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Introduction

The papers presented in this volume represent contributions to the first American
Chemical Society symposium devoted to the increasingly important area of metal-
organic compounds. The term metal-organic has been used to cover broadly those
compounds with metal-carbon bonds (usually known as organometallic compounds),
as well as the metal-oxygen-carbon compounds (the alkoxides or alcoholates), and the
coordination compounds of metals and organic molecules. )

This area of metal-organic compounds has already attained immense commercial
stature through lead antiknock agents, tin stabilizers for vinyl plasties, and silicon-con-
taining polymers. It shows promise of rather phenomenal future growth in the form
of boron-based high energy fuels and aluminum alkyls for olefin-polymerization
catalysts. As the knowledge of molecular architecture improves, the combination of
metals with organic molecules seems to offer possible solutions to many problems in
metal extraction and purification, in formulation of heat-resistant polymers, in
propellant systems, surface coatings, agricultural chemicals, and chemical synthesis.

The author’s particular interest in this field, which prompted the organization of
this symposium, is an interest in the alkali metals—in sodium through his former con-
nection with the Ethyl Corp. and in lithium through his connection with the
American Lithium Institute. The alkali metals play a role of dual importance in the
field of metal-organic compounds, because the alkali-metal-organics are significant com-
pounds in their own right in organic synthesis—and, the alkali metals or their deriva-
tives are starting materials for the synthesis of so many other metal-organic com-
pounds.

The field of metal-organic compounds is getting increasing attention in the litera-
ture, ranging from a pocket-size volume by Coates entitled “Organo-Metallic Com-
pounds,” published in England in 1956, to an encyclopedic series on ‘“Synthetic
Methods in the Field of Metallo-Organic Compounds,” being published in the Soviet
Union (a volume on the alkali metals in 1949, mercury in 1945, group III metals in
1945, on antimony, bismuth, niobium, and tantalum in 1947, and the alkali metals in
1949). There has been specific coverage of the organic derivatives of the various
metals in this country, as typified by the bibliography on organolithium compounds
which has been published at the Lithium Corp. of America. It is hoped that this
present symposium will be the first step in a continuing coverage of the over-all field
of metal-organic compounds in this country.

This symposium begins with three summary papers surveying the three classes of
metal-organic compounds and proceeds to a more detailed consideration of the
manufacture, properties, and uses of the metal-organic compounds of 14 of the
metals in the 31 papers which comprise the balance of the symposium.

Two contributors came all the way from England to present papers: Dr.
Bradley from the University of London, and Dr. Lewis from the Tin Research
Institute. There are 19 U. S. industrial organizations represented by the authors,
ranging from small manufacturers to the giants of the chemical industry. There is even
a paper from the United States Army. It is hoped that the exchange of ideas among
the authors and with other participants at this meeting, as well as with the readers of
the papers when they are published, will provide many fruitful ideas which will spark
the growth of this field.

Leading off the symposium is Henry Gilman of Iowa State College, under whom a
number of the authors have done their graduate work, and who comes nearest to
being the one individual most closely associated with metal-organic compounds in the
world of chemistry today.

Marshall Sittig, Chairman
Princeton, N. J.
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Organometallic Compounds

HENRY GILMAN

lowa State College, Ames, lowa

The material presented is an account of studies,
largely completed, in several areas. Among them
is the report that methylmagnesium iodide is stable
for very long periods in diethyl ether. In sharp con-
trast is the relative instability of some organolithium
compounds in tetrahydrofuran. However, techniques
have been developed for the preparation and use of
RLi compounds in tetrahydrofuran. Among the in-
teresting reactions effected in tetrahydrofuran as a
solvent or medium is the cleavage of some hetero-
cycles by lithium; special, synthetically valuable cou-
pling reactions; unusual ratios of carbonation prod-
ucts of 2-quinolyllithium and 1-isoquinolyllithium; and
an improved metalation procedure for dibenzofuran
which should be applicable to other metalations car-
ried out in tetrahydrofuran systems. ortho-Halo-
phenyllithium compounds have been prepared in
tetrahydrofuran, and the intermediate benzyne has
been established by the Wittig technique using furan.

A general account, partly of a review nature, is presented of the relative reactivities
of organometallic compounds, interconversions of organometallic compounds, and the
order of activity of some functional groups towards selected organometallic compounds.
In addition, there is given a condensation of experimental data on newer studies carried
out by coworkers several months before this paper was presented at the symposium in
April 1957.

Stability of an Ether Solution of Methylmagnesium Iodide. In connection with
studies on the general reactions of organometallic compounds, the stability of Grignard
reagents has long been of interest. Previous work (14) indicated that the normalities
of diethyl ether solutions of various Grignard reagents, as determined by acid titration
(23), remained essentially unchanged for 4 months. It was necessary to protect the
Grignard reagent solutions adequately from the air, but parallel experiments with
ethylmagnesium bromide in the light and in the dark indicated that daylight had little
effect on the stability of the solutions. Solutions of methylmagnesium iodide are
widely used in analytical methods based on the Tschugaeff-Zerewitinoff (38,42) analy-
sis for active hydrogen, and as a result their stability has been subjected to some
study. A solution of methylmagnesium iodide in di-n-amyl ether is reported to be
“stable for a month or more” (36). When a diisoamyl ether solution of methylmag-
nesium iodide, prepared for use in an apparatus designed for analysis with Grignard
reagents, was analyzed “immediately after its preparation and after it had remained
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in its receptacle, exposed to the light for months,” the composition of the solution was
found to be invariable (29).

In connection with the stability of solutions of organometallic compounds in
general, it is of interest to compare the above reported stability of methylmagnesium
iodide in various solvents with the stability of methyllithium. Methyllithium in diethyl
ether and in di-n-butyl ether (5,16) has been shown to enjoy certain advantages over
methylmagnesium halides in the Tschugaeff-Zerewitinoff analysis, partly because of its
stability and partly because of the greater solubility of some -OLi compounds over
-OMgX compounds. In studies on a modification of the Tschugaeff-Zerewitinoff de-
termination, a di-n-butyl ether solution of methyllithium was stored in a Grignard ma-
chine (28) and the normality of the solution, as determined by gas analysis, was
found to have decreased only from 0.777 to 0.764 during 4 months. This indicates
that a di-n-butyl ether solution of methyllithium is sufficiently stable for use as a
valuable supplement to solutions of methylmagnesium iodide in carrying out Tschugaeff-
Zerewitinoff analyses.

