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‘The present knowlsdze of the chemistry of metal ion
complexes has emanated principally from two general areas
of study. The first of these includes investigations of the
thermodynamic and chemical properties of metal complexes with
common inorganic nucleophilic ligands. Product analysis and
stersochemical analysis have been the most effective tools for
the study of substitution reactions which these metal complexes
undergo. A second major field of interest nas centered a-
round the use of organic compounds for complexing and sepa-
rating metal ions., Wost of ths work in this field has resulted
from efforts of analysts in thelr search for those reagents
which have specific properties that make them valuable as
reagents for quantitative separations of metal ions. Imminent
among these reagents are the various oxime derivatives and
ethylenediamine derivatives.

These studies have been restricted to aqueous or partially
aqueous media in which the rates of reaction are too fast to
be studied by conventional methods of kinetic analysis,
Consequently, the study of the mechanlsms of substitution
reactions of metal complexes has been restricted to a very
few cases.,

Many metals can be converted to chelates of A-diketones

which are soluble in organic solvents. The reactions of such



chelates with various reagents are slow enough to be studied
kinetically.

It is the purpose of tnils work to present a formal
kinetic study of the rates of acylation and alkylation of
metal complexes with enolate anions derived frcm/g-diketones
and meke some attempt to clarify the mecnanisms of the
reactions.

Most of these studies were carried out on the nickel(II)
chelate of 2,2,6,6-tetramethyl-3,5-heptadione(dipivaloyl-
metnane, DPM). The alr oxidetion of this cowpound proved
quite interesting and a report of a brief investigation of

this phenomenon is included herein.
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Z1STORICAL

Study of the mechanisms of substitution reacticns of

L

wmetallic elements has been restricted to g very small number
of complexss and compo;ndsls 2, TIhis work consisted of

the study of tne reclative
rates of reasction of metel ions and common anions with netael
complexes which themselves nave common anions as ligands.
The reactions studied nhave been almost exclusively those

involving exchanue of metel ions or tuae excnanie ol one or

more of the ligends between the various compounds. These

e

reactions may be classified more speciiicelly as 1) substie
tution reechions and 2) oxicdation reducticn reactions.

Aqueous or partially agueous solvents were used in mosS®t cases.

Substitution Reactions of lLietel Complexes
Substitution reactions of metel coordination compounds
are conveniently described as nucleophilic substitutions (Sy)
end electrophilic substitutions (Syz). This terminolegy is
synonymous with that developed by Hughes and Ingold in their
description of organic reactions>. At least two fundamentally

fferent pathways could be followed in substitution reactions

15, Taube, Chem. Rev., 50, 69 (1952).

2%, Pasolo and R. Pearson, "Hechanisms of ¢norﬂauic
Reactions”, John Wiley and Sons, Inc., New York (1958).

3¢. x. Ingold, "Structure and liechanisms in Orzanic
Comnonnds” | Cornell Tniversity Press, Ithaca (1953).
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These are labeled as dissociation (S41, Syl) and displacement
(52, 8z2) mechanisms,
Easolc and Pearsonh discussed several criteria for the

N

two mecnanisms. The effects of varying tne sizes and charges
of the central atoms and the leaving groups in octanedral
complexes tend to fit the requirements of an Syl mechanism.
Cn the other hand, it was found that tne line of demarcation
between labile and inert cowmplexes falls at tne point wnere

1y occupled., Tnhls

=

the 1lnner d-orbitals become at least sin
cen be reasonably exvlalned by an Sy2 mecnanism, since the
introduction of another groun into the ccordination sphere
is greatly aided if an empty lower d-orbital is available.

Erown and Ingoldg found that substitutions of chloro
groups in cobalt(IfI) complexes proceed by an Syl mechanism,
But, these could be described as an Sy2 mecnanism involving
the solvent as the nuclzophilic reagent. A number of halo-
sgumine complexes of platinum{IV} with nucleophilic reagents
showed second order behavioré.

The existence of Syl, Sy2, and borderline mechanisms
between these two has been discoversd in studies of substi-

tution reactions of sguare planar complexes of platinum(II)7.

=

tPasclo and Pearson, op. cit., p. 895.
50. D. Brown and C. K. Ingold, J. Chem. Soc., 267l (1953}).

60, B, Zvyagintsev and E. F. Karandashova, Doklady Akad.
Nauk S.S.S.R., 108, L7 (1956).

"Basolo and Pearson, ov. cib., p. 172.
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Calkins and HallEj followed the kinetics of the sxchange

O

~
-
!

of nickel(II) between Ni(CH) and amino acid complexes of
nickel(II) by observing the exchange of radioactive nickel,
They found tihe reaction to be first order in each reactant.

Consecuently, they postulated an Sy,2 mechanism for the re-

action.

Oxidation-Reduction Reactilions of Iietal Complexes

Redox reactions are of'ten subdivided into electron
transfer reactions and atom Transier reactions. There is
evidence that the former do occur in gaseous systems. No
real evidence for electron transfer in solution has been
advanced.,

Taube and his coworker59 have demonstrated the transfer

of oxygen atoms in the oxidation of sulifites and nitrites

with hypochlorous acid. Using chromium(II) cation as a

reducing agent, they effected the transier ol s large number

of univalent atoms and grouple.

VMetal Chelates of & -Diketones
IMany metals have been converted to oil-soluble metal

chelates of ) -diketones. The physical znd thermodynamic pro-

8R. ¢. Calkins end N. P. Hall, J. An. Chem. Soc., 80,

5028 (1958).

91, Taube, Lecord Chem. Prog. Kresge-Hooker Sci. Lib.,

17, 25 (1956).

105, Taube, H. Keyers and R. L. Rich, J. Am. Chem. Soc.,

15, L4118 (1953).




perties of those chelates have been thoroughly investigated.

11, 12 nave studied the relative

Van Uitert and Fernelius
stabilities of chelates of ¥-diketones, The following values
of log K (formation constant) for metal chelates of cdibenzoyl-
methane were reported: Li%T 5.95, Ha” lt.16, K" 3,62, 2yt 3.52,
cs™ 3.Ll2, These values which were obtained by potentiometric
measurements on several ¥ -diketone-metal solutions, seem %o
indicate that the stebility is a function of the size of tne
metal ions. A comparison of tine chelating tendenciles of a
series of bivalent metals towerd several g -dlizetones gave the
following general crder of increasing stabilities Bea, 8r,
Ca, ig, Cd, im, Pb, Zn, Co, Ui, Fe, Cu, Ec, Iig. A plot of
log X versus electronegativity of tie metals is linear except
Tor be.

The thermal stebillities of several metal acetylacetonates
heve been investigated by Charles and coworkerslB’ 1u.

cetone and carbon dioxice gases were emitted as the main

preducts when metal acetylacetonates were decomposed iz the

11y, Conard Fernelius and Le Grand G. Ven Uitert, Acta.
" Chem. Scand., 8, 1726 (1954).

