO D20 1.19(4d) 4,23(m)
+ HClO4 -CH3 -CH

6



Table II-5. Continued
Chemical shift/ppm (§)
Reaction Solvent R,R,,CHOOH R,R,C=0
172 12
(8) c-CSHQOOCo(dmgH)ZPy CDCl3 1.70(m) 4,66 (m)
+ CF3COOH -(CH2)4 -CH
(9) c-CgHy00C0 (dmgH) Py cnc1§1 1.72(m) 4,58 (m) 1.99(m) 2.14(m)
+HC].04 -(CHZ)4 -CH -CH2 -CH2
(10) CSH900H CDCl3 1,70(m) 4,63(m) 6,63(m)
- (CH,), -CH -00H
(1) C5H900H + HCI()4 DZO 1.72(m) 4 ,60(m)
- (CH,), ~CH
(12) CSH900H + HCI()4 D20 1.70(m) 4.60(m) 1.99(m) 2,26(m)
+ HClO4 -(CHZ)4 -CH -CH2 -CH2
(13) (CH,),CO D,0 2,22(s)
-CH3
(14) (CZHS)(CHB)CO D20 2,20(s) 1,00(t) 2.58(q)

CH,(Me) CH,(Et) CH,(Et)

aUsing CDCl4 as the solvent instcad of Dy0 is because of the low solubility of

c-CSH900Co(dmgH)2Py in D,O0.

S6
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Table II-6. Organic products of the decomposition of secondary-
alkylperoxycobaloximes by perchloric acid

Reaction Solvent Organic product (% yield)
H3C\ HBC\
(CH3)2CHOOCo(dmgH)2Py D20 //pHOOH (65%) //p:O (35%)
+ H.ClO4 HSC HBC
HBC\ Hac\
(CH,) ,CHOOCo (dmgH) ,Pip D,0 CHOOH (71%) C=0 (29%)

N

+HC104 H3d// H3
C

,
>\

(CH,) ,CHOOCo (dmgH) ,0H, D,0 /cnoon (100%)

+HC104 H3C
HSCZ HSCZ

(C,Hs) (CH,) CHOOCo (dngH) ,by  D,0 Neroou (65%) > 0 (35%)

+HC104 H3C H3C

c-C Hg00Co (dmgH) Py coel, Doon D:o

+HClO4

and 2-butyl hydroperoxide. All peaks owing to ketome are enhanced,

show’ ne= that it is feasible to recognize this product by adding authentic
2-butanone to the reacted solution. It was found that all these acidified
solutions containing hydroperoxide and ketone remained stable for more
than 24 hours during which they showed exactly the same NMR spectra.

That indicated that alkyl hydroperoxides were stable toward decomposition

to ketone in acidic aqueous solution. In other words, alkyl hydro-
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The IH NMR spectrum of a mixture of 2-butanone, 2-butyl hydroperoxide, and
HzOLo(dmgH)zPy ion, produced from the decomposition of 2-butylperoxy(pyridine)-
cobaloxime by conc. HCLO, in D70. The data are analyzed in Table II-5, Entry (5).
Adding trace of 2-butanone into the solution, all ketone peaks (labeled with %)
are enhanced

L6
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peroxide and ketone were formed in parallel during the decomposition
of the alkylperoxo cobalt complex, and not formed subsequently,

The inorganic cobalt products cf the reactions investigated were
identified as cobalt(III) complexes in which the original axial ligand
coordinated to the cobaloxime was retained. That is, the reactions
formed (HZO)COIII(dmgH)2L+, recognized by NMR studies, and not
(HZO)ZCOIII(dmgH);. Table 1I-7 gives these data; the pyridine resonances
are not good evidence for identification, since they are not well-
distinguished from free pyridinium ion, but the sharp singlet of the
(dmgH)z-methyl groups is very useful for distinction.

A yellow precipitate named as product X in Table II-7, collected
from a reacted solution of saturated 2-propylperoxy(pyridine)cobaloxime
and excess of perchloric acid, was recrystallized from methamol. Its
NMR spectrum has a sharp singlet at 2.5 ppm (§) due to the (dmgH)z-
methyl groups, which matches satisfactorily with that of HZOCo(dmgH)ZPy+
ion, and is distinguishable from (H20)2Co(dmgH); ion. Also from the
elemental analvsis, product X is beiieved to be protonated aquo-
(pyridine)cobaloxime salt, [(HZO)Co(dngHB)Py](C104)2 Anal: calcd.
for C13H22N5012013Co: C, 27.00; H, 4.15; N, 12.34; Co, 11.87, found:

C, 26.6; H, 3.75; N, 11.9; Co, 10.1.

The NMR spectrum of the cobalt product of the decomposed
(Ci,) ,CHOOCo (dmgi) ,0H,, agrees with cthat of (H,0) zco(dmgﬁ)‘;, having
the resonance of the (dmgH)Z-methyl groups at 2.7 ppm (8). The

piperidine species gives the corresponding singlet at 2.6 ppm (8§)

under the same conditions, which is apparently distinct from either
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Table II-7. The lH NMR data of the cobalt(III) products and other

known cobalt species

Chemical shift/ppm (§)

Compound or condition Solvent CH3(DMG) Axial ligand
Part A: (H,0) ?_CO(dmgH)"‘?: ion
(1) [(HZQ)ZCo(dmgH)Z]Clo4 CD30D 2.71(s)
(2) [(H,0),Co(dmgH),]C10, D,0 2.70(s)
+ H.ClO4
(3) CH3Co(dmgH)2H20 HZO 2.69(s)
+ Hg?*/HC10,
Part B: (HZO)Co(dmgH)ZPy+ ion
Ho-Py HB-Py  Hy-Py
(4) [(H,0)Co(dmgH) ,ByICl0,  (CD;),CO 2.51(s) 7.95(m) 7.3(m) 7.8(m)
a
(5) [(HZO)ZCO(dmgH)Z]C104 D,0 2.51(s) —
+ HC104 + Py(Xs)
a
(6) CH3Co(dmgH)2H20 H20 2.52(s) —
+ Hg?*/HC10, + Py (Xs)
Part C: Real System:
(N ROOCo(dmgH)zPy + HClO4 D20 2.49(s) 7.93(m) 7.3(m) 7.75(m)
R = 2-propyl, 2-butyl or
cyclopentyl
(8) Product XP CD,0D 2.52(s) 8.0(m) 7.3(m) 7.8(m)
(CD3)2CO 2.50(s) 7.95(m) 7.3(m) 7.8(m)
(9) Product X + HCIOA DZO 2.48(s) 7.95(m) 7.3(m) 7.8(m)

a
Signals covered by the strong resonances of free pyridine.