Further evidence of the stability of methylmagnesium iodide was obtained recently
when a sealed Carius tube containing 50 ml. of a diethyl ether solution of about 2N
methylmagnesium iodide was opened after remaining sealed for 20 years. The normal-
ity of the solution was determined by both acid titration and gas analysis and found
to be essentially the same as when the solution was first placed in the tube. Of par-
ticular significance is the fact that the normality values found by the two different
methods of analysis are in close agreement. The normality values obtained by acid
titration normally run slightly higher than those obtained by gas analysis, probably
because of the presence of basic magnesium compounds formed by means other than
hydrolysis of the Grignard reagent, such as ether cleavage and the reaction of the
Grignard reagent with traces of water and/or oxygen. Any cleavage of the diethyl
ether by the methylmagnesium iodide which might have occurred during the 20 years
of storage would have been evidenced by an abnormal difference between the normality
values found by acid titration and those found by gas analysis. The average difference
was found to be 2.6%,, well below the reported average difference of 3.9%.

Positive identification of the material as a solution of methylmagnesium iodide .was
made by preparing acet-a-naphthalide (?) and methylmercuric iodide (30) and check-
ing their properties against those of their respective authentic specimens.

A color test I (19), taken immediately after opening the sealed tube, was strongly
positive.

It would not be unreasonable to expect variations with other Grignard reagents
and variations with other solvents—for example, it is known that methylmetallic com-
pounds may differ appreciably from others (5,10,16,17).

Some Reactions of o-Halophenyllithium Compounds. As a continuation of
earlier studies concerned with o-halophenyllithium compounds (9), some of their
reactions and possible routes by which these organometallic compounds couple to form
new organolithium compounds have been investigated further. To obtain a better
understanding of the various transformations, the elegant procedure of Wittig and
Pohmer (41) was employed. These workers successfully interacted o-bromofluoroben-
zene with lithium amalgam in furan to obtain 1,4-dihydronaphthalene-1,4-endoxide
(III), a strained molecule which has been formulated as arising via a Diels-Alder reac-
tion between furan and the benzyne intermediate (II). Furthermore, the reactive
species (II) has been postulated as being formed from o-fluorophenyllithium after the
latter has been generated by the interaction of o-bromofluorobenzene and lithium
amalgam. The same reaction in the absence of furan gives diphenylene and triphenyl-
ene (40). In view of these results it was hoped that furan could be used in a similar
fashion to trap any intermediate which might arise during the break-down of o-halo-
phenyllithium compounds (I). o-Fluoro- and o-chlorophenyllithium were prepared
at —60° and —90°, respectively. A relatively large excess of furan was added in each
case and then the mixtures were allowed to warm to —50° for the chloro isomer and
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—10° for the fluoro isomer. As color test I was positive in both cases at these tem-
peratures, the mixtures were carbonated. The run involving o-bromochlorobenzene
afforded 419, of III and 119, of 2-carboxy-2’-chlorobiphenyl; with o-bromofluoroben-
zene the yield of III was 679, while 49, of 2-carboxy-2’-fluorobiphenyl was isolated.

A modified procedure was used with o-dibromobenzene, because it was found in
previous studies that o-bromophenyllithium is a short-lived intermediate. Conse-
quently, o-dibromobenzene was added to a mixture of furan and butyllithium. The
vield of III was 68%,; however, as might be expected, no acid was isolated.

o
|
@x. . ©‘ | So i
Li .
Li X
I Il L
(X=Clor F)
v

From the foregoing results it is clear that in the case of o-chloro- and o-fluoro-
phenyllithium some reactive intermediate is competitively reacting with furan and
with I. Furthermore, evidence substantiates that such a competitive reaction occurs
only when the organolithium compound is formed first independently of the other
reactants. In order to ascertain that no metalation reaction ensued between furan and
I followed by another similar metalation between the halobenzene and 2-furyllithium
at a warmer temperature, an attempt was made to metalate chlorobenzene under con-
ditions used for the competitive reactions. No IV was detected after carbonation;
most of the chlorobenzene was recovered.

At this time the most plausible explanation for the presence of coupling product
in the competitive reaction is one involving II, although an alternative explanation
has been proposed recently for a related reaction (31). Intuitively the halide in I
would not be expected to be displaced by a nucleophile because the high electron
density in the position adjacent to the chlorine atom should hinder such an approach.
Also, nucleophilic aromatic substitution reactions are facilitated by electron-withdraw-
ing groups and not electron-donating substituents (3). It is conceivable that the
anion of I may displace the halogen in another molecule of I either just before or
during the formation of the reactive intermediate II. It has been shown that ben-
zyne can be formed via either a stepwise or concerted mechanism, depending on the
halogen being eliminated when metalation reactions are involved. However, in this
case these findings do not necessarily apply, because it cannot be assumed that the
initial step is similar in both cases (34).

The rapid conversion of o-bromophenyllithium to II did not allow its preparation
prior to the addition of furan, and, as a result, the concentration of o-bromophenyl-
lithium probably was so slight that the main reaction was between II and furan.

The reaction path leading to III might involve a nucleophilic attack of I on furan
or the more probable reaction of II with furan. Of the two possibilities, it appears
better to rationalize on the basis that II is the key intermediate. If I is considered as
being the attacking species, the following path might be expected.
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Evidence indicates that an intermediate such as V is less likely to undergo ring
closure to give the highly strained molecule III than would an intermediate arising
from interaction of II .with furan. If V were formed as an intermediate, ring closure
at such a low temperature would be doubtful in view of polar effects and formation of
the strained molecule ITI. Previous studies showed that an intermediate such as
2-(o-chlorophenyl)-2’-lithiobiphenyl does not undergo ring closure below approxi-
mately —50° to give the planar, nonstrained system, triphenylene.

The formation of V via I is unprecedented, as there is no known instance wherein
furan is attacked in such a manner. In fact, under these conditions furan is inert to
such an attack and at warmer temperatures the only product formed is 2-furyllithium.
In general, metalation reactions proceed smoothly only at room temperature or higher
when diethyl ether is the solvent (18).

In distinguishing between the two paths it is not pertinent whether the interaction
of benzyne with furan is a polar reaction or a four-center type of reaction. As there
is no sharp line between the latter two types of reaction mechanisms, it is difficult to
rationalize by which one the benzyne interacts with furan (26).

On the basis of the afore-mentioned discussion wherein IT has been visualized as
the intermediate in the various reactions, it would be expected that if I were generated
at a temperature above that at which it is stable, the concentration of I would be
negligible and no coupling product (IV) should be detected. This has been verified by
adding butyllithium to a mixture of furan and an o-bromohalobenzene at temperatures
considerably higher than those at which the stability of I has been well established. For
example, when butyllithium is added to a mixture of o-bromochlorobenzene and a large
excess of furan, only III has been isolated. No acids were found to be present. The
same was true for the fluoro and bromo isomers, although in the latter case the results
are not as significant as for the former two.

Organolithium compounds other than butyllithium have been found equally suit-
able if not somewhat superior for generating the reactive species II at moderate tem-
peratures. A 759, yield of III has been obtained with phenyllithium, while with
methyllithium yields up to 849 of III have been isolated. This is surprising because,
in the past, methyllithium has been found very ineffective in halogen-metal intercon-
version reactions. Methyllithium interconverts only with very reactive halides such
as o-bromoanisole. Phenyllithium is generally more effective but has the disadvantage
of occasionally participating in side reactions (27). The unusual effectiveness in this
case may be attributed to the formation of the highly reactive intermediate, II.