1216 Grand ¢. Uitert, W. Conard Fernelius and Bodie
F, Douglas, J. Am, Chem. Soc., 75, 2736 (1953),

13Joan Von Hoene, Robert G. Charlies and William I,
Hickam, J. Phys. Chem., 62, 315 (1958),

Upobert G. Charles and Sidney Barnartt, J. Pays. Chem.,
62, 257 (1958),



absence of oxygen. The following order of decreasing
stabilities of several metals were based on the emission of
gaseous products at 350°: HWa(I), Cr(III), AL(III), Wi(II),
Cu(II), Fe(iI), Fe(IlI), Co(II), Co(III), ¥Mn(III).
The infrared spectra of metal chelates of & -diketones

are characterized by strong absorption bands in the 1550-1600

-1 . -1 N 1 S :
em™ and 1280-1390 cm™ - regions™. Bands in this region of
the spectra have been assigned to stretching of the carbon-

. A in - .16
oxygen and cerbon-carbon bonds of the chelate ring . Most of
these compounds also show strong abseorption in the visible
range.

Hammond and cowcrkerst’s 18 nave found that the followlng

metal cinelates are easily prepared and purified.

R}/:\ /Q-:T K
<// ‘\ /\/\/ ‘&
\ \ /
\ f A /
\ S—-/ N - -
O PR
. N

R = phenyl-, t-butyl-

15L. J. Bellamy and L. Beecher, J. Chem. Soc., L4387 (1954).

165, 1ieeke and E. Funk, Z. Blectrochem., 60, 112l (1956),

17G. S. Harmond and A. W. Fort, Data from studies of
retal chelates; Research notebook, U, S. Atomic Energy
Commission, Ames Laboratory, Ames, Iowa (1G53).

.
*BG. A, Guter and G. S. Hammond, J. Am. Chem. Soc., to be
published ca. 1959,



These chelates are thermally stable, liznt resistent,
and they react relatively slowly with verious organic
reagents and with iodine. The method of purification and the
melting points of some of these metal chelates are given in

Table 1,

Table 1. Proverties of metal cnelates offe-diketones

N

Formula? iethod of puritication® iielting point
¥aDPH Sublimation Cec. 300°
Mg (DPM) o 'stroleum sther 135-137¢°
Ca(DPit)o Ethanol-water 232-233°
Cu(Dritjo Dimethylformanide 197-198°
Cu(BPit)o Ligroin 203°
Cu(DEi) 2 Toluene 206°
Hi(DPM)o Sublimation 222-225°
Zn(DFli)p Sublimation 1l°
AL(DI1i} 3 Ethanol 26l -265°
Fe (DPH) 3 Dimethylformamide 167°
Ho(DPH) 3 Dimethylformamide 15l -155°

appi = [JMe3CCOCHCOCKe3] , DB = [CEHSCOCHCOCGHS]
BRI = [CgEZCOCHTOCHes ] .

bRecrystalllzation from the indicated solvents or
vacuum sublimation.



4 qualitative survey of several reactions which these
chelates undergo in nonhydroxylic solvents has been made by

9

. I 1
dammond and Nonhebel™ 7,

Keactions of chelates with acids

etal chelates are very rapidly hydrolyzed wiien shaxed
wita aqueous solutions of mineral acids or when aniydrous
hydrogen nalilides are bubbled tarougn the solutions. The
hydrolysis products are the & -dixetones from which the
chelates are derived and metal salts of the acilds,

Hearly all of the chelates investizated reacted imreasur-
ably rapid with w-nitrophenol, 2, L-dinitrophenol, and picric
acid. Aluminum dipivaloylmethane (DPL) reacted slowly with
picric acid, Ferric and mercuric DPM gave no observable

reaction with any of the nitrophenols,

Heactions of metal chelates with iodine

A1l of the metal chelates except ferric DPM and aluminum
DIl react with iodine in benzene, The stoichlometry of this
reaction seems to be one mole of icdine per mole of chelate,
The metal lodide has been isolated in 85% yield accounting for
essentially all of the reacted iodine. No organic compounds

were isolated.

19&. S. Hammond and D. R, Nonhebel, Data from studies of
metal chelates, lesearch notebook, U. 5. Atomic Energy
Commission, Ames Laboratory, Ames, Iowa (1958),
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Reactions with alkyl halides

Several metal chelates have been reacted with alkyl
halides, including methyl iodide and tripnenylmethyl chloride.

Products of both U-alkylation and C-alkylation are obtained

ct

h tne mstal salts. Nickel DPM rezcts with tri-

e

along w

phenylmethyl chlcride to giv

()

the enol ether, The following
sequence 1s in the decreasing order of reactivity of tri=-
phenylmethyl chloride with various metal chelates derived
from DPM and BPM (benzoylpivaloylmethane): zinc, barium,

potassivm, nickel, and copper.

Reactions of metal chelates with acyl chlorides

Metal chelates react with acyl chlorides to give tri-
ketones, the C-acylatsed product, and enol esters, the 0=~
acylated product. Any correct prediction as to where a
specific acyl halide will attach tihne substrate seems to be a
fortuitous guess. Evidence for this is shown in Table 2 which
lists various reactions of metal chelates with acyl halides.,
The following order of decreasing reactivities was observed
in the reaction of metal chelates with benzoyl chloride:

potassiump barium? strontium} lanthnum) erbium > calciumy zinc)

nickel? sodium) magnesiumy coppery aluminum » iron.
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Table 2, Reactions of metal chelates with acyl nalides

Metal chelate Acyl haslide Product
Cu(DPl‘vi)2 Benzoyl chloride Triketone
Ni(DPM)2 Benzoyl chloride Triketone
Zn(DPM)2 Benzoyl chloride Inel ester
Zn(DPM)2 #-Nitrobenzoyl chloride Triketons
Ni(DPM)2 P -iitrobenzoyl chloride Triketone
Li(BPi) Fivaloyl cnloride Enol ester
Ca(DPI‘-i)2 Pivaloyl chloride Triketone
Fe(DPM)3 Benzoyl chloride No reaction
Al(DPM)3 Benzoyl chloride Vo reasction

In an attempt to gain some insight as to the mechanism
of the reaction of metal chelates with alkylating and acy-
lating agents, Hammond and Wonhebel made qualitative com=-
parison of substituent, sclvent, and catalytic effectszo.
Table 3 shows the orders of reactivities in the reactions of
the chelates with substituted benzoyl chloride in dry benzene.

The rates of reactions of metal chelates with acyl and
alltyl cnlorides increased with increasing polarity or basisity
of the solvent. The addition of aluminum chloride or silver

perchlorate accelerated the reaction.

2OD° R. Nonhebel, Data from studies f met

lege rl".h notebook, U, S. Atomic Energy Co

1 chelates,
ory, Ames, Iowa (1958) )

Amae

i Ny
Clis
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Table 3. Reactions of metal chelates with substituted
benzoyl chloride in dry benzene

iletal chelate Decreasing rate of reaction
Calcium ;0-1\'5027 E77o-06313
Copper © =100y HY £-0CH;
Viclel ;@-1-3027 5770-0()3;3
Zince f«»OCH3) HY £=~ii0s
Aluminum p~OGE37 H?7ﬁ—N02

The obvious conclusions wnich can be drawn from the
present knowledze of the alkylation and acylation of metal
cnelates is that there is a significant variation in mecha-

nisms of rsactions involved.