bProduct X is the crystal sample which was obtained from the reaction
of saturated aqueous (CHj3),CHOOCo(dmgH),Py and excess of HC1Oz, then

crystallized from methanol.
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Table II-7. Continued

Chemical shift/ppm (&)
Compound or condition Solvent CH3(DMG) Axial ligand

(10) [I'IZOCo(c'imgH)zPy]ClO4 (CD3)20D 2.51(s) 7.95(m) 7.3(m) 7.8(m)

+ Product X

(1) [(1-120)ZCo(dxngH)Z]CIOLP D,0 2.48(s) 7.95(m) 7.3(m) 7.8(m)
+ Product X + HClOLP 2.70(s)

(12) (CHB)ZCHOOCo(dmgH)zPip D20 2.60(s) 1.37(m,6H) 2.40(m,4H)
+ HC104

(13) (CH,),CHOOCo(dmgH) ,0H,  D,0 2.70(s)
+ HCIOA

(1,0)Co(dmgH) Py+ or (H,0) Co(dmgH)+ ion. It is thought to be
2 2 2772 2 *F
(8,0) Co(dmgH) ,Pip .

Iodometric titration

The amount of alkyl hydroperoxides from the reactions of 2-propyl
complex and its deuterated analogue was determined by iodometric titra-
tion. A test for a standard H202 solution shows good accuracy and
reproducibility in Table II-8.

Table II-8. Titrations of standard HZOZ solution

Volume of 0.1M HZOZ/mL Volume of 0.003007M Na 8203/mL Calculated [HZOZ}/M

2

1.0 6.52 0.09802
1.5 9.80 0.09823

2.0 13.10 0.09848
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The imitative solutions containing known amounts of hydrogen peroxide,
pyridine, acetone, diaquocobaloxime ion, perchloric acid or the combina-
tion of these species showed no influence on the titration. The data
are shown in Table II-9.

Tables II-10 and II-11 give the data of the titrations for the real
systems, in which the percentage yields of hydroperoxide are listed in
the last column. The average yield of (CH3)2CH00H produced by the acid
decomposition of (CH3)2CHOOCo(dmgH)2Py is 58%, which is consistent,
within experimental error, with the 65% yield determined by the NMR

measurements and is believed to be more precise than the latter. For

the deuterated system, the average yield of (CD3)ZCD00H is 92%.

Kinetics

Spectrophotometyy

The kinetics were studied in aqueous solution. Since some pyridine

complexes were not very soluble in water, vigorous and long-term stirring

rt
cr
i

was NnecessSary a
tiation of the reaction by addition of HCIOA. A spectrophotometric method
was used for the kinetic measurements, First of all, the spectral scans of
the reaction were done to decide the best wavelength for-kinetic monitoring
and the proper concentration of the peroxy complexes to give a good ab-
sorbance change. A typical set of scans is shown in Figure II-13. After
mixing the reactants, an instant drop at the 300 mm shoulder and an instant
rise at the 244 nm absorption maximum may be seen on the spectra., This can
be attributed to the rapid protonation equilibrium at one of the oxime

oxygen atoms,



Table 1I-9, Titrations of H,O, in imitative solutions

272

Solution I Solution II Solution III
Amount of H202 deliberately added (mmol) 0.09824 0.09824 0.09824
Volume of pyridine (mL) - - 0,14(1.7 mmol)
Volume of acetone (mL) - - 0.15(1.8 mmol)
Weight of [(H20)2Co(dmgH)2]C104 (mg) - 65(0.15 mmol) 83(0.20 mmol)
Volume of 1M HClOl' (mL) 10 10 10
Volume of 0,03007M Na23203 (mL) 6.48 6.55 6.40

0.0985 0.0962

Calculated amount of 5202 (mmol) 0.0974

AU
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Table II-10., Titrations of isopropyl hydroperoxide

Amount of Volume of Volume of
(CH3) ,CHOOCo (dmgH) 5Py reacted 0.003007M Amount of % relative
in reacted solution solution NapS503 (CH3) oCHOOH yield of
mmol mL mL mmol (CH3) ZCHOOH
-2 -2
3.34 x 10 10.0 11.85 1.78 x 10 53
3.34 x 10”2 10.0 12.45 1.87 x 10~ 2 56
3.34 x 10”2 10.0 14.00 2.10 x 10”2 63
1.68 x 10~ 2 5.0 6.40 9.62 x 1073 57
1.75 x 1072 5.2 8.20 1.23 x 10~ 2 56
3.36 x 102 10.0 12.60 1.89 x 1072 76
2.21 x 10”2 6.0 8.10 1.22 x 1072 55
3.16 x 10°2 8.6 12.20 1.83 x 10°2 58
3.68 x 1072 10.0 13.%0 2.01 x 10~ 2 55
ROOCo (dmgH) ,L + i = ROOCo(dmg2H3)L+ (11-23)
which is shifted tc the right upon additicn of H+. Following this, the

spectrum steadily changed and showed an isosbestic point at A265 mnm
during the cleavage reactions with H+, indicating that the protonated
species decomposed to a single cobalt product. Since all alkylperoxy-
cobaloximes have similar electronic spectra, the decay of the shoulder
at A30C mx was
The reaction studied under a large excess of [Hf], followed

pseudo-first-order kinetics. The linearity of the standard plots of

ln(Dt - Da) vs. time of most runs lasted for five half-lives confirming
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Table 1I-11. Titrations of d_-isopropyl hydroperoxide

7
Amount of Volume of Volume of

(CD3)2CDOCCo {dmgH) 9Py reacted 0.003007M Amount of % relative

in reacted solution solution Na25203 (CD3) 9oCDOOH yield of

mmol mL mL mmol (Cb3) ,CDOOH
-2 -2

2.53 x 10 7.0 15.30 2.30 x 10 91
2.67 x 1072 7.4 16.15 2.43 x 1072 91
3.61 x 102 10.0 22.75 3.42 x 10”2 95
2.04 x 10”2 5.0 15.10 2.27 x 10”2 112
3.91 x 1072 9.6 2%.05 3.62 x 1072 93
4.07 x 1072 10.0 23.35 3,51 x 1072 86
1.56 x 10”2 5.2 88.60 1.29 x 10”2 83
3.00 x 10°2 10.0 17.30 2.60 x 1072 87
3.00 x 102 10.0 19.50 2.93 x 1072 98

the first-order dependence on [ROOCo(dmgH)ZL]. The kinetic data for
all the orgamoperoxycobaloximes are listed in Tables 1II-12 to II-18.