In order to substantiate that a halogen-metal interconversion reaction was the
initial step in the reaction between o-bromochlorobenzene and phenyllithium, the latter
compound was synthesized from iodobenzene and lithium. Recovery of bromoben-
zene in a good yield supports the above proposal. No attempt was made to recover
methyl bromide when methyllithium was used.

No reaction occurred between o-dichlorobenzene and butyllithium in the presence
of furan. Carbonation, after stirring at room temperature for 1 hour, afforded only
2-furoic acid. It is conceivable that conditions might be varied so as to effect a reaction,
as there is evidence that a reaction occurs between butyllithium and o-dichlorobenzene
in the absence of furan.

Recent related work can be correlated with the results just mentioned together
with previous findings (9). In the related work, 2,2’-diiodobiphenyl has been postu-
lated as an intermediate in the reaction of o-diiodobenzene with butyllithium and
lithium in nonpolar solvents (25). It is unlikely that o-iodophenyllithium would be
present as such in any appreciable concentration in view of the instability of o-bromo-
phenyllithium at —110°, and especially because a refluxing mixture of benzene and
petroleum ether (boiling point, 40° to 60°) was employed. Since the o-diiodobenzene
was added to butyllithium, an intermediate such as 2-iodo-2’-lithiobiphenyl would be
expected to react further with butyllithium to give 2,2’-dilithiobiphenyl. The latter,
in turn, could interact with two equivalents of II to give 2,2’-bis-(o-lithiophenyl)-bi-
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phenyl. This compound could partially couple with butyl iodide, formed during the
interconversion reaction, to give 2,2-bis-(o-n-butylphenyl)-biphenyl. Alkyl iodides
are more prone to be involved in coupling reactions than are other halides. For ex-
ample, methyl iodide couples with 1-naphthyllithium to give a good yield of 1-methyl-
naphthalene (15). The remaining organodilithium compound would give the corre-
sponding acid after carbonation.

When lithium interacted with o-diiodobenzene the major product was triphenylene.
This is not too surprising, as it is possible that in this case the intermediate, 2-iodo-2’-
lithiobiphenyl, would tend to react preferentially with II instead of with lithium and
as a result one would get 2-(o-iodophenyl)-2"-lithiobiphenyl, a type of molecule which
has been shown to undergo readily ring closure to yield triphenylene.

2-Chloro-2’- (triphenylsilyl)-biphenyl has been prepared by allowing an ethereal
solution of o-chlorophenyllithium to warm in the presence of triphenylchlorosilane. A
small amount of triphenylene was isolated also. The former compound is probably
formed via the organolithium compound (IV, X =Cl). The corresponding bromo
isomer has been prepared in a less ambiguous manner by means of a mono-halogen-
metal interconversion reaction between 2,2’-dibromobiphenyl and butyllithium, followed
by reaction with triphenylchlorosilane.

Improved Metalation Procedure for Dibenzofuran. Dibenzofuran has been
metalated successfully with various organolithium compounds (18). A comparative
metalation study of dibenzofuran with n-butyllithium has been carried out in diethyl
ether, di-n-butyl ether, and petroleum ether (boiling point 28° to 38°) to give yields
of 56, 76, and 1%, respectively, of 4-dibenzofurancarboxylic acid after carbonation of
the metalated product. In all these cases the reaction mixtures were refluxed for 4
to 24 hours; the yields of 4-dibenzofuryllithium increased slightly with increased re-
fluxing periods (5,16). The use of organolithium compounds other than n-butyl-
lithium generally results in smaller yields of 4-dibenzofuryllithium (4,16,21). 4-Di-
benzofuryllithium has been derivatized in rather good yields with o-methylhydroxyl-
amine and oxygen to give the amine and hydroxy compound, respectively (12,24).
Although the yields of the latter two compounds were higher than that of the corre-
sponding carboxylic acid, the conditions for preparing the 4-dibenzofuryllithium were
similar.

By using tetrahydrofuran as the solvent, dibenzofuran has been metalated with
n-butyllithium in yields (83 to 869,) higher and under conditions much milder than
described previously. The n-butyllithium, prepared in diethyl ether, was added to a
tetrahydrofuran solution of dibenzofuran at —60° and then the reaction mixture was
stirred between 0° and 5° for 1 hour before carbonating. Tetrahydrofuran was pur-
posely selected because it is a more basic solvent than any utilized in previous studies.
The base strength of tetrahydrofuran toward boron trifluoride is greater than that of
diethyl ether (2).

To examine further the pronounced effect of tetrahydrofuran on the metalation of
dibenzofuran, a run was made at —50°. A significant 119, yield of acid was obtained
after stirring at —50° for 1 hour followed by carbonation. In contrast, a diethyl ether
solution of dibenzofuran and butyllithium stirred at 0° for 1 hour afforded only a 5%
yield of acid.

It was hoped that exclusion of diethyl ether from the reaction might result in
metalation under even milder conditions than mentioned. For this purpose the
n-butyllithium was prepared in situ at —25° from butyl chloride, to avoid loss of the
RLi compound. It has been observed that the yield of butyllithium decreases more
rapidly in tetrahydrofuran than in diethyl ether. The highest yield of acid obtained
with this method was 80%. The use of butyl bromide instead of butyl chloride did
not give higher yields.

Lithium Cleavages of Some Heterocycles in Tetrahydrofuran. Cleavages of
heterocycles using various media and cleaving agents has often proved to be a valuable
tool in synthesis and structure proof.
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Refluxing lithium and dibenzofuran in diethyl ether for 22 hours afforded excellent
yields of 3,4-benzocoumarin when the reaction was terminated by carbonation. When
refluxing dioxane was used as the solvent, only 2-hydroxybiphenyl was obtained upon
hydrolysis or carbonation after 12 hours (6).

Dibenzo-p-dioxin has been cleaved by lithium in refluxing diethyl ether (24 hours)
to yield upon carbonation 239, of 2-hydroxy-2’-carboxydiphenyl ether. This molecule
could presumably be cleaved in refluxing dioxane.

In refluxing diethyl ether, lithium does not cleave dibenzothiophene even after 36
hours. However, dibenzothiophene can be cleaved by lithium in refluxing dioxane
over a period of 12 hours to yield biphenyl and 2-mercaptobiphenyl after hydrolysis
or carbonation (6). This again demonstrates the destructive nature of refluxing
dioxane on organometallic compounds.

Attempts to cleave N-ethylecarbazole with lithium in refluxing dioxane have re-
sulted in essentially quantitative recovery of starting material after 24 hours (11).
The cleavage was not attempted in ether, but a negative result may be a fairly safe
assumption. Carbazole gave the same results under identical conditions.