Air Oxidation of Metal Chelates of A-Dikefones

Charles and Barnartt?l found that the reaction of me-
tallic iron with acetylacetone is greatly accelerated by the
presence of oXygen. Substantial amounts of acetic and
pyruvic acids were produced as by-products. These products
were also obtained from the air oxidation of Fe(II) zcetyl-

acetonate, lsading Charles and Barnartt to the conclusion

that Fe(II) acetylacetonate is an intermediate in the for-

2lRobert G. Charies and Sidney Barnartt, J. Phys. Chem.,
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mation of Fe(ILI) acetylacetonate.
A study of the acylation and alkylation of metal chelatses
in the pressnce and absence of oxygen miznt conceivably

provide sowme hint as to the characterization of the mechanisms

of these reactions,
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EXPARTIIONTAL
Chemicals

Aluminum chloride

Annydrous aluminum chleride (Reagent Grade, J. T. Baker

Chemical Company) was used without further purification.

Lumonia
Anhydrous ammonia (The iiathison Company, Inc.) was used

without further purification.

Anisole

Anisole (Reagent Grade, iatheson, Coleman, and Bell)

was used without further purificetion.

Benzene
Thiophene free benzene (Allied Chemical and Dye Company)

was distilled from sodium or phosphorus pentachloride,

Benzoyl chloride

Reagent grade benzoyl chloride (J. T. Baker Chemical

Company) was used without further purification.

Chlorobenzene

Reagent grade chlorobenzene (Allied Chemical and Dye

Company) was distilled through a spinning band column. The

22511 melting points and bolling points reported in this
thesias are nneorrected.



fraction used distilled at 132°,.

#-Chlorobenzoyl chloride

-~ = -

ent grade £-chlorobenzoyl cnloride (Eastman vhite

Hesa

Label, Zastman Kodak Compeny) was used without further

Cumene

Heagent grade cumene (Allied Chemical and Dye Company)

e

e

was purified by hichard Tunder, Department of

=4

Celiforn

i~

e Institute of Technology, Pasadena, California.
The material was treated with sulfuric acid until colorsation
disappeared. It was fthen washed clean of acid and distilled

through a glass bead column. The fraction boiling at 151-153°

was used.

Cyclchexane

Cyclohexene (Heaient Grade, ilathison Chemical Company)

was distilled from sodium met:zl. The boiling point was 80°,

Diethyl ether

Reagent grade diethyl ether (iatheson, Coleman, and Bell)

was used without furtner purification.

Lithium metel

Lithium wire (Lithium Corporation of America, Inc.)

was cleaned with petroleun etner.
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2 -llethoxybenzoyl chloride

Reagent grade;ﬁ—methoxybenzoyl chloride (Katheson,

Coleman, and Zell) wes distilled through a spinning band

b

0iline at 120-122° at 10 mm. wes used.

‘.:.

columm. The fraction

iickelous acetate tetrahydrate

Heagent grede nickelous acetate tetranydrate (J. T,

ker Chemical Company) was used without furtaer purification.

Nitrobenzene

Witrobenzere (Reagent Grade, Matheson, Coleman, and Bell)

was used without further purification.

L -kitrobenzoyl chloride

Reagent gradc70-pltrob enzoyl chloride (latheson, Coleman,
and Bell) was recrystallized from a 50% methanol-diethyl ether

solution. The melting point was 72°

Phenol
Technical grade phenol (Matheson, Coleman, and Bell)

was used without further purification.

Pinacolone

Pinacolone (Technical Grade, Aldrich Chemical Company)

was used without further purification.
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Pivalic acid (Reagent Grade, Matheson, Coleman, and Bell)

was used without further purification.

srade tnionyl chloride (ilatheson, Coleman, and

Toluene
Toluene (Reagent Grede, Allied Chemical and Dye Company)
was refluxed and distilled from fused sodium through &

N

Vigreaux column. The fraction boiling at 110-111° was used.

Triphenylmethyl chloride

Triphenylmethyl chloride (Eastman #Wnite Lebel, Eastman
Kodak Compeany) was recrystallized from petroleum ether in the
presence of acetyl chleride, The starting material was a
pink-orange color, 7Thnis material was dissolved in petroleum
ether, to which was added a few ml, of acetyl chloride. The
solution was treated with activeted carbon (Norite A). White
needles melting at 110-111° were obtained after filtering and
cooling the solution. Triphenylmethyl chloride was also

recrystallized from pure petroleum ether in a dry box.



Preparation of Dipilvaloylmetnene

Preparation of trimethylacetyl chloride

1

An ether solubtion of 600 g. of trimethylscetic acld and

v

Fy
o
]
IS
{ﬂ\
(o]
<
=
6]
.
1]
ry
(]

oii5 o. of thionyl chloride was refluxed

s

reaction mixture was fractlionated through a spinning band

o )

column. The fraction boiling below 100° was discerded. The

4
[

(887) of pivaloyl cnloride which boiled

)

Preparation of vhenyl pivalate

A three necked flask containing 500 g. of phenol, 150 z.
of magnesium metal and 500 ml. of benzene was fitted with a
stirrer, condenser, and addition funnei, The mixture was
brought to a reflux temperature. Six hundred and twenty g.
of pivaloyl chloride and 500 ml. of benzene were placed in
the addition funnel and added to the refluxing mixture over
g two hour period., The solution was then refluxed for =
further four and one-half hours. dydrogen chloride evolution
could then no longer be detected, The sclution was filtered,
diluted with ether, and washed with 5% aqueous sodium
hydroxide. The ether layer was dried over calcium cnloride.
Eenzene and ether were stripped off through a Vigreaux column.

The remaining product was distilled through a spinning band

column., A yield of 830 g. (90%) was collected over s temper-
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ature ranze of 95-97° at 10-13 mm,

Preparation of lithium dipivaloylmethane

A three=-necked flask fitted witn sti“ er, condenser,
and gas inlet was immersed in an acetone-dry ice bath.
About 1500 ml. of anhydrous ammonia was admitted at a rate
to allow only slight reflux. Approximately 30 g. of lithium
wire (1-2 inch strips) was added over a period of one hour.
After adding 0.2 g. of ferric nitrate, the solution weas
stirred for 2% hours. The stirring was discontinued and the
acetone-dry ice bath removed. About one liter of ether was
added when the mixture reached room temperature. Lithium

N

amide was seen as a white suspension after the solution stood

b
K

overnight. The mixture was refluxed for one hour to drive off
any remaining ammonia.,

A solution of 350 g. of pinacolone in dry ether was
added over a 1% hour period (ether refluxed slowly) to the
lithium amide suspension. A solution of 350 g. of phenyl
trimethylacetate and 200 ml, of dry ether was then added
within one-half hour. The mixture was refluxed for Lif hours
during which time the stirring was continued vigorously.
The product was poured into ice water producing a white butter-

like suspension, The solid lithium dipivaloylmethane was

filtered and washed with water.
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Hydrolysis of lithium dipivalcylmetnane

One hundred gram portions of lithium dipivaloylmethane

were placed in a seperatory funnel containin: one liter of

]
etner. Lost of the solid remained undissolved. Uhe sus-

pension was shaked with 100 ml. portions of £-10,> azucous

nydrochloric acid until olid material dissolved and tne

b
[}
w

)

red color (traces of ferric dipivaloylmetnene) disappesred.
The etner solutions from the above nydrolysis were
combined, [he solvent was removed by distilletion itnrouczh a
12 inch Vigreaux column, The remeining material was passed
tarough a spinning bend column. A 90, yield of dipivaloyl-

methane was obtalned., Tne boliling point was 93° at 20 mn.

oy

Preparation of ustal Chelates

Preparation of nickel dipivaloylinethane

Dipivaloylmethane and nickelous acetate were dissolved
in a 505 etnanol-water solution. The solution was shaked Lor
BO-LS minutes. A green flocculent precipitate of nickel
dipivaloylmethane dihydrate was forimed. The preciositate was
tnorougnly washed witn an ethanol-water solution and then
dried under a neat lam; winlch dshydrated the chelate to form
a pink solid., This so0lid was sublimed three times at 150° at
5 mm. The first sublimoation was interrupted after an oil

(probably dipivaloylmethane) was deposited on tne condenser.
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due (nickel acetate) rewmained after ths

}..h

A liznt yellow res

nickel chelate sublimed. The nickel cnelate (855 yield)

melted af 222-225°,

Preparation of zinc dioivaloylmetiaane
J o

The above procedure was followed for the preparstion

of zinc dipivaloylmetbhane wnich melfed at 1LivL™.