In some of these runs for the 2-propyl complexes, biphasic kinetics
were observed. The rate constants for the slow portion are in agree-

ment with other runs containing the same acid concentrations, but the

£
obsd’

approximately 500 times greater, and an appreciable absorbance change,

first stage of the reaction gave an apparent rate constant, k

generally 20-30% of the total. Table II-19 gives these data which

£
1 : . -
showed that values of kobsd and kobsd are satisfactorily consistent

with values of kobsd for (CH3)2CHOOCo(dmgH)ZPy and (CH3)2CHOOCo(dmgH)20H2

in Tables II-12 and II-18, respectively, within the experimental error.
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L

i . | i { { 1
250 300 30 400 450 500 550 600
X (nm)

UV-visible spectral scans during reactions of

(CH3) 2CHOOCo (dmgH) 9Py with HC104. Conditions: [H'] =
0.500M, = = 1.0M, T = 25.0°C, t3/2 = 18 min. (kgpsd =
6.42 x 1074s-1, 10%[Complex], = 1.5M (right), 0.40M
(left)). The number shown for each spectrum is the
time {(min,) a2t which the sean was begun. The dotted
line shows the spectrum of an unacidified solution of
the same complex at p = 1.0M, the difference between it
and the first spectrum recorded in 0.500M H' solution
arising from the rapidly established protonation
equilibrium of Equation II-23.
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Table II-12. Kinetic data for (C )ZCHOOCo(dmgH)ZPy + HCIOQ, at
25.0 £ 0.10C, p= 1.0M

10*[Complex] /M (5] /M 10%,, /o7t
- 0.00987 0.556 + 0.003
- - 0.563 =+ 0.003
- - 0.603 + 0.004
4.98 0.0151 0.7869 + 0.0005
4.95 0.0201 0.984 + 0.004
4.95 0.0201 1.021 + 0.004
4.90 0.0302 1.416 + 0.03
4.90 0.0302 1.415 + 0.003
- 0.0404 1.79 * 9.05
- 0. 0404 1.99 % 0.09
1.54 0.0404 1.91 * 0.05
3.84 0.0503 2.39 £ 0.05
3.84 0.0503 2.37 + 0.05
1.92 0.0503 2.30 + 0.01
2.88 0.0602 2,413
2.88 0.0602 2.35
1.74 0.0700 3.16 + 0.07
1.74 0.0700 3.08 <+ 0.08
1.54 0.0700 3.06 <+ 0.04
1.00 0.0799 3.22 + 0.05
1.54 0.0799 3.10 + 0.01
2.88 0.0898 3.08
2.88 0.0898 3.08
1.00 0.0898 3.10
1.00 0.0898 3,34 + 0.06
1.54 0.0996 3.75 + 0.02
1.92 0.0996 3.50 + 0.009
1.92 0.1331 3.87 + 0.01
1.92 0.1331 4,06 + 0.01
3.84 0.2003 4,99 * 0.04
3.84 0.2003 5.01 + 0.05
1.54 0.2996 5.48 + 0.01
2.03 0.6042 6.511 + 0.009
2.03 0.6042 6.516 + 0.011
2.03 0.6042 6.47 + 0.01
2.10 0.9399 6.84 + 0.02
2.10 0.9399 6.46 + 0.01
2.10 0.9399 7.66 + 0.05

®Data without standard deviation were analyzed by graphical
method.
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Table II-13. Kinetic data for 2-C,H OOCo(dmgH)zPy + HC'.LO4 at w=1.0M

49
4 + ° 4 -1
10 {Complex]O/M (H1/M T/°C 10 kobS/s
2.0 0.0101 25.0 0.688 =+ 0.007
2.0 0.0101 25.0 0.655 + 0.006
2.0 0.0151 25.0 1.001 + 0.00%4
2.0 0.0151 25.0 0.752 + 0.006
2.0 0.0201 25.0 1.294 + 0.003
2.0 0.0302 25.0 1.848 + 0.004
3.5 0.0404 25.3 2,188 + 0.018
3.5 0.0404 25.3 2,186 + 0.019
3.5 0.0799 25.4 3.362 + 0.006
3.5 0.0799 25.4 3.328 + 0.006
4,6 0.0996 25.7 4,156 + 0.008
4.6 0.0996 25.7 4,164 + 0.010
5.5 0.1499 25.7 4.674 + 0.015
5.5 0.1499 25.7 4.737 + 0.014
4.6 0.2003 25.7 5.156 + 0.021
4,6 0.2003 25.7 5.414 + 0.020
5.5 0.2996 25.5 6.142 + (.025
1.2 0.6042 25.0 7.57 + 0.05
1.2 0.6042 25.0 7.66 + 0.04
1.2 0.6042 25.0 7.61  + 0.04
2.2 0.9399 25.0 8.17 + 0.01
1.2 0.9399 25.0 8.11 + 0.02
1.2 0.9399 25.0 8.09 4+ 0.01
3.2 0.0404 15.8 0.5178 + 0.0050
3.2 0.0799 15.8 0.7840 + 0.0004
3.0 0.1331 15.8 1.105 + 0.002
3.1 0.1470 15.8 1,052 + 0,004
2.3 0.2996 15.8 1.047 + 0.085
3.6 - 15.8 1.488 + 0.002
3.0 0.0395 31.4 6.718 + 0.009
3.0 0.0395 31.4 6.684 + 0.014
3.0 0.0395 31.4 6.828 + 0.016
3.0 0.0789 31.4 9.939 + 0.013
3.0 0.0789 31.4 9.997 + 0.028
3.0 0.1611 31.4 14.46  + 0.69
3.0 0.1611 31.4 14.83 + 0.22
3.0 0.3190 31.4 18.72 =+ 0.03
3.0 0.3190 31.4 17.38 + 0.08
3.0 0.3190 31.4 17.61 + 0.04
3.7 0.0404 38.7 21.20 + 0.22
3.7 0.0799 38.7 31.53 + 0.26
3.4 0.1499 38.6 44,71  + 0.30
3.1 0.2996 38.6 50.97 + 0.47
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4 + ° 4 -1