When purified tetrahydrofuran was used, all the afore-mentioned compounds have
undergone cleavage with significant ease. In all cases the reactions were exothermic,
giving rise to a dark blue-green color. Color test I was usually positive within 2
minutes after the reactants were mixed. In many instances, the dark blue-green color
gradually turned to a dark brown. For comparison purposes, the reactions were all
run for 45 minutes and then either hydrolyzed or carbonated.

Dibenzothiophene and dibenzo-p-dioxin reacted completely during the allotted
time. Both reactions approached the reflux temperature of tetrahydrofuran if they
were not controlled.

Dibenzo-p-dioxin gave the normal products upon carbonation in better yield than
the corresponding diethyl ether cleavage, but dibenzothiophene produced 3,4-benzo-
thiocoumarin and the disulfide of 2-mercapto-2’-carboxybiphenyl. These are probably
formed from the 2-mercapto-2’-carboxybiphenyl during the work-up. A small amount
of biphenyl was also obtained from the uncontrolled reactions of dibenzothiophene. A
maximum yield of cleavage products was realized at 25° for dibenzothiophene and
dibenzo-p-dioxin, using an ice bath to moderate the reactions.

In the case of dibenzofuran, it was best to use a higher temperature, because a
75%, recovery of starting material resulted at 25°. The uncontrolled reactions which
warmed up to 40° to 50° gave a 209, yield of 3,4-benzocoumarin after carbonation.

Cleavage of thianthrene at 25° with lithium yielded no identifiable products, but
909, of the starting material was in the form of an unpleasant smelling acidic oil after
carbonation. This evidence plus the fact that color test I was positive can be recon-
cilable only with cleavage of this heterocycle. When using refluxing diethyl ether as
the solvent, 729, of thianthrene was recovered, even though color test I was positive
after 1 hour.

No products have been identified from the lithium cleavage of N-ethylearbazole
in tetrahydrofuran. Some cleavage must have occurred, as only 75% of the starting
material was recovered after 45 minutes of refluxing and color test I was positive. The
infrared spectra of some of the recovered oils showed an N-H band. Lithium in re-
fluxing tetrahydrofuran for 45 minutes failed to cleave carbazole, giving a 909, recovery
of starting material.

While dibenzofuran cleaved rather easily in ether, dibenzothiophene resisted cleav-
age under these conditions. However, in tetrahydrofuran, dibenzothiophene gave the
best yield of cleavage product at 25°, whereas dibenzofuran was appreciably cleaved
only at higher temperatures.

A noteworthy deviation from heterocycles was the cleavage of diphenyl ether to
yield phenol, benzoic acid, and 2-carboxydiphenyl ether after carbonation. The last
product may be accounted for by assuming metalation of the diphenyl ether by phenyl-
lithium obtained by ecleavage of the diphenyl ether.
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Coupling Reactions with Some Organolithium Compounds in Tetrahydrofuran.
Depending upon conditions and solvents used, a variety of products have been ob-
tained from reactions of dihalobenzene compounds with n-butyllithium. One investi-
gation (25) described the reactions of o-diiodobenzene and o-dibromobenzene with
magnesium, lithium, and n-butyllithium in various solvents to yield a series of coupling
products. The formation of these coupling products in the reactions involving o-diiodo-
benzene has been postulated to proceed through the initial formation of 2,2’-diiodobi-
phenyl as an intermediate. However, neither 2,2’-diiodobiphenyl nor 2,2’-dibromobi-
phenyl could be isolated from the reaction mixtures.

Another investigation (9) described the reactions of o-dibromobenzene, o-chloro-
bromobenzene, and o-fluorobromobenzene with n-butyllithium in ethereal solution at
low temperatures to yield upon carbonation o-bromobenzoic, o-chlorobenzoic, and
o-fluorobenzoic acids, respectively. When the reaction mixtures were warmed prior
to carbonation, the various o-halophenyllithium reagents underwent coupling reactions
to yield such products as 2-halo-2’-lithiobiphenyl, 2-(o-halophenyl)-2’-lithiobiphenyl,
and triphenylene. However, in no case was any 2,2’-dihalobiphenyl isolated.

Additional work has shown that one equivalent of an ethereal solution of n-butyl-
lithium reacts instantaneously at —78° with two equivalents of o-dibromobenzene,
dissolved in tetrahydrofuran, to give, as the main product, 2,2-dibromobiphenyl in
yields ranging from 67 to 74%. Similarly, when p-dibromobenzene and p-chloro-
bromobenzene were dissolved in tetrahydrofuran and treated with an ethereal solution
of n-butyllithium in a 2 to 1 ratio, there resulted 4,4’-dibromobiphenyl and 4,4’-di-
chlorobiphenyl, respectively. However, the yields of the latter two compounds were
much lower than that of 2,2-dibromobiphenyl.

Although the mechanism of the reaction in tetrahydrofuran has not been ex-
tensively studied, it is conceivable that o-bromophenyllithium is formed as an inter-
mediate via a halogen-metal interconversion reaction between o-dibromobenzene and
n-butyllithium, and that this in turn can couple with o-dibromobenzene to give the
final product, 2,2’-dibromobipheny].

From the foregoing discussion, there is a strong inference that the solvent may
play an important role in the reaction of n-butyllithium with a dihalobenzene com-
pound. In further support of this conclusion, it has been found that when o-dibromo-
benzene interacts with n-butyllithium in diethyl ether under identical conditions and
with the same quantities of reactants employed in the run carried out in tetrahydro-
furan, no 2,2’-dibromobiphenyl was isolated. The only products were an unidentified
ether-insoluble material and a highly viscous oil.

p-Chlorobromobenzene and p-dibromobenzene, when reacted with n-butyllithium
in diethyl ether, undergo a normal halogen-metal interconversion reaction to give
p-chlorophenyllithium and p-bromophenyllithium, respectively, in high yields (13).
However, it is apparent that the mode of reaction is changed when tetrahydrofuran
is used as the solvent.

This preparation of 2,2-dibromobiphenyl is interesting also from a synthetic
viewpoint, as previous to this, the only satisfactory means for preparing 2,2-dibromo-
biphenyl was a multistep process involving diazotization of 2,2’-diaminobiphenyl (4,35).
The procedure just described offers several advantages over the older methods. The
over-all yield is probably higher, there are fewer steps involved, and the reaction can
be achieved rapidly.

This reaction is now finding extensive use for the preparation of 2,2-dibromobi-
phenyl, which is an important intermediate in the preparation of some cyelic organo-
silicon compounds (8).

Effect of Solvent on Course of Carbonation Reaction of 2-Quinolyl- and 1-Iso-
quinolyllithium. In a recent splendid investigation, Normant (32) found that excel-
lent yields of the Grignard reagents could be obtained with alkenyl and aryl chlorides
by employing tetrahydrofuran as the solvent. This solvent has been used further to
include the preparation of phenyllithium from chloro- and fluorobenzene (33) with
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lithium wire, and 2-quinolyllithium from 2-bromoquinoline by means of a halogen-metal
interconversion reaction with n-butyllithium at —60°.