Preparation of copper diplvaloylmethane

Copper dipivaloylmethane was precipitated in tae same
manner as nickel and zinc dipivaloylmetahane, Tne product was
purified by recrystallization from dimethylformamide (melting

point 197-198°}.

Visible Absorption Spectra of Tickel DPi

Visible absorption spectra of nickel DPi in benzene and
in cyclonexane were determined with a Beckman ilodel DU
spectrophotometer and wmatched 1 cm, silica cells, A plot of
percent transmititance versus wavelength zave a smooth curve
with a minimum at 53l my. The molar extinction coefficient
(€, 53 m ) of 2 5.7 x 1073 molar soluticn of nickel DPH in
benzene was found to be 5li. Plots of log % transmission
versus concentration of nickel DPM in benzene and in cyclo-
hexane gave good straisht lines indicating that nickel Dri

follows Beers Law in both solvents over a concentration range

0.01-0,001 molar,



A4ir Oxidation of Mickel DPi

Solutions of nickel DPil in various solvents were oxidized

X

¢ them to stand open to the atmosphere., These

=

by allowin
experiments were conducted by placing thne solutions in
frlenmeyer flasks, stoppered and unstoppered, and ovserving

the disappearance of the pink-violet color wnicn is charac-

Y

stic of nickel DPi., three 10 wml. portlons of a 0,01

jote

ter
molar solution of nickel DPil in benzene were prepared. Sanple
number one was left unstoppered; sample two was stoopered
with an unrolled cork; the third sample was stoppered tightly
with a lightly greased ground glass plug. The following times
were required for the disappearance of tne pink color of
samples 1, 2, and 3 respectively: 12 aours, 30 hours,
indefinite., Similar results were obtained when this experi-
ment was repeabted using toluene and chlorobenzene as solvents,
An attempt was made to oxldize nickel DFi in cyclohexane.
The procedure followed was similar to that described with the
solvents above. No disappearance of the nickel DPM color was
detected even when the cyclonexane solutions were saturated

with water.

Quantitative oxidation of nickel DPil

An investization of the quantitative oxidation of nickel
DPii was made. The rates and amounts of oxyzen uptake were

measured in the gzs apparatus described by Boozer, Hammond,
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Hamilton, and Sen?3.

2
. " ~ “ . /7 -
Oxidation in chlorobenzene Five ml., of 5.6 x 10

"

molar solution of nickel DPM in chlorobenzene was placed in
the gas apparabtus at 70°, The volume of oxyzen uptake was

followed by observing the level of oil (Convoil 20) in the

<

burettes,

Oxidation in anisole Attempts were made to oxidize

nickel DPM in anisole. Five ml. of 2 saturated solution was
placed in the gas apparatus over oxyzen. About one ml, of
oxygen was absorbed over a six hour period. After 18 hours,
the solution was yesllow, This solution was placed in a 10 ml.
flesk fitted to a reflux condenser. Affer refluxing Tive
minutes, the pink-violet color was observed. The yellow color
reappeared when the solution was sallowed to stand open to the
atmosphere 2l hours. The solvent was distilled, leaving a
solid which appeared tc be nickel DPM (melting point 215-218°).
Wo depression of the melting point was observed when the solid-
was mixed with authentic nickel DPi.

Oxidation in nitrobenzene The procedure followed in

the oxidation of nickel DPli in anisole was repeated using
nitrobenzene as solvent.

Oxidation in cyclohexane Five ml. of a 0.01 molar

solution of nickel DPM in cyclohexane was placed in the gas

23Charles 1. Boozer, G. 5. Hammond, Chester &, Hamilton,
and Jyotrindia V. Sen, J. Am. Chem. Soc., 77, 3233 (1955).
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apparatus, No significant amount of oXygen was absorbed
within 2 hours. UYo color change was noticed after prolonged

standing.

tiation of cumene oxidation by nickel DPu

e

Iin

The oxidation of cumene was followed by using the zas

3

Q

apparatus described previcusly, A typlcal resciicon involved

<,
<

Il ml. of a 0.0l molar nickel DPM-chlorobenzene solution and

2 ml., of cumene.

Study of the products of air oxidation of nickel DPM

Ten g. of unsublimed nickel DPM was dissolved in 200 wml,
of chlorobenzene, This solution was allowed to stand open
to the atmosphere for three weeks., The color of the solution
changed from tne pink-violet color to a dark green. The
solvent was evaporated, leaving a green crystalline solid
which melted above 285°,

Solubility studies Solubility tests were made by

shaking 50 mg. samples of the material with 3 ml. of several
pure solvents, Thne material dissolved in the following
solvents: chloroform, carbon tetrachloride, benzene, pe-
troleum ether, and ethanol. Recrystallization could not be
effected successfully in any of these. The product could be
reprecipitated from ethanol by adding a few drops of water.

This precipitate analyzed as follows: C, 39.23%; H, 6.21%.

-
s
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Elemental analysis The product from tne alr oxidation

in chlorobenzene was analyzed Cor chlorine by thae procedure
. b RN bl p 2}_‘, 7 b} - - 2 2
outlined by Shiner and Fuson®w. No chlorine was detected.

sred spectre vere measured with

=1

‘;\l

nfrared spectra infr

2 Ferkin-Elmer iodel 21 spectropnotometer. <Tnese spectra were

m nujol mulls and solutions of thae uaterial in
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3as3 chromatosraphic separation A benzene solution

dation of nickel DPiM was

[

o ©the product from tne alr oXxi
separated on a zas phase caromatogrepnic instrument (Lerograph
iodel, Willktins Instrument and Hesearch, with & Varian

Assoclate grapnic rscorder). About 1 z. of tae solid was

S

dissolved in 2 ml. of benzene., Five microliters of tals
solution was injected into an asphalt "B" column at 170°.
The recorder was set at high speed. The zas pnase chroma-
togram of the above solution was compared to that of a
solution of pivalic acid in benzene. Peaks occured at
corresponding positions on the two graphs, ‘ihen equal parts

of the two solutlons were mixed, no new neak was observed.

dydrelysis of oxidatlion product An ether solution

(C.1 ge. cf the product of nickel DP¥ oxidation in 10 ml, of

diethyl ether) was placed in a separatory funnel. This

1 N £ et k) .
ZLK. L. Shiner and k. C. Fuson, "ire Sy-tematic Identi-

i ation of Organic Compoundp , Jonn ' /1leyand ns, Inc.,
Mew York (l9u8) p. 55.



th five S @ml. portions of C.1 molar
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annydrous calcium sulfate. ‘inen tne ether was evaporaved,

A sas phase chrometogram (instrument decscribed pre-
viously) of tne hydrolysis product vas obteined. Five micro-

a solution of the sclid in etn

4]

[
[

vas put through

an Apiezon "C" column st 150°, Two peaks were cbserved.