10 [Complex]o/M (H }/M T/°C 10 kobs/s
3.7 0.01973 44,3 35.15 + 0.32
3.7 0.01973 44.3 35.09 4+ 0.35
3.7 0.01973 44,3 36.70 4+ 0.52
1.9 0.03946 44.3 66.5 + 3.0
1.9 0.03946 44,3 59.4 + 1.2
3.7 0.05919 44,3 82.7 + 1.2
3.7 0.05919 44,3 77.44 + 0.61
2.5 0.07892 44.3 82.4 + 1.1
2.5 0.07892 44.3 90.4 + 1.4
2.5 0.07892 44 .4 89.51 + 0.80

Table II-14, Kinetic data for c-Csﬁgooco(dmgH)zPy + HC10,, at w = 1.0M

4 + 4 -1

10 [Complex] o/M [H /M T/OC 10 kobs/s
- 0.010 25.0 0.718 + 0.004
- 0.010 25.0 0.738 + 0.003
- 0.020 25.0 1.377 + 0,007
- 0.020 25.0 1.380 + G.003
- 0.040 25.0 2.619 + 0.004
- 0.040 25.0 2.578 + 0.006
- 0.070 25.0 3.640 + 0.007
5.0 0.1002 25.9 5.07 + 0.07
5.0 0.1002 25.9 5.11 + 0.06
3.0 0.2996 25.5 8.20 + 0.038
3.0 0.500 25.0 9.10 + 0.04
3.0 0.500 25.0 9.05 + 0.06
1.0 0.799 25.9 9.86 + 0.10
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Table II-15. Kinetic data for (CD3)2CDO0Co(dmgH) 9Py + HC1O4, at
25.0 + 0.19C, p = 1.0M

10% [Complex] JH (Ej/m 0%k, /s
3.0 0.0404 1.316 + 0.004
1.205 + 0.002
3.0 0.0799 1.898 + 0.018
1.922 + 0.008
3.0 0.0996 2,059 + 0.010
2,145 + 0.008

1.0 0.1007 2.14%
1.95 0.197 2,931 + 0.006
3.029 + 0.007

0.89 0.2014 2.93
3.0 0.2996 3,436 + 0.008
3,522 + 0.008

0.78 0.3021 3.11

%pata without standard deviation were analyzed by a graphical

method.

It suggests that the substitution of the axial pyridine by water occurs
in the peroxy complex although not as rapidly as for alkyl(pyridine)

cobaloximes. Equilibrium between the pyridine compound and the aquo

compound in the alkylperoxycobaloximes is achieved gradually, and

significant concentrations of both species build up, if the solutions

are kept long enough., They react with acid simultaneously, but the

aquo compound shows a much higher rate,
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Table II-16. Kinetic data for (CH3),CHOOCo(dmgH)opip + HC1Og, at
25.00 + 0.02°C, o = 1.0M

104[Comp1ex]o/m [HC10,1/X 10‘*kobsdls"1
1.11 0.00988 2.40
2.35
1.05 0.01515 3.15
3.55
1.01 0.01976 3.96
3.68
0.91 0.03030 4.78
4.80
0.81 0.04018 5.70
5.80 |
1.16 0.1976 8.70
8.81
1.10 0.5006 10.1
9.89
1.01 - 1.001 10.6
10.6

The pseudo-first-order rate constant approaches a limiting maximum
when [H+] is high as in Figure II-14. In the plot of k;bsd vs.
[H+]-1, a linear relationship was acquired for all alkylperoxycobaloximes.

The data for (CH3)ZCHOOCo(dmgH)2Py and (CD3)2CDOOCo(dmgH)2Py shown in

Figure II-15 are typical. A mathematical form of this plot can be ex-
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Table II-17. Kinetic data for (CH3)ZCHOOCo(dmgH)2NH 2 + HC1O,, at

25.00 + 0.19C, 1 = 1.0H 3 4
+ 4 -1
(] 0%, /s
0.00988 0.77
0.01515 0.986
0.01976 1.15
0.03030 1.38
0.1001 2.16
0.1976 2.38
1.001 2.45

a -4
[ (CH,) ,CHOOCo (dmeH) ,NH,] | ~ 107 M,

pressed as Equation II-24, where a and b represent the slope and the

intercept on ordinate of the plot, respectively.

1 1

= a
K bsd [E']

) + b (11-24)

A computer fit of the values of kobsd at each [H&] for (CH3)2CH00Co(dmgH)2Py
is given in Table II-20. The agreement between the calculated and the
experimental values also proves this relatiomship.

A comparable equation may also be derived from an equilibrium
leading mechanism. Since the equilibration by protonation on one of

the oxygen atoms of the oxime group has been well-known in alkyl-

cobaloximes, a basic mechanistic scheme may be designated as follows:
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Table II-18. Kinetic data for (CH3)oCHOOCo(dmgH),OH, + HClQ4, at
25,00 + 0.05°C, w= 1.0M

4 + -1

10 [Ccmplex}olM | 1/M 102kobs/s
1.77 0.01007 0.245
1.77 0.01007 0.244
1.77 0.01007 0.244
1.77 0.01343 0.301
1.77 0.01343 0.345
1.75 0.02014 0.507
1.75 0.02014 0.520
1.73 0.03021 0.740
1.73 0.03021 0.760
1.69 0.05035 1.22
1.69 0.05035 1.22
1.67 0.07049 1.70
1.67 0.07049 i1.71
1.63 0.09063 2.10
1.63 0.09063 2.10
1.61 0.1007 2.40
1.61 0.1007 2.46
1.43 0.2014 4.50
1.43 0.2014 4,50
1.26 0.3021 6.00
1.26 0.3021 6.10
1.26 0.3021 6.00
1.26 0.3021 5.90
1.07 0.4028 7.40
1.07 0.4028 7.50
1.07 0.4028 7.60
1.07 0.4028 7.70
0.901 0.5035 8.45
0.901 0.5035 8.90
0.55 0.7049 10.1
0.55 0.7045 i0.1
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Table II-19. Kinetic data of the reaction of (CH3),CHOOCo(dmgH) Py
with HC10, in biphasic case, at 25.09C, p = 1,0M