On carbonating 2-quinolyllithium, which was prepared in tetrahydrofuran, by
pouring jetwise onto a slurry of dry ice-tetrahydrofuran, the 2-quinolinecarboxylic
acid was obtained in a yield of 50%. The same intermediate, however, when made
in diethyl ether and carbonated by employing a dry ice—ether slurry, yields 2,2’-diquino-
1yl ketone in 209, yield and no acid. When this intermediate in diethyl ether was
carbonated at —100°, both acid and ketone were obtained.

Ketone formation on carbonation of organolithium derivatives has been noted
(22). This reaction has been shown to involve the initial formation of the carboxylic
salt which is again attacked by the organolithium reagent (). The intermediate was
found to be the dilithio ketal, which resisted further substitution or loss of lithium
oxide.

As the stability of the ketal was shown to be enhanced by the presence of electron-
attracting groups (37), the electrostatic effect of the nitrogen atom can be considered
to have been involved in the stabilization of the quinolyl ketal. Further evidence in
support of this hypothesis was the isolation of only the acids on carbonation of 3-
quinolyl- and 4-isoquinolyllithium under the same conditions.

The greater basicity and solvating effect of tetrahydrofuran may have been re-
sponsible for reducing the effective formation of the intermediate ketal which would
result in the production of the acids in preference to the ketones.

2-Quinolyl- and 1-isoquinolyllithium have been prepared for the first time. The
general procedure used was a low temperature halogen-metal interconversion reaction
with n-butyllithium. Each of these organolithium compounds was characterized by a
reaction with benzophenone to give the corresponding tertiary alecohols. 3-Quinolyl-
lithium was reported earlier (20), and 2-quinolylmagnesium bromide has been prepared
with difficulty and in low yield (39).

Incidental to other interesting effects of tetrahydrofuran as a solvent, mention
should be made of the following. First, an R3SiH compound reacts with RLi, but not
with RMgX, in diethyl ether to give R,Si types; however, the Grignard reagent does
undergo a related reaction in tetrahydrofuran. Second, tetrahydrofuran is not only
a good solvent for reactions involving sparingly soluble organosilicon and organoger-
manijum compounds, but also improves numerous reactions of these and related types.
For example, the cleavage of hexaaryldisilanes and hexaaryldigermanes by lithium to
give RgMLi types is much more effectively carried out in tetrahydrofuran. Also,
hexaethyldisilane reacts with lithium in tetrahydrofuran. Third, in the reaction of
o-dibromobenzene with allylmagnesium chloride in tetrahydrofuran there are formed,
subsequent to carbonation, significant quantities of o-allylbenzoic acid. Details will
be presented on the preparation of RLi compounds for RF, RCl, and RBr com-
pounds in tetrahydrofuran, and their stabilities in this and some other solvents.
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Metal Alkoxides

D. C. BRADLEY

Department of Chemistry, Birkbeck College, University of London, London, England

The metal alkoxides constitute an important class of
compounds characterized by the metal-oxygen-car-
bon bonding system. The strongly electronegative
oxygen atom induces considerable polarity in the
3+8—
M-O
electrophilic nature of metals that undergo covalency
expansion by coordination with donor atoms. The
properties of the M-O-C system are also affected by
the electronic behavior of the alkyl group. Its con-
figuration gives rise to important stereochemical
effects. The metal alkoxides offer great scope for
producing compounds with varied chemical and phys-
ical properties. |t is surprising that only the alkox-
ides of magnesium and aluminum were of industrial
importance until a few years ago.

bond, but this may be partially offset by the

The methods of preparing the alkoxides are varied and reflect in an interesting way
the chemistry of the metals. The simplest method, involving the reaction of the metal
with an alcohol (Equation 1), appears to be confined to the alkali metals, magnesium
and aluminum.

M + nROH — M(OR), + n/2H, (1

Even in this reaction the effect of the alkyl group is apparent, as tert-butyl alcohol
reacts much less rapidly with sodium than does methyl or ethyl alcohol. More-
over, the reactivity of an alkali metal depends on its electropositivity and thus potas-
sium combines more rapidly with the tertiary aleohol than sodium. In contrast to the
alkali metals magnesium and aluminum require catalysts—e.g., iodine and mercuric
chloride, respectively—to initiate the reaction between metal and aleohol. The behav-
ior of thallium merits special mention. Lamy (110) found that thalllum did not
react when suspended in boiling ethyl alcohol, yet a piece of the metal held in air over
the surface of the alcohol readily combined to form thallous ethoxide. Apparently
the metal is oxidized in air and the oxide undergoes a reversible reaction with alcohol:

4T1 + 0; — 2TLO (2)
TLO + 2EtOH — TIOEt + TIOH (3)
TIOH + EtOH = TIOEt + H,0 4)

According to Menzies (130) the very low solubility of thallous ethoxide in ethyl alcohol
favors its formation in Equation 4.
As an alternative to the direct reaction, Equation 1, the alkoxide may be obtained
by combination of a metal oxide (or hydroxide) with alcohol as illustrated in Equations
10
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3 and 4. Thus sodium ethoxide may be produced from sodium hydroxide and ethyl
alcohol by azeotropic dehydration using benzene. The removal of water disturbs the
equilibrium in Equation 4 and conversion to the ethoxide becomes complete. The
reversibility of the sodium hydroxide-ethyl alcohol reaction also imposes limitations on
the efficiency of sodium as a reagent for drying aqueous ethyl alcohol. Vanadyl alkox-
ides, VO(OR)3 (142), have been obtained by the prolonged treatment of hydrated
vanadium pentoxide with alcohols.

A third method of preparation of the alkoxides depends on the metal chloride as
starting material. This method has been widely applied in the preparation of alk-
oxides which cannot be obtained by the first method. In the chloride method the
detailed procedure depends on the reactivity of the chloride and also on the properties
of the metal alkoxide. For example, among the elements in Group IV of the periodic
classification, silicon alone forms a chloride sufficiently reactive towards alcohols to
undergo complete replacement of chlorine by alkoxide groups.