These peaks were ildenticsal with those found when an ether
solution of pivalic acid was chrometozraphed,
Preparation of nickel pivaleate An autnentic sample

ckel pivalate was prepered as follows: pivalic acid

o
D
}..J.

was saturabted with nic

Jr—t

el acetete at 100° in a round bottomed
‘,V\
flask, The flask was furtner neated and some acetic acid
distilled off., On cooling, a green precipltete formed. The
2

precipitate analyzed as follews: C, 39.625; K, 6.78%.

Reaction of Nickel DPli with Triphenylmethyl Chloride
About 75 ml. of cyclohexane was added to & 100 ml. round
bottomed flesk fiffed with a reflux condenser and drying tube.
Bquimoler quantities (2.7 z. trityl chloride, 1.2 g. nickel
DPii) were added. This solution was refluxed for four hours

A mantitotive wia
niantiTetive vie |l

b
i

nf niekel crhiloride was ianlsted. e
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Lcactions of Wickel DPIL with Eenzoyl Chlcride

A solution of 3 z. of nickel DPM, 1 ;. of benzoyl

e}

chloride, and 75 ml. of cyclohexane was placed in & 10C ml.

1

round bottomed flaslkz, The flesk was fitted witnh a reflux

condenser and drvingz tube, The solution was refluxed for

<

<

2% hours. A yellow precivitate was formed. The
was collected, washed with cold cyclcochexane, and added to
10 ml. of distilled water. Yart of the precipitate dissolved

1

in water. The remaining solid was wasned with water and then

dissolved in mwethanol A Tew drops of water wes added. The
0lid precipitated as white needles (melting point 172-173°9;.

Anal. caled, for 018n2h03: ¢, 7h.985; H, 8.394. Found:
C, 75.L0%; #, 8.31%.
An infrared spectrum of the precduct was taken using

0.1 mm. cells with chloroform as the solvent.

Reaction of WNickel DPM with
L -lethoxybenzoyl Chloride
A round bottomed flask was fitted with a reflux condenser
and drying tube. A solution containing 3 g. of nickel DPM and
1.62 g of‘p methoxybenzoyl chloride in 75 ml. of cyclohexane
was placed in the {lask and refluxed. A yellow precipitate
began forming immediately. Refluxing was continued until the

color of nickel DPi had disappeared (l. hours). The yellow



precipitate was then collected and washed with cold cyclo-

I
ct
th
[¢]

nexane. “hen placed In water, part o solid dissolved.

The remaining solid was wasned with wats

\‘J

r and then recrysial-

The infrarsd spectrum of Las solid was wmsasursd using

chloroflorm 28 tne solvent.

Kinetics of tne Heaction of Hic
Tripaenylmetinyl Cnloride
The reactions were carried out in 100 and 200 wml, round

.

bottomed flasks each of which nas a side arm with a diamete

e

of 1 ¢m. The flasks were stoprered in most cases, The side
arms were fitied with rubber seruam caps, The flasks were
immersed in a constent temperature teth, 2 12 x 12 inch bsaker
Ffilled with mineral oil (ifefford Chemical Company). The oil
was neated with a blade type heater which was controiled by
an electronic relay (FPrecision Scientific Company).

A description of a typical kinetic run follows: A
solution containing 1.127L g. of triphenylmethyl chloride
in cyclohexsane was diluted to 50 ml. in a volumetric flask,
A sample of nickel DR weighing 0.4550 g. was placed in a
second volumetric flask and diluted to 50 ml. with cyclohexane,
Tne flasks were suspended in the oil bath for 15 minutes.
The solutions were then poured into the reaction flask, flushed

with nitrogen, and stoppered with a standard taper plug.
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Samples were extracted through the side arm with a 5 ml.
syringe fitted with a hypodermic needle. Each sample was
imnediately transferred to a centrifuge tube, cooled in an
ice bath, and centrifuged for five minutes., The sample was
then transferred to a 1 cm. silicea cell which was placed in
the spectrophotometer Ifor tne determination of the remaining

nickel DFI,

Runs with nickel chloride added

Anhydrous nickel chloride was prepared by bubbling
anhydrous nydrogen chloride throuch a 0.0l molar solution of
nickel DPH in cyclohexane. The nickel chloride was washed
several times with dry cyclohexane., This product was added
to the reaction flask and the kinetic run described previously

was repeated.

Runs with dipivaloylmethane added

A typical kinetic run was made with a solution which

contained one ml, of dipivaloylmethane(DPi),

Catalytic effects of aluminum chloride

An attempt was made to make a cyclohexane solution of

trityl chloride-gluminum chloride complex similar to those

25

described by Brown and coworkers ~, A solution of 0.5637 g.

25H, . Brown end F. R, Hensen, J. Am. Chem. Soc., 80
2291 (1958)., o
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of trityl enloride (0.00L moles) was pleced in the
[lesk with an equimoler smount of aluminum chleride. A
stirring bar was placed in the flask to permit magnetic
stirring. The sclution was nested to 50° and stirred vigor-

cusly. 4 yellow-oranze color appeared, but only

A stock solution of benzoyl chlcricde was prepared by

< J

0 benzoyl chleoricde in cyclonexane and

rezction vessel, Ten ml, of trne benzoyl cnloride solution
was diluted o tne mark on a 50 ml. volumetric flask, After
being thermally equilibrated in ths batn, the soluticns were
mixed, OSamples were extracted and analyzed as described
previously for the kinetics of the tripnenylmethyl {(trityl)
chloride-nickel DPii reaction.

n the avsence of

}._‘-

The rate of benzoylation was follewed

oxysen. The standard scluticns of benzoyl chleoride and nickel
DPIi were pipetted into the reaction flask. The flask was

fitted with a gas inlet tube which conteined a tapered stop-

cock. The tube was atbached to a degassing apparatus. This
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apparatus consisted of a bulb fitted wita stopcocks for a
vacuum line and a nitrogen inlet. After freezing the solution
in a dry ice-isopropancl mixture, the system was degassed
three times, Nitrogen was admltted until the pressure inside
the flask was slightly below atmospheric pressure. After the

solution meltec, it was

3

laced in tuie constant tempersture

bath., The rate of reaction was folioweda as before,.

Runs wilth nickel chloride added

The procedure followed for the study of the catalytic
effect of nickel chloride in the trityl crloride-nickel DPM

reaction was repeated for tre benzoylation reaction.

Runs with DPM added

The study of the effect of DPl on the rate of ben-
zoylation was made. The procedure described for determining
the effect of DPli in the tritylation of nickel DPIM was

repeated,

Runs with water added

A typical rate run was mace in which the cyclohexane
was presaturated with water. The saturation was accomplished
by shaking a cyclohexane-water mixture in a stoprered
Erlenmeyer flask, The cyclohexane was pipetted from the

mixture,
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Catalytic effect of aluminum chloride

The aluminum cnloride catalysis was investizated
following tne procedure outlined for the study of tritylation

of nickel DPu,

Catelytic effect of the product from tie oxidabtien of nicke!