4 + 2 f -1 4 -1
10 [Complex]O/M [H'1/M 10 kobsd/s 10 kobsd/s
2 0.01 0.1 0.46
0.84 0.06042 1.7 2.4
0.91 0.06042 1.2 2.6
0.90 0.07049 1.6 2.8
2.7 0.07 1.4 2.8
0.89 0.0795 1.75 2.9
0.88 0.09063 2.2 3.1
0.81 0.1007 1.8 3.8
Scheme II-1
;. Ky +
R.R.CHOOCo(dmgH) ,.L + H z==2 R,R_CHOOCo(dmg H_ )L (11I-25)
12 2 12 273
2R R,CHOOCo (dngH) (dmgH,)L" + H,0 —£> 2(8,0) Co (dngh) L
+ R R,CHOOH + R,R,C=0 (11-26)

Using the steady state approximation for [R RZCHOOCo(dmg2H3)ﬁ+], the

1

rate law may be written as Equation II-27

d[RO0Co (dmgH) L] KK [H']
= (

- 3z —) [ROOCo (dmgH) L], (11-27)
1+ KH[H i -
The pseudo-first-order rate constant thus has the form

KK [H']

—& (11-28)
1+ KH[H+]

K bsd =
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Figure TI-14, Kinetic data for the recaction of (CH3),CHOOCo(dmgH),Py with HC10, at 25,0°C, u = 1.0M,
in a plot of kobsd VS. [H+], illustrating Equation II-28

711
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Kinetic data for the veaction of iscpropylperoxy-
(pyridine)cobaloxime with aqueous perchloric acid.

The plot depicts the linear variation of K with
[B*]1-1 according to Equation II-24. The points repre-
sent the experimental values and their standard devia-
tions, and the line corresponds to fit the data to
Equation II-24 using a nonlinear least-squares computa-

tion: i-C3Hy ©); i-C3Dg ®.
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Table II-20. Observed® and calculatedP pseudo-first-order rate
constants for the overall disappearance os isopropyl-
peroxy(pyridine)cobaloxime at various hydrogen ion

concentrations
[E"]/m 10“kzbs/s'1 104k2a1c/s-1
0.00987 0.574(25) 0.561
0.0151 0.787 0.827
0.0201 1.00(3) 1.06
0.0302 1.42(2) 1.50
0.0404 1.90(10) 1.89
0.0502 2.35(5> 2.22
0.0602 2.38(4) 2.52
0.0700 3.10(5) 2.79
0.0799 3.16(8) 3.03
0.0898 3.15(13) 3.25
0.100 3.62(18) 3.46
0.133 3.97(13) 4.03
0.200 5.00¢1) 4.84
0.300 5.48 5.57
0.604 6.50(3) 6.58
0.940 6.99(61) 7.02
aEXPerimepta1 conditions (1.0-3.8)x10 4M [ (CH2) ,CHOOCo(dmgH) 5Py},

25.0 + 0.1°C, ionic strength 1.00M (11th1um perchlorate), the level of
uncertainty in the last digit of kgpg, represented by the standard

deviation between duplicate or triplicate runs, is shown in paren-
theses,

bCalculated according to Equation II-29 using the values of k =
8.00 x 1074 s~1 and K, = 7.63 ML,
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Relating Equation II-28 to Equation II-24, a and b in the latter may

be replaced by 1/kKH and 1/k, i.e.,

P U N
kobsd kKH [H+]

Because the relatively small k values give a wide range of the inter-

(1II-29)

w =

cepts, for plotting purpose, Equation II-29 will rather be rearranged

by multiplying [H+] on both sides, and expressed as in Equation II-30

with also substitution k and KH for a and b,

i T IS |
GUE T+

- 1 (11-30)
k bsd KRy

Plotting [H+]/kobsd against [H+], k may be evaluated by the imverse of
the slope and KH by slope/intercept. Figure II-16 shows a series of
these linear plots for the decomposition of ROOCo(dmgH)zPy with various
alkyl groups. Accurate values of KH and k may also be determined by

a nonlinear least-squares program, These data and those of benzyl
system are shown in Table II-21, It is noted that both parameters show
a narrow range of values, rather insensitive to the variation of alkyl
groups.

The reaction for 2-butyl complex was studied as a function of
temperature. The values of KH and k are also summarized in Table II-21,
indicating that k is strongly temperature dependent, whereas KB ap-
pears nearly invariant with temperature within experimental error.

The thermodynamic activation parameters for k can be evaluated em-

ploying Eyring's equation.

+ o
ky & 85 R -
In @) = -5+ 5+ lny (11-31)
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Table II-21. Kinetic parameters® for the overall disappearance of
alkylperoxy(pyridine)cobaloximes, ROOCo(dmgH) zPy

R(T/0C) 10%k/s7t Ky /M
2-Propyl (25.0 + 0.1) 8.00 + 0.20 7.63 + 0.29
Cyclopentyl (25.4 + 0.4) 12.0 + 0.3 6.60 + 0.23
2-Butyl (15.8 + 0.1) 2.04 + 0.15 8.1 +0.10

(25.4 + 0.4) 9.3 + 0.3 7.35 + 1.0

(31.4 + 0.2) 23.5 + 0.1 9.9 + 0.9

(38.6 + 0.2) 65.2 + 0.5 11.9 + 0.1

(44.3 + 0.3) 178 + 22 13.1 + 3.0
a’-2-Propyl (25.0 + 0.05) 4.7 +0.2 8.6 + 0.8
Benzyl (22 + 3) ~ 14 ~ 2

2The parameters are those‘ of Equation II-29; conditions: aqueous
solution, 1.00M ionic strength,
A plot of 1In (-1,%) vs. % shows linear relationship in Figure II-17. A
nonlinear least-square data it gives the vaiues of AHJ': = 118.% + 5.5
K3 mol™* and ASF = 93.3 £ 19.2 J mol™t K1,