SiCl; 4+ 4ROH — Si(OR), + 4HCI (5)

This reaction was discovered by Ebelman (74) in 1846. With the tetrachlorides of
titanium (102), zirconium (34), and thorium (45), the degree of substitution decreases
with increase in atomic number of the central atom:

TiCly + 3ROH — TiCl(OR),,ROH + 2HCI

2ZrCly; + 5ROH — ZrCl;(OR),ROH + ZrClL,(OR);,ROH + 3HCI

ThCl, + 4ROH — ThCl,4ROH
Similarly, the pentachlorides of niobium and tantalum (?7) undergo trisubstitution:

Nb(Ta)Cl; + 3ROH — Nb(Ta)Cl(OR); + 3HCl

The author and others have recently found that vanadium tetrachloride resembles
titanium tetrachloride in its reactions with alcohols, while molybdenum pentachloride
differs from niobium and tantalum pentachlorides by undergoing disubstitution (43):

MoCl; + 2ROH — MoCl;(OR). 4+ 2HCI

An interesting feature of these reactions involving metal chlorides and alcohols is
that although the replacement of chlorine is not complete, yet the partial replacement
occurs very rapidly and exothermically. Furthermore, prolonged treatment of the
resultant metal chloride alkoxide with excess boiling alecohol fails to cause further
reaction. This behavior was emphasized by the discovery that metal chloride alkoxides
undergo alcohol interchange (32, 138).

ZrCl(OEt)., EtOH + 3PriOH — ZrCly(OPri),,PriOH + 3EtOH
ZrCl(OPri);,PriOH + 3CH;0H — ZrCI(OCH;); + 4PriOH
In order to prepare the metal alkoxide it is necessary to employ a base which will
cause further replacement of chlorine. In fact, attempts were made as early as 1875
(69) to prepare titanium tetraethoxide by the reaction involving titanium tetrachlo-

ride, ethyl alcohol, and sodium ethoxide. However, it remained for Bischoff and
Adkins (11) in 1924 to demonstrate the effectiveness of this method:

TiCl, + 3ROH — TiClL(OR),ROH + 2HCI
TiCl(OR).,ROH + 2NaOR — Ti(OR): + 2NaCl + ROH

Nevertheless, Meerwein and Bersin (122) found that zirconium alkoxides could
not be obtained by a similar method, because of the formation of stable double alkox-
ides. They claimed that the acid sodium zirconium ethoxide, NaH[Zr(OEt)g], was
produced in accordance with the requirements of the following equation:

ZrCl, + 5NaOFEt + EtOH — NaH[Zr(OEt)s] + 4NaCl (6)
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The zirconium tetraethoxide was then obtained by treatment of the acid sodium zir-
conium ethoxide with the equivalent amount of alecoholic hydrogen chloride.

NaH[Zr(OEt)¢] + HCl — Zr(OEt), + NaCl + 2EtOH

Their formulation of the acid sodium zirconium ethoxide was supported by titration
of zirconium tetraethoxide dissolved in benzene with 2N sodium methoxide. Using
thymolphthalein indicator, they obtained an end point corresponding to the reaction
of one equivalent of sodium methoxide per atom of zirconium. Repeated experiments
in these laboratories have failed to confirm the detailed reactions claimed by Meerwein
and Bersin, although the author agrees that a double complex formed in the reaction
prevents the isolation of zirconium tetraethoxide (48). However, it has been found
that by using anhydrous ammonia in place of sodium ethoxide the tetraalkoxides of
zirconium could be obtained directly (47, 48):

ZrCly + 4ROH + 4NH; — Zr(OR)s + 4NH,CI (7

Nelles (133) had previously shown that titanium alkoxides could be obtained from
the reaction involving titanium tetrachloride, alcohol, and ammonia, and this method
has since been confirmed by several workers and is used on an industrial scale (16, 64,
65, 109, 186, 140,141). Recently, Herman (92, 93, 164) has introduced an interesting
modification of the ammonia method. The reaction of titanium tetrachloride, alcohol,
and ammonia is carried out in the presence of an amide—e.g., formamide—or nitrile,
so that the titanium alkoxide forms an upper layer while the ammonium chloride re-
mains in solution in the lower layer and no filtration is required.

Recent work (28, 49-61) has shown that the ammonia method is satisfactory for
the preparation of the pentaalkoxides of niobium or tantalum from their pentachlo-
rides:

MCl; + 5ROH + 5NH; — M(OR); + 5NH,Cl (8)

On the other hand, the ammonia method failed to produce a chloride-free product in
attempts to prepare thorium tetraalkoxides from the tetrachloride. Fortunately, the
sodium method was effective (44, 46), presumably because thorium does not form
stable double alkoxides with sodium (cf. zirconium).

ThCL,4ROH + 4NaOR — Th(OR), + 4NaCl + 4ROH 9)

Moreover, it was found that the thorium alkoxides were stronger bases than ammonia
in alcoholic solution and this probably explains the failure of the ammonia method to
yield a pure thorium tetraalkoxide,

Th(OR)s + NH,* - Th(OR)s* + NH; + ROH (10)
Th(OR)s* 4+ Cl = ThCI(OR), (11)

The success of the sodium method would thus be due to the stronger basicity of the
alkoxide ion relative to the thorium alkoxide coupled with the smaller solubility of
sodium chloride compared with ammonium chloride.

It can now be seen how the method of preparation of a metal alkoxide from the
metal chloride is largely dictated by the properties of the metal alkoxide. The alkyl
group may play an equally important part. For example, the reactions involving
alcohols containing an electron-releasing alkyl group—e.g., tertiary alcohols—lead to
the formation of hydrolyzed metal alkoxides. Although the details of the hydrolytic
mechanism have not yet been completely elucidated, methods of suppressing this al-
ternative reaction have been found. Thus Cullinane and others (64, 65) showed that
the presence of a base (pyridine) with the tertiary alcohol was an essential factor in
the preparation of titanium tetra-tert-butoxide from the tetrachloride. This method
of preparation has been confirmed and it has also been shown that dipyridinium hexa-
chlorozirconate, (CsHgN),ZrClg, is a better starting material than the tetrachloride
for preparing zirconium alkoxides. These facts are consistent with the view (33) that
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the hydrolysis is a consequence of a secondary reaction (Equation 13) involving the
hydrogen chloride (from the primary reaction 12) and the tertiary alcohol:

MCl, + ROH — MCl,,(OR) 4+ HCl (12)
HCI + ROH — RCI + H,O (13)

In Cullinane’s method the pyridine combines with the hydrogen chloride (Equation
12) and thus prevents reaction (Equation 13). Similarly no hydrolysis occurs when
(CsHgN)4ZrClg is used, because this compound does not react with alcohols and no
hydrogen chloride is produced. Haslam (88) has developed an alternative to Culli-
nane’s method by first forming the metal chloride ammoniate (TiCly-8NHj) and
causing this to react with an alcohol in an inert solvent.

In the case of quadrivalent cerium it was necessary to use the complex chloride,
(CsHgN),CeClg, because the tetrachloride does not exist. However, a representative
number of stable cerium(IV) alkoxides have been prepared including some volatile
monomeric liquids (29, 30).