DPK in benzene

.

The oxidat:

on product (0.1 z.) was added to a reesction

flask during a typical kinetic run.

Kinetics of tine heaction of Wickel DPK
withlp—Methoxybenzoyl Chloride
A standard solution (0.215 molar) of anisoyl chleride
was prepared by dissolving 3.5715 g. in 100 ml. of cycloaexane.
Ten ml. of this solution was diluted to 50 ml. This was added

to 50 ml., of the nickel DPM solution, both having been pre-

o

heated to the desired temperature. Samples were extracted

i

jsv)
<t
<4
a
3
o
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ot

15 intervals and analyzed. Tne rate of the methoxy-
benzoylation of nickel DPFi was followed in a degassed system

similar to that descrived for the benzoylation.

Catalysis studies

The catalytic effects of the following reagents in the
methoxybenzoylation of nickel DPM were investigated:
anhydrous nickel chloride, dipivaloylmetnane, water, annydrous

aluminum chloride, and the product of nickel DP¥ oxidation.
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The experimental procedures followed during these studies

vhe

'ere identical to those described [or tne study ol
catelytic effects of these reagents in the trigvylation and

enzovlation.

Kinetics of the #-Chlorobenzoylation

of NWickel DPi

Fifty ml. of tie standard nickel DPI sclution were
rixed with 50 wl. of a/ﬂ—chlorobenzoyl chloride-cyclonexane
solution {(C.0L5 moler). The kinetics were followed in the

presence and absence ol oxygen. The procedures were similar

to those previously described.
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RESULTS ALD DISCUSSI

Preliminary KRemarlks

Nickel dipivaloylmethide was used in these studies for

[

several reasons, Lt is a very stable chelate whicn is eesily

blimed in vacuo. HNickel DPi is moderavely scluble in most

Uir

orzenic solvents, Preliminery studies indicated thet tne

£

moderate rates of allylation and acylation of nickel DF,

compared te otner metsl chelstes, are faverable for formal

winetic studies., The prcducts obtained Ifrom alkylations and

acylations of the nickel chelate are typlcal of those frem

Iiickel DFM offers several possible methods of analysis,

4

ckel chloride produced
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in the resction have caaracteristic absorpitions in tae visible

.

range. This, plus the ease of determination of nickel by
cnemical mevhnods, made nickel DPu seem very abtractive as a
substrate for alkyletions and acylatlons,

Tripnenylmethyl chlorids and denzoyl chloride were
selected as the reagents because the products of tritylabtion
and benzoylabion are solids which were scemingly easily
cheracterized. The desire to determine substituent effscts

1

necessitated the use of substituted benzoyl nalides,

f-e



Presentation and Discussion of Data
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The rates of reacition of nici
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nexane was found te be & satlsfactory solvent. OSlnce carlizyp

investigations of the reactivity of metal cnelates of
2A
~diketones=> wsre made iIn eromatic solvents, benzene was
originally chosen as the solvent iIn these kinetvic studies.

solution turned frowm pink-violst to
was allowed to stand oven to the atmosphere, This phenomenon
was originally sxplalned as tae hydration of nickel DPM to
the octahedral dihydrate., The same observations were made
when the experiment was repeated with dry benzene, toluene,
and xylene. The fact that the rate of change of thne color
was fastest in very loosely stoppered flasks shows that the
substance which caused this effect was an atmospheric con-
stituent, either water or oxygen. Since the atwmospherically
catalyzed phenomenon did not occur when cyclohexane was used

as solvent, the latier was chosen as the solvent for the

kinetic studies.

26G. S, Hammond and D. K. Nonhebel, Unpublished situdies,
Iowa State Collesge, Ames, Iowa {1958), Present Address, G. S.
Hammond, Chemistry Departient, California Institute of Tech-
nology, Pasadena, Californisa,
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Air oxidation of nickel DPK

The effect of an atmospheric substltuent on a benzene=-
nickel DFi solution was found to be an alr oxidation of nickel
DFi, 1iickel DPM is rapidly oxidized in benzene and canloro-
benzene. The uptaie of oxygen by a nickel DPlM-chlorobenzene
solution is snown in rigure 1, There is an inkibition period
wnich seems to be due to an impurity in nickel DP, The
inhibition period decreased with continued purification of
the chelate. Unsublimed nickel DPM has a very long
inhibition period,

YMore than two moles of oxygen are absorbed per mole of
nickel DPt, This uninitiated oxidation seems to taxe place
only in various aromatic solvents,

No oxidation occurs in cyclohexane. Under the conditions
of these studies anisole-nickel DPM and nitrobenzene-nickel
DFM solutlons undergo tae color changes obsefved in the
oxidation, but no appreciable oxygen absorption is observed.
The original color of nickel DFM is regenerated when these
solutions are refiuxed for five minutes., After reversing this
process several times, nickel DPI can be recovered. Apparent-
ly oxygen complexes or complexes of nickel DPM with these
solvents are formed,

The known products of the air oxidation of nickel DPM
in cyclohexane are pivallc acid, and nickel pivalate., A

comparison of the vapor phase chromatogram of a benzene



Figure 1. Oxygen uptake by a DPi-chlorobenzene solution

()

abscissa - Time (minutes)
ordinate - Ml. of oXxygen
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d~benzene
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solution of the oxidation product, & pival

solution, and a mixture of these 1s shown in Figure 2,

UG

Pivalic acid could be detected only witn a very concentrated
solution of the oxidation product.

About 0.1 =, of

O.

the solid oroduct was hydrolyzed with
acgueous hydrochloric acid, Tne only organic product found

Fal
P

was pivalic acid., The yield of pivalic acid is much too nigh

e]

to neve been there all the time., Tne vapor phase chromatogram

-

pivalic acid is shown in rigure 3., Taese results plus infrared

catb

e

4]

spectra and €, H, analysis ind that the solid product of
nickel DPi oxidation 1is nickel pivalate dihydrate, UWo
cnlcrine was detected in an elemental analysis., The oxidation

of the solvent does not occur under tne conditions of the

reaction,

[D

The lysis of the product of the oxidation of nickel
DPil is conszistent with the fcllowing stolchiometry.
R 4
Ni(DPM), + LOs, —>(CH5)3=0~C-0H + Ni (Cd,),0C-0 , + 2C0,
2 3'3 3°3
o evidence for the rroduction of COp was found., The small

amount of pivalic acic which weas isolated indicates that

eguimolar amounts of ni

},_
o
N
¢}
H
'1‘5
53
._J
n

and pivalic acid are
formed,
Ine necessity of an aromatic solvent for the oxidation

of nickel DPM seems bto indicate tnat an intermediate is Tformed



I"igure 2., Gas phase chromatogram of product of oxidation of nickel DPM compared
to that of Authentic Pivalic Acid
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Figure 3. Gas phase chromatograms of hydrolysis product of nickel pivalate and
authentic pivalic acid