The variation of plots of Equatic;n 1I-30 for the reactions of
(CH3)2CH00Co(dmgH)2L with different axial base is illustrated in
Figure II-18. Their kinetic parameters calculated by computer are
listed in Table II-22., The KH values slightly increase for the compliexes
with stronger axial bases, such as piperiiin: and ammonia. The rate

constants of the decomposition step are not much different for most of

the reactions except the aquo, which decomposes much more rapidly.
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Illustrating the temperature dependence of k for the reac-

tion of (CH3)(C2Hs5)CHOOCo(dmgH)2Py with HC104 in a plot
of 1n(k/T) vs. (1/T). The rate constant k represents

the sum of the rate constants for independent reactions

and as such the slight upward curvature may be a real
effect (see pg. 131).
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Table II-22. Kinetic parameters? for the overall disappearance of
isopropylperoxycobaloximes with different axial

ligands L
Kinetic parameters at 25.0°C
L k/s-t KH/M‘l
Pyridine (8.00 + 0.20) x 1074 7.63 + 0.29
Pyridine’ 4.7 +0.2) x10°% 8.6 + 0.8
Piperidine (10.6 + 0.2 ) x 1074 28.8 + 1.0
Ammonia (2.59 + 0.06) x 1074 41.4 + 2.4
Water 0.254 + 0.010 1.01 + 0.05

a
The parameters are those of Equation II-30; conditions: aqueous
solution, 1.00M ionic strength.

b
For (CD3)2CDOOCo(dmgH)2Py.

Gas chromatography

The formation of ketone was monitored by GLC with time. The examina-
tion of alkyl hydroperoxides was impossible at 1000C, which was the tempera-
ture employed for the column. The reaction solution of Z-propyl system was
prepared with 8.6 x IO-SM (CH3)2CHOOCo(dmgH)2Py, 0.20M.HClO4, 80 ng/ul
2-butanol as internal standard and fixing the ionic strength at 1.0 by
LiClO4. The ratios of the peak heights corresponding to the forming acetone
vs. 2-butanol with time are shown in Table II-23. The ratio values at zero
time and the completion of the reaction were estimated by extrapolation.
With these values and the half-life of the reaction at 259C, which was
determined by spectrophotometrically monitoring the disappearance of
(CH3)2CHOOCo(dmgH)2Py, a calculated curve was graphed. The experimental

data plotted on the same graph are in good agreement with the calculated
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Table II-23. The gas chromatographic kinetic data for the formation

of acetone of the reaction (CHj3)2CHOOCo(dmgH)9oPy + HC1O4,
w=1,0M, T = 23 + 2°C

Peak height of acetone

Time (min.) Peak height of 2-butanol

0 0.43%
2 0.46
10 0.54
20 0.70
30 0.78
40 0.85
50 0.85
60 0.90
70 0.94
80 1.07
90 1.11
100 1.12
110 1.03
120 1.11
130 1.01
140 0.96
150 1.15
160 1.17

@ 1.05°

aVaxlues were estimated by extrapolation.
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kinetic curve, Figure II-19.

A similar analysis for the cyclopentyl system was done. Two runs

with each containing 3 x 10-4M c-CSH90000(dmgH)2Py, 0.10M HClO4,

79.5 ng/ul acetone, and p = 1.0 were recorded, Their data and the
corresponding graph are shown in Table II-24 and Figure II-20,
respectively. The apparent rates of the formation of the cyclopentanone
also agree with the apparent rate of the disappearance of

c-C 51-19 00Co(dmgH) ?_Py .
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/ rY ® 105
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Figure II-19,

Time / min.

GG analysis of acetone formed in the reaction of (CH3)9CHOOCo(dmgH)oPy with 0.200M
HC104, plotted as (peak height of acetone)/(peak height of internal standard) vs,
time, The data are shown in Table II-23. The solid curve is calculated from the
rate constant (4.99 x 10745-1) as determined spectrophotometrically and from the
extrapolated data: [Acetone], = 0.43, [Acetone]s = 1.05.

621
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Table 1I-24. The gas chromatographed kinetic data of the formation

of cyclopentanone of the reaction c¢-C5Hg00Co(dmgH) 2Py
+ EClOa, p=1,0; T =23 + 30C

Run 1 Run 2
Time (min.) Peak height of D=0 Time (min.) Peak height of [0
Peak height of acetone Peak height of acetone
0 0.0 2 0 0.0 2
1 0.028 6 0.064
19 0.096 20 0.0987
27 0.11 33 0.126
36 0.14 47 0.177
47 0.15 60 0.164
56 0.15 72 0.180
67 0.17 87 0.196
87 0.19 100 0.189
97 0.19 ® 0.200%
107 0.20
© 0.21%

3Values estimated by extrapolation.
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[ Cyclopentanone

Figure II-20,

0.21

60 80 100 120

Time /min.

GC analysis of cyclopentanone formed in the reaction of c~CgHgCo(dmgH),Py with 0.100M
HC104, plotted as (peak height of cyclopentanone) /(peak height of internal standard)
ve. time. The data of Run 1 (@), and Run 2 (Q) are shown in Table 1I-24., The solid
curve is calculated from the rate constant (5.07 x 10'43'1) as determined spectro-
photometrically and from the extrapolated data: [c-Pentanone], = 0.00 and

[¢-Pentancne] e = 0,21,

LT1
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INTERPRETATION AND DISCUSSION

Protonation of the Oxime Oxygen Atom

The rapid equilibrium protonation of one of the oxime oxygen atoms
for alkyl(aquo)cobaloximes is well-known (82, 83)., Values of K%

increase monotonically with the size

RCo(dmgH) ,H,0 + B — RCo(dmg,H,)H,0 (II-32)

of the alkyl group within a range of 1-4 Mrl. It indicates that a

better electron-donating group will inductively transmit a larger

part of its basicity to the oxime oxygen. The dependence of the axial
ligand L trans to R was not studied, owing to the extreme lability of
L in aqueous solutionms,

In this study, the analogous equilibria for ROOCo(dmgH) L were
also observed. Not only do the kinetic data suggest a protonation
equilibrium, but also the instantaneous spectral change which occurs
upon acidification, as shown in Figure 1I-13, supports it. Equation
II-25 has expressed this process.