(CsHoN);CeCls + 4ROH + 6NH, — Ce(OR); + 6NH,CI + 2C;H:N

Gilman and others (83) have recently introduced an ingenious method for prepar-
ing insoluble alkoxides. They prepared uranium tetramethoxide by allowing lithium
methoxide to react with uranium tetrachloride in methanol. The insoluble uranium
tetramethoxide was isolated by filtration from the methanolic solution of lithium chlo-
ride

UCL + 4LiOMe — U(OMe), + 4LiCl

The same authors prepared uranium(IV) alkoxides by an alternative method involving
alcoholysis of the uranium tetradiethylamide:

4LiNEt; 4+ UCL — U(NEt,), + 4LiCl
U(NEt;)s + 4ROH — U(OR), + 4Et.NH

Novel methods were also employed by Gilman and others (81, 82) in preparing
uranium(V) pentaalkoxides. In one example the pentaalkoxide was obtained by air
oxidation of the uranium(IV) tetraalkoxide, apparently according to the requirements
of the following equation:

5U(OEt); + 0, — 4U(OEt)s + UO, (14)

An alternative method involved oxidation with bromine followed by treatment with
sodium ethoxide:

2U(OEt)s + Br,— 2UBr(OEt),
UBr(OEt)s + NaOEt — U(OEt)s + NaBr

Another unusual method for the preparation of alkoxides is due to Boyd (17),
who has prepared titanium alkoxides by causing alcohols to react with titanium disul-
fide. Titanium alkylamides may be prepared by an analogous method (17).

Finally, mention must be made of the method of alcohol interchange (alcoholysis):

M(OR), + nR’OH = M(OR’), + nROH (15)

It appears that the metal alkoxides undergo spontaneous alcohol interchange in solu-
tion in striking contrast to tetraalkyl orthosilicates, which (when pure) require the
presence of either acidic or basic catalysts. By suitable choice of group R in Equation
15 the new alkoxide, M(OR’),, may be obtained quantitatively. It is usual to start
with a lower alkoxide, M(OR),, so that the lower alcohol, ROH, is easily separated
from R’OH by distillation. The method is particularly useful where the alcohol R’OH
is reactive—e.g., unsaturated alcohols or higher tertiary alcohols. Moreover, by con-
ducting the reaction in an inert solvent, quantitative yields may be obtained using the
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theoretical quantities of reactants. The system described by Equation 15 is reversible
and it is possible to produce a lower alkoxide from a higher alkoxide by employing a
large excess of the lower alcohol. In some cases—e.g., methoxides—the lower alkoxides
are insoluble and the interchange is thus facilitated.

Mehrotra (125) has shown that alkoxides can be obtained by an analogous trans-
esterification process.

M(OR); + 4R""CO.R’ — M(OR')s + 4R"'CO.R (16)

This method was particularly useful for the preparation of zirconium or hafnium ter-
tiary butoxides which cannot be readily obtained by any of the foregoing methods.

This account of preparative methods would not be complete without some mention
of mixed alkoxides M(OR),(OR’),,_,. In general these compounds appear to be un-
stable, because of disproportionation into the single alkoxides, but in certain cases
stable mixed alkoxides have been obtained. Thus in attempting to prepare zirconium
tetra-tert-butoxide from either the methoxide or ethoxide by alcohol interchange it
was found that the reactions ceased with the formation of mixed alkoxides (40).
Mehrotra (129) investigated these systems further and isolated the mixed alkoxides
according to the following reactions:

Zr(OMe), + 3ButOH — Zr(OMe)(OBut); + 3MeOH
Zr(OBut), + ROH — Zr(OR)(OBut); + ButOH
Zr(OBut); + 2ROH — Zr(OR):(OBut), + 2ButOH

The same author has also prepared some mixed alkoxides of aluminum by similar
methods (126, 128). Mixed alkoxides of titanium were obtained by Nesmeyanov and
Nogina (139), who utilized the titanium chloride-alkoxides:

TiCl(OR); + R’'OH + NH; — Ti(OR’)(OR); + NH,Cl

Titanium mixed alkoxides containing three different alkoxide groups were prepared by
Ghosh et al. (79, 80) by the following sequence of reactions:

TiCL(OR): + R'OH + C;H;N — TiCI(OR’)(OR). 4+ C;H;N,HCl
TiCI(OR")(OR): + R"”ONa — Ti(OR"”)(OR')(OR), + NaCl

Chemical Properties

The dominating property of the metal alkoxides is the characteristic facility to
hydrolyze through to the metal oxide. In fact, metal alkoxides will react with prac-
tically any compound which contains hydroxyl groups. Thus, a ready alcohol inter-
change or an interchange involving a phenol is found. Furthermore, compounds which
can be transformed to hydroxy derivatives by enolization will also be reactive, and
zirconium alkoxides combine vigorously and exothermically with g-diketones to form
the tetrakischelate derivatives in which the metal exhibits the coordination number 8.
In contrast, titanium alkoxides undergo disubstitution to form the bischelate dialkoxide
in which titanium exhibits its maximum covalency of 6. It might be argued that the
B-diketones constitute a special case because of the stabilization conferred by chela-
tion; however, Haslam (91) has recently claimed the formation of alkenyl oxides of
titanium by treating the titanium alkoxide with aldehydes:

Ti(OPri), + 2CH;CHO — Ti(OCH=CH,).(OPrf), 4+ 2PriOH

It seems reasonable to suppose that this reaction proceeds by alcohol interchange
involving the vinyl aleohol formed by enolization of the aldehyde.

The author was particularly interested to find that titanium or zirconium alkoxides
would not combine with mercaptans to form metal mercaptides although the thiol hy-
drogen atom is more acidic than the alcoholic hydroxyl hydrogen atom. Thus it
appears that the electron donor power of the atom adjacent to the active hydrogen
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atom is important in these exchange reactions which may well be initiated by a co-
ordination mechanism :

R'OH + M(OR), — R’—O,—) I\I/I(OR),,_I — R'OM(OR), + ROH

S

R

The failure of mercaptans to interchange with metal alkoxides would then be aseribed
to ineffective coordination between sulfur and the metal.

Exchange reactions readily occur between the halogen acids and metal alkoxides,
and Mehrotra (127) has shown that the products of the reactions involving hydrogen
chloride and the alkoxides of silicon, titanium, and zirconium are the same as the
products of the reactions of the tetrachlorides with alcohols.

Metal alkoxides also combine with acetyl chloride and in several cases the chloride
alkoxide formed in the reaction adds on a molecule of alkyl acetate (31, 37, 102):

Ti(OEt); 4+ 4CH,;COCI — TiCl,,CH;CO.Et + 3CH;CO:Et
Ti(OEt); + 3CH,;COCI — TiCl;(OEt),CH;CO.Et + 2CH;CO,Et
Zr(OEt); + 4CH,COCI — ZrClL,CH;CO.Et + 3CH;CO:Et
Zr(OPri); 4+ 4CH,COCI — ZrCl,,2CH;CO.Pri + 2CH,CO,Pri

Zr(OPr?),,PriOH + 2CH;COCI — ZrCly(OPr1),, PriOH + 2CH;CO,Prt

Zirconium tetrachloride combines with either one molecule of ethyl acetate or two
molecules of isopropyl acetate, while the dichloride diisopropoxide of zirconium prefers
to coordinate with isopropyl aleohol rather than with isopropyl acetate. The mecha-
nisms of these reactions have not yet been elucidated but it is significant that reactions
involving tertiary alkoxides of titanium or zirconium with acetyl chloride show cer-
tain peculiarities (31, 37). For example, with zirconium tert-amyl oxide and acetyl
chloride the first substitution (Equation 17) is rapid, but further substitution takes
place very slowly even in the presence of an excess of acetyl chloride.