110b

| |
| _
ol
| ;
| .ﬂ
_ :
| |
# \
i ,
| w
W |
i )
¢ i
i

i
!
| |

|
ﬂ_
w
[
_

I

\

|
I
|
|
|
|
i
i
i
|
|

\

;"\/\ ’\—/\/\,r\\/\ N /\/"\\-/k\//\-’/\Jr\"\/’\\/\\/ S
: ~ / N

i
|

Y.




s}
[S
@]
o
=
0
[#5]
ct
o
O
+J|
-
[N
[ap]
¢
ro )
ct
O
n
O
El
[©]
ke
ot
(0]
3
ot
o
Y
®
b=
W
¢
cr
3
@]
3
=
|_Ju
]
)
w0
g
[6)]
ct
o
£
-

- \ 1 -t : ., N LI . -
1ours, cumene 1s oxidized af a rate similar fo tzab when

Products and Stolchiometry of tritylation and acylation cof

nicks=1l DF.L
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The orzanic product of the reacti
with nickel DPi in cyclonexane nas not been rigorously
identified. The spectrum of this product is compatible To
that for an enol ether, Thne difficulty in isolating the pure
material plus the isolation of large amocunts of tripnenyle

) +n
I

carbinol seem to indicate that O-tritylation has occurred.
The products of acylations of nickel DPK are the tri-
ketones, The identirfication of these products were based
primarily on thelr spectra and elemental analysis, Infrered
spectra of the products of benzoylation and -methoxybenzoyl-
ation of nickel DPM are snown in Figure 5. The spectrum of
tne product of P-chlorobenzoylation is very similar to those
SNown.
The stolchiometry of tae tritylation is two molss of

trityl chloride per mole of nickel DPii. Tals was confirmed

in several kinetlec runs in wnich an excess of nickel DPM was



Figure li, Initiation of cumene oxidation by E\Ti(DPIv‘I)2

abscissa - Time (minutes)
ordinate - Ml. of oxygen
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Figure 5, Infrared spectra of product of reaction of
Ni(DPH)» with p-chlorobenzoyl chloride (top)
benzoylchloride (bottom)
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Linetlics of tritylation ol nickel DPH

order as described by mquatlon 1,
(1) rate = 1 11 (000) ] [esigcocn]

A plot of log a150%) versus time is shown in Figure O,

sguation 2 was used to calculate tne rate constant from the

slope of the best straight line throush the oeints.

The rate is unchanged when annydrous nickel chloride

is present ab the start of the reaction. Iliore evidence tnai

the reection 1s not auboe

-

alyzed by nickel chloride was

”)
[
(D

24

QJ

realized when the second order plots of runs, walch involved
different initial concentrations, concided at points where
respective concentratbtions becane equal,
The trltyLﬂtlon is not catalyzed by the addition of Dril.
Tne rate could not be followed gquantitatively when
annydrous aluminum chloride was added because the colorsztlion

nroduced by tine added reagsent interfered with the spectro-



Figure 6. Second order plot of tritylation of Ni(DPii),

abscissa - Time (hours)
ordinate - Log b/a (a-x)/(b-2x)
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pactometric deterainasion of nickel DFL., «nalitative com-

cnloride

Tne
out in =
tne reac

is added.

soudies of tn2 kinetlces of tritylation were carried

Tlaslk fitted with 2 condenssr and drying tube., lhen
tlon was attzmpted in = stopnered laslk, tie rate
ovn, '‘nen the reactlon vesssl was flushed with

-~

ceb will be discussed fartner

Pl

- - o - e S TN . E R 5
oxyzen eifects on the acylations of nicliel DR are

of tne penzoylation ol niclkel Dru

action ol nickel DPN with henzoyl calor
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Lo o
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tizsted at 50° and 60°, Tae reaction rfollowed &

second order rabs law as described by Zquation 1. Sguaticn 2
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2te constants at each point. The rate

constants corresponding to [irst order dependence on benzoyl
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vere calculated vsing souation 3.

nel concentratlion of benwoyl chloride (woles/1i
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amount of nickel DPY reacted (moles/liter)
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Table l.. Rate of benzoylation of nickel DPil at 50°
flushed with oxyuen a=.,0066, b= .0372

-
Time a=X k2(liter—mole“l- ky % 10 “{min~1)
(min.) min™+)
15 . 0061, .0855 1.22
120 .0060 0197 1.2
2Lo . 0057 L0169 1.0h
1130 .0050 .0163 0.95
5Lo .00/:8 .0167 0.9
660 .00L5 .C166 0.90
950 .0038 .0185 0.92
1530 .0022 .0251 0.068
Flushed with nitrogen = ,0068, b= ,0372
15 L0006l L0366 1.36
120 .0059 .0308 1.12
2li0 .0056 .0206 0.7l
LB0 L00L7 .0216 0.75
5lio .00l6 .0210 0.73
660 L0012 .0209 0.72
900 L0034 .0228 0.76
1530 .0019 .0266 0.82

a= original concentretion of nickel DPM (mcles/liter)
b= original concentration of benzoyl chloride (moles/liter)

x = amount of nickel DPH reacted (moles/liter)

probably much more soluble than the dihydrate in cyclohexane.
The former woulcd probably cataliyze the reaction to a greater

extent.
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Table 5., Rates of benzoylation of nickel TPl at 60°

Tine b=2x kg(%%tcr—nole'L~ ky x lO-L(ﬂlJ’l)
(min.) min™=)

15 .0133 2.0 9.50
30 L0134 1.74 6.20
L5 L0124 1.16 7.58
60 .0122 0.66 .19
30 .0121 2.92 Lo 50
120 L0116 1.19 .33
150 .011l 1.02 3.50
210 .0108 0,09 3.25
270 .0100 0.09 3.15
300 0096 0.09 3.13
365 .0089 0.09 3.02
1120 .0082 0.09 3.0l
510 L0074 0,09 2.95
570 . 0068 0.09 2.97
615 . 008l 0.09 2.82
1185 .00L8 0.08 2,06

a=,0093 - original concentration of nickel DPM (moles/liter)

b=.,0118 - original concentration of benzoyl chloride (moles/
liter)

x = amount of nickel DPM reacted (moles/liter)
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o =.03L8 orizinsl concentration of benzoyl chloride {mcles/
liter)

X Tamount of nickel DFi rzacted (moles/liter)

Kinetics of the reactions of nickel DPM with substituted

benzoyl chlorides

Second orcer kinetics were fcund to describe the rates
of s -methoxybenzoylation and A -cnlorobenzoylaticen of nickel
DPii, Typicel calculated rate constants are shown in Tables
9-11, Difficulties in determining the rate law of these re-
actlons were overcome only after the reactions were carried

out in thoroughly desassed systems. Fipnure 7 shows a gecond
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Table 7. Rate of benzoylation of nickel DFI at 60°

Time a-x k5 (1iter-mole ™ - iy x 10" (min™T)
(min, ) min-1)

30 .0102 .0798 8.29
90 6080 J11L7 10,5
120 .0073 J1120 9.97
300 0054 .0840 6.U5
390 .0050 07l 5.39
540 .00l2 | L0677 .58
690 .0036 L0625 3.98
780 .0035 L0575 3.59
1140 .0031 OL5l 2.65
1320 .0027 L0lLL9 2.ty

a = ,0110 original concentration of nickel DPM (moles/liter)

b = .0348 original concentration of benzoyl chloride (moles/
liter)

x = amount of nickel DPM reacted (moles/liter)

order plot and a first order plot (first order with respect
to }O—CHB—O—CéHsCOCl). These plots indicate a better fit
to a first order rate law, A second order rate law was
definitely demonstrated in runs in which the system was
degassed (Table 10).