K

H
R R,CHOOCo (dmgH) ,L + it = R1R2CHOOCo(dmg2H3)L+ (11-25)

The value of KH for (CH3)ZCHOOCo(dmgH)2H20 was determined as 1.01 Mfl

which is smaller than K, = 4.2 0.3 M'" for (CH,) ,CHCo (dmgH) 1,0,
reflecting the 2-propyl peroxy group to be less electron-donating
compared with the 2-propyl group, as expected.

The size of the alkyl group is relatively unimportant in deter-

mining the basicity of the peroxy compound. This is not surprising
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since it is two atoms further from the cobalt center than in alkyl-
cobaloximes. Various ROOCo(dmgH)zPy have the values of KH lying in
a narrow range and without significant correlation: R = i-C3H7(KH =

7.6 + 0.3 M), 1-C,D_(8.6 x 0.8 X1y, sec- Hy(8.1x 1.0 W),

A
Cy-C5H9(6.60 + 0.23 Mrl). However, in the case of PhCHZOOCo(dmgH)ZPy,
the electron-withdrawing effect of the benzyl group indeed lowers the
KH value to ca. 1.9 M-1 which is smaller than that for all n-alkyl-
(aquo) cobaloximes.

The substitution inertness of axial ligand L in ROOCo(dmgH)ZL
permits the measurement of KH for various axial ligands. A series of
(CH3)2CHOOCo(dmgH)2L with increasing basicity of L show this tendency:
L=H0 (Kg=1.04 0.5 1), L =2y (7.6 £0.3), L= Nij (4.4 £ 2.4).
Again, the better electron-donating ligand leads to a greater value
of KH’ The piperidine complex is an exception: although piperidine
is the strongest base of all, it possesses a value of KH’ 28.8 + 1.0,
smaller than that for (CH3)ZCHOOCo(dmgH)2NH3. The relatively rigid

and dulky siructure of piperidine may cause Steric hindramce to

]

limit the efficiency of its coordination to the macrocyclic cobalt.
Even though it is a stronger base than ammonia, it contributes a

poorer eleciron domation and causes a smaller KH'

Concurrent Pathways for the Formation of Ketome and Hydroperoxide

The consecutive mechanism given in Equation II-7 could be true
only if the alkyl hydroperoxide decomposed to ketome as soon as it was

formed from the decomposition of alkylperoxycobaloxime, since the forma-



130

tion of the ketone and the disappearance of the peroxy complex were
found to occur at the same apparent rate., This induction clearly
disagrees with the NMR results, vhich show that both ketone and
hydroperoxide coexisted in the reacted solution and were stable for
more than 24 hours.

The concurrent pathways through which both ketone amd alkyl
hiydroperoxide are established to be primary products are proposed as
Scheme 1I-2, 1Its rate law is formulated in Equation II-34, wherein

[ROOCo]T represents the sum of the concentrations of ROOCo(dmgH) 21.

Scheme II-2 ke Ry
>=0
1 1 JoF
R,-C-0-0-Co(dmgH) L+ H &= R, -C-0-0-Co(dmg H,)L
27| 2 2] 23
H H 1|z1
R,-C-0-0-H
b H
d[RO0Co(dmgH) L1 (L, + kK, [H'] o
- —— = ( =—"——)[ROOCo},,  (II-33)

and ROOCo(dmg2H3)L+ at a given time t, In addition to the evidence
from the NMR experiments, the kinetic studies of the ketone formation
using the GLC technique also support this mechanism. It may be

mathematically rationalized as follows. Integration of Equation II-33

gives Equation II-34.

[ROOCo(dmgH)ZL] = [ROOCo]T exp(~ kobsdt)' (I1-34)
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The rate law with regard to the formation of ketone is in the form of

Equation II-35.

4+
diketone] _ kKKH[H ]
dt = ¢ +
1+KH[H]

)LROOuo]T exp (- Kobsdt)

Integration of Equation II-35 yields the equation

[H')
(kK EKkHP)(l iHKH[H+])[R°°C°]T{1 - exp(- kobsdt)}
(11-36)

[ketone] =

Plotting [ROOCo(dmgH)ZL] vs. time and [ketone] vs. time according to
Equations II-34 and II-36, respectively, gives graphs which are ex-

ponential curves changing with the same half life: t1/2 = 1ln 2/k

obsd*®
Therefore, Scheme II-2 indeed agrees with the observation that the
peroxy reactant is consumed with the same apparent rate constant as
ketone grows.

The parameter k designated for the decomposition step in Scheme II-1

now is a composite of kK + kHP' The Eyring relationship thus has to

be rewritten.

+ + & +
RT -5 5 ~Fhp “rp
k=l + Ky = iy eREqgIemiq) + explg Demp(g D]
(1I-37)

Since the right-hand side of Equation II-37 is a sum of exponential
terms, the plot of 1ln (k/T) ws. (1/T) is not necessarily linear any-
more. In Figure II-17, the data indeed exhibit a slightly upward
curvature but may be represented as a straight line within experimental
error. The calculated AH#, 118 kJ-mole-l, and AS#, 93 J-mole_1°K71,

£
though have only limited physical meaning; the very positive AST,

however, implies that the decomposition undergoes a dissociative process.



132
Reaction Mechanisms

Several alternative mechanisms leading to the same kinetic equation
are considered. The common features possessed by these mechanisms are:
(1) a preequilibrium of protonation on the oxime oxygen preceding the
decomposition of the peroxy complex(es); (2) the formation of ketone
and alkyl hydroperoxide by parallel and independent pathways; and (3) a
unique cobaloxime(III) product with the retention of the axial ligand.
Since both of the protonated and unprotonated peroxy complexes could
be subjected to decomposition, a general form of rfour possible routes

is illustrated in Scheme II-3 using the 2-propyl system as the repre-

sentative.