Zr(OCMe;Et); + CH;COCI — ZrClI(OCMe:Et); + CH;CO.CMe,Et (17)

In the case of titanium tert-amyl oxide the effect is still more marked (87) and it
is clear that stereochemical effects are operative in these reactions.

Another characteristic property of metal alkoxides is evident in the facile reac-
tions between the alkoxides and the tetrachlorides or chloride alkoxides. Thus quan-
titative yields of the hitherto inaccessible titanium trichloride monoalkoxides (37)
were obtained by causing the tetraalkoxide to react with the tetrachloride (in excess):

3TiCl + Ti(OR), — 4TiCl3(OR)

[see also (134)].
Zirconium alkoxides behaved similarly (31):

ZrCly(OPri),, PriOH + Zr(OPri),,PriOH — 2ZrCI(OPri);, PriOH

Although reactions involving silicon esters and silicon tetrachloride occur slowly at
elevated temperatures (78), yet silicon esters and titanium tetrachloride undergo vig-
orous reactions (94). These reactions are now being studied in the author’s labora-
tories.

Nesmeyanov and others (137) have investigated the action of halogens on titanium
alkoxides. When either chlorine or bromine was used, the product was the titanium
dihalide dialkoxide alcoholate TiX,(OR),,ROH.

Metal alkoxides have long been of importance in organic chemistry because of
their behavior with carbonyl compounds. Thus the basic alkoxides promote enoliza-
tion and condensation—e.g., aldolization of aldehydes (97). In 1906 Tischchenko
discovered that aluminum alkoxides cause the conversion of aldehydes into esters (163).
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2RCHO — RCO,CH,R

Recent work by Villani and Nord (168) has revealed how the condensation of alde-
hydes is affected by the acidic or basic nature of the metal alkoxide catalyst. Alu-
minum ethoxide, which behaves as a “Lewis acid” because of the electrophilic nature
of the aluminum, produces simple esters by the Tischchenko reaction. On the other
hand, the mildly basic double alkoxides such as Mg[Al(OEt),]s, Ca[Al(OEt),],,
Nay[Mg(OEt),], Mg(OEt),, or Ca(OEt),, cause the formation of trimeric glycol
esters:

3RCH,-CHO — RCH,CH -CHR-CH,0.C-R
ou
The strongly basic sodium ethoxide caused only the aldol-type condensation. Lin and
Day (112) have studied the “mixed” Tischchenko reaction in which propionaldehyde
was allowed to condense with other aldehydes in the presence of a catalytic quantity
of aluminum isopropoxide in carbon tetrachloride solution. They found that the
mixed esters produced in highest yield were those derived from the acid of the alde-
hyde which undergoes the simple Tischchenko reaction more readily.

Another important reaction involving metal alkoxides and carbonyl compounds
is the Meerwein-Ponndorf-Verley-Oppenauer oxidation-reduction system. Although
alkoxides of sodium or magnesium were originally used to catalyze the reaction, it was
later shown by Meerwein and others (124) that alkoxides of aluminum, zirconium,
tin(IV), titanium, antimony, or iron were also effective. The readily available alu-
minum alkoxides are most used because they are generally less inclined to cause the
alternative condensation reactions. Meerwein (121) suggested that the reaction mech-
anism involves the preliminary coordination of the carbonyl oxygen to the electrophilic
aluminum to form an intermediate complex compound:

R'\ _AOCR;), R‘\ /(OCR,)z R'\

Se=0 + Af —= c=0 — Al == Ci  JOCR)

R NoCHR, R s R No—al
“CHR, 0=CR,

In view of recent work (100, 117, 145, 171, 175), there seems little doubt that the
reaction proceeds via an intramolecular transfer of an incipient hydride ion from car-
binol to carbonyl carbon atoms and that a cyclic transition state is involved:

R' R R' R R' R
, N\ HL ,
R-C H—C—R R—C C—R R—CH C—R
\ I¢ ] V4
0\ Al : O\ A]/o : Sar
/ OCHR,
(OCHR,), OCHR, (OCHR,),

Thus experiments using tracer deuterium either on solvent molecules (71, 145)
or on the carbinol carbon atom (171) gave results in agreement with this mechanism.
The cyeclic transition state is susceptible to stereochemical influences and this has been
confirmed by Jackman and others (99, 101) and by Doering and Young (72). The
results obtained by Doering and Aschner (71) show that a free radical mechanism is
extremely unlikely.

As a consequence of the mechanism depicted in Equation 18 it is clear that the
partial positive- charge induced on the carbonyl carbon atom facilitates the hydrogen
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transfer and hence affects the rate of reaction and the position of equilibrium. This
electronic aspect of the mechanism was quantitatively confirmed by McGowan in 1951
using data concerning the substituted acetophenones X-CgH,-CO-CHj (117). Jack-
man and Macbeth (98) have studied the kinetics of reductions with aluminum alkox-
ides. They used an elegant technique involving the racemization of the aluminum
derivative of an optically active alcohol by the corresponding ketone, thus avoiding the
complications of employing two ketones and forming mixed alkoxides. The reaction
rate conformed to the following equation:

Log, [an/a:] = Iﬁ'[[XB]]'é

where «, and «, are, respectively, the initial optical rotation and the rotation after ¢
seconds, [B] is the concentration of ketone, and [A] is the concentration of the alk-
oxide. Activation energies and entropies of activation were deduced. Interpretation
of the results showed that they were consistent with the current theory for the reaction
mechanism especially when the complex nature of aluminum alkoxides was taken into
account. These authors also pointed out that the efficacy of aluminum alkoxides as
reductants was due to their ability to coordinate with the carbonyl compound to a
degree sufficient to allow the reaction to proceed at a reasonable speed. Strong co-
ordination would simply produce a complex compound devoid of catalytic properties.

It seems likely that this moderate degree of coordination with other molecules is
the property which confers on numerous metal alkoxides their catalytic behavior in
other organic reactions—e.g., transesterification, alcoholysis, etc. McElvain and
others (114-116) discovered that aluminum alkoxides would cause the dealcoholation
of carboxylic orthoesters to ketene acetals and they proposed the following cyclic tran-
sition state for the reaction mechanism.

i
cH
H<AC(0R),
RCH,*ClOR); + A