The purities of these acylating agents were determined

by potentometric titrations of acyl halide-methanol mixtures

with agneoug sodivm hydroxide

~ ——g [ &
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& =,0082 orizinal concentration of nic

b =.0227 orizinal concentration of benzoyl chloride (moles/
liter)

x Temount of nickel DPM reacted (wmoles/liter)

typical titrations. The fact that no break was found in the
vertical portion of the titration curves seemed to indicate
the-absence of detectable amounts of carboxylic acid,
Therefore, anisoyl chloride and w-chlorobenzoyl chloride
were used in most of the runs without further purification.
A few reactions were followed using redistilled anisoyl
chloride. The second order rate constants for those reactions

viere six times slower than those in which the cormerecial
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Table §. Rate of P -methoxybenzoylation of nickel DPH at 60°

Time b-2x ko (liter-mole™ = ky x 10™H(min-1)
(min.) min=1)

92 .0073 .0307 1.26
180 .0063 .0609 2.110
210 .0065 .01439 1.70
2140 .006l; .0ly21 1.67
300 .0062 .0396 1.57
120 .0058 .0375 107
5140 .0051 L0433 1,63
570 L0048 .0li76 1.80
600 .0050 .0l10 1.56
630 .0050 .0391 1.49
1350 .0031 .0207 1.6
114140 .0028 .021.9 1.53
1560 .0022 .0258 1.74
17140 .0019 .0263 1.75

a = ,0095 original concentration of nickel DPM (moles/liter)

b = .0077 original concentration of @ -methoxybenzoyl chloride
(moles/liter)

x = amount of nickel DPM reacted (moles/liter)

reagent was used without further purification (Table 9).
The rate of benzoylation and #-methoxybenzoylation have

been found to be very similar in most cases. Since the rates
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az 0079 original concentration of nickel DPil (moles/liter)

)

= .cL62 original concentration of7o-0u30ro enzoyl chloride
(moies/liter)

x < amount of nickel DPH reacted (molos/liter)

nickel pivalate has been demonstrated, the rates obtained in
the fa—chlorobenzoylation are very probably catalyzed rates.
When the 7o-chlorobenzoylation was carried out in nondegassed
systems, nickel pivaelate was isolated from the reaction
nixture. No nickel pivalate could be isclated from the
benzoylation and 7?-methoxybenzoylation mixtures although

the appearance of a green color on completion of the latter

reaction indicated the possible presence of the oxidation

ProGuCT.



Figure 7. First order (© ) and second order ( ®) plots of‘f7-methoxybenzoylation
of nickel DFiM,
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Potentometric titrations of acyl halide-methanol mixtures with
aqueous sodium hydroxide

abscissa - Ml. base
ordinate - pH
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The higher rate of F-chlorobenzoylation in degassed
systems probably means that thne latter contained a higher
concentration of the catalyzing impurity which is probably

the 77-chlorobenzoic acid,

echanistic implication

A mechanism wnich accounts for the foregoing data

might be formulated as follows:

(L) Ni(DPM)z + 2RC0OH —> 2H-DPM + Ni(RCOO)2

P 9
i + - t
(5) Ni(RC-—O)2 + RCOClL —- RCO ClNi(RC-O)2

-
slow  pdy 01 Ni(DPH),

+ —_—
(6) RCO ClNi(RC02)2 + Ni(DPI--I)2 >

+ T ars . fast
i Vi ! =3 oducts
(7) RCO C1 N (DPI)2 + RCOC1 Product

slow
—

R + -
(8) RC C1 + Ni(DPM)9 RCO C1 Ni(DPM)z

+ -—
9 0 7i (DPM aiat'S roducts
(9) RCO C1 Wi(DPX), fast  product

+ -
(10) RCO C1 I\Ti(RCOO)2

+ °OF. + 0 —> Oxidation products
RCO C1 Fi(DPK),

Equation li describes the fast reaction of nickel DPN
and carboxylic acids. This would account for an initial
fast rate which then settles down to a slower rate.
Equations 5, 6, and 7 describe the catalyzed acylation

process. 1f there really is an uncatalyzed reaction, it



61

would be visualized as the process in equatiocns 8 and 9,
Since small amounts of acyl halldes catalyze the oxidation
of nickel DPl, this oxidation might proceed as outlined in
equation 10,

A more thorough investigation of the catalytic effects
postulated herein (especially the effects of the carboxylic
acids and oxygen) is obviously needed in order to rigorously
prove the mechanisms of alkylations and acylations of metal

chelates of %Q-diketones.
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SUMMARY

A study was made of the reactions of nieckel
dipivaloylmethide with the following reagents: tirphenyl-
methyl chloride, benzoyl chloride,70 ~-chloro and 79-methy1
benzoyl chloride.

Infrarecd spectra of the easily hydrolyzed product of
tritylation seem to inaicate that the enol ether, the product
of O-alkylation, 1s formed. The acyl halides react to give
the triketones. The latter have been charascterized by
spectra and C, H, analysis.

The kinetics of all the reactions studied were found
to settle down to a second order rate law after a fast
initial reaction. The rate law is illustrated by eguation

11:

(11) rate =k, [I\Ti(DPM)BJ [R-Cl]

The trilylation did nct take place at 50° when the reaction
flask was flushed with nitrogen.

These reactions are catalyzed by aluminum chloride
and nickel pivalate. The acylations are catalyzed by an
impurity in the acyl chloride. When benzoyl chloride with
different purity were used, the seccnd order rate constant
for the benzoylation of nickel DPM ranged from 0.,02-0.20.
The rate of R -methoxybenzoylation is the same as that for

benzoylation., The 70—chlorobenzoylations studied were about
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twice as fast. 'The fast rate of the latter was attributed
to the presence of a higher percentage of catalyst, which
is probably the acid.

The air oxidation of niclzel dipivaloymethide was found
to compete with the acylaticns under the conditions of these
studies. An investigation of this phenomenon showed that
nickel pivelate 1s the major product. Pivalic acid was also
detected in the product mixture. This oxidation takes
place in chlorcbenzene and in aromatic hydrocarbons. It
occurs in cyclohexane when small amounts of benzoyl chlorides
are present.

These results might be explained by the following

sequence of reactions:

(1) Ni(DPM)2 + 2RCO0H —> 2H-DFM + Ni19RCQ0)
Q . [e]
il . + - “

(2) Ni(RC-O)2 + RCOC1 <= RCO CINi(RC=0)

2

2

+ - + -
(3) RCO ClNi(R002)2 + Ni(BPM)2 slow, peo c1 Ni(DPM)2

+ - o

(4) RCO C1 Ni(DPH), + RCOC1 fasty  products
0
" low, T

(5) RC C1 + Ni(DPM)z 529W, Reo c1 I‘-Ii(DPIfI)a

fast

“+ -
(6) RCO C1 Ni(DPM)2 _— Products

+ -
(7) RCO Cl1 Ni(RCOO)2

or -+ 0
e— Oxidation products

+ -—
RCO C1 Ni(DPI‘/I)2
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