Scheme II-3

+
(CH,) ,CO + H,0Co(dmgH) ,L

" '\i
K
kB Ry

-+
(CH3) 2CH.OOCo\(dmgH) 2L + H = (CHS) 2CHOOCo (dngHB)L

=134
kB H20
HP
H30 kA

(CH,) ,CHOOH + H,0Co(dmgH) L

If the four processes are incapable of further distinction, the fol-
iowing equations apply:

K HP -1.K HP +
(ky + k) + Ky (kg + kg) [H]

K1+ (5N
o

kobsd =

(11-38)
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[Ketone]m k§ + k];l(;ll
n = (11-39)
[Hydroperoxide] HP -1

Ky + g Ky

The relative yields of the organic products were determined by nmr spectro-

scopy and/or iodometric titrations. Values of both the numerator and denomina-

tor of EquationII-39 thus canbe evaluated by the combination of Equations
II-38 and 1I-39. For the 2-propylperoxy complex, kﬁ + kléKél =3.3x 10-4 -1
3.3 x 107471 ana 1 4 WKL < 4.7 x 107470

53-1 and 4.3 x 10-48-1, respectively, are acquired. The signifi-

and its deuterated analogue,

3.8 x 107

cant isotope effect for the ketome pathway(s) shown by the data will be
discussed later. These values for several other peroxy complexes are

summarized in Table II-25., They afford important information for

further resolving possibilities suggested by Scheme 1II-3, which will

also be discussed in the following sections.

Table II-25. Kinetic parameters for the individual pathways from
Scheme II-3 for ROOCo(dmgH) 2L

-1 up HP -1
=" 4 1T - rr— 4 TR =
5yt % byt Ky
. . o1 o1
D. <1 23— ¢ , - -4 (7. 1 -4
2-~ropya. Pyrld.gue \3.4 i 0.2) x 10 \-r.6 _t 0.2) x 10
d-2-Propyl  Pyridine (3.8 + 0.4) x 10> (4.3 + 0.3) x 10™%
2-Butyl Pyridine (3.3 +0.3) x 10°% (6.0 + 0.3) x 107%
2-Propyl Water <5x%103 0.25 + 0.01
2-Propyl Peperidine (3.1 + 0.4) x 10-4 (7.5 + 0.5) x 10-4
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Mechanism of Ketone Formation

The discrepant values of ki + kgK%l for the 2-propyl and the
d7-2-propy1 analogous systems, shown in Table 1I-25, manifest a
substantial deuterium kinetic isotope effect for the ketone pathway.
Expressed as a ratio, kK(H)/kK(D) = 8.9 + 1.5. This result indicates
that the breaking of the C-H bond in the alkyl group must be important
in the rate-limiting step. The main feature in the decomposition of
the peroxy complex leading to ketone is the 0-O bond cleavage. Since
the axial ligand on the cobalt complex affords little effect in this
process according to the kinetic data in Table 1II-25, a solvent proton-

assisted mechanism is proposed, and the activated complex is depicted

below:
- =
.., T ¥
(CD3)2cl;;' 'D""OHZ
O~H H
0
H
!-tzo ]
L ‘ o
|
L
L -

On the basis of this formulation, the bimolecular reaction of the un-
protonated peroxy complex with H30+ is believed to be the dominant

pathway in forming ketone, and thus kK = kiK%l. With known values of
KH for each peroxy complex, k% can be compared: 2.55 x 10—3 M-IS-1

(2-C4H,00Co(dmeH) ,By) , 2.39 x 1073 (2-C,H,00Co (dmgH) ,By), 3.2 x 1074
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- -3 (9~ ; -3
(2 C3D700Co(dmgH)2Py), 8.9 x 1072 (2 C3H700Co(dmgH)2plp), and <5 x 10

(2-C4H,00Co(dmgH) ,0H,) .

Mechanism of Hydroperoxide Formation

In contrast to the ketone pathway, the kinetic parameter,
kHP = REP + kgPKﬁl, for the hydroperoxide formation demonstrates
absolutely no isotope effect. The kHP vaiues for R = 2-propyl,

(4.6 + 0.2) x 107%™}, and da_-2-propyl, (4.3 % 0.3) x 107%s™" are
virtually the same. The ratio of kHP(H)/kHP(D) thus being 1.07 is
hardly surprising, since no C-H bond is broken during the forming of
hydroperoxide.

The values of kHP listed in Table II~25 increase with the bulky
alkyl group and strongly basic ligand except that the aquo complex,
which reacts extraordinarily rapidly. Without considering this ex~
ceptional case of L = HZO temporarily, this reaction may be again ex-
plained by the attack of solvent proton at the peroxide oxygen bound
to cobalt. The inductive electronic effect caused by both the electron-
donating group R and the basic ligand L may give a higher rate.

The values of kgP also can be estimated by neglecting kHP, being

3.51 x 10 58"+ (2-C,H.00Co (dmgH) ,By) , 3.70 x 1073571 (2-C,D

7
35-1 -2.-1
S (2-C4H900Co(dmgﬁ)2Py), and 2.16 x 10 °S

700Co(dmgh)2Py),

4,41 x 10
(2-C3H700Co(dmgH)2Pip). The axial ligand effect is much more severe
than that in the process of ketone formation. This is because now

the Co-O bond which is closer to the axial ligand is cleaved in this

pathway.
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The reaction for the aquo derivative evidently involves a dif-

ferent mechanism.

Since water is a very weak base compared to other

nitrogen-coordinated ligands, it tramsmits very little basicity to th

macrocyclic ring.

Consequently, the h;droxyl group of oxime for the

aquo complex is more acidic and capable of transferring the proton

intramolecularly to the peroxide oxygen to motivate the cleavage

of the Co-0 bond and then the hydroperoxide formation.

activated complex is proposed for this process.

7

Q

"7

o

b-

H

Oyt
7o

ey

F N

‘\N
IJ

|
OH,

+

The following

On the basis of this consideration, the pathway of kﬁP and not kgr

is suggested to be predominant for the hydroperoxide formation, and

Kyp

= ki is 0.25 % 0.01 §~

4
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GENERAL SUMMARY

The method of chemical competition, based on the homolytic decomposi-
tion of organo(pentaaquo)chromium(III) complexes, has been preven to be
suitable for the kinetic studies of the chemistry of highly reactive
radicals, particularly the novel reactions which occur too slowly to be
studied using radiation techniques.

A quite unusual reaction between V(HZO)§+ and the free radical,
-C(CH3)20H, in which the latter functions as an oxidizing agent rather
than in its more customary reducing role, has been discovered. The
)2+

same radical also reacts with CoII([14]aneN

n to form the organocobalt

species.
The secondary-alkylperoxycobaloxime is decomposed to ketone and

alkyl hydroperoxide by parallel pathways in aqueous perchloric acid.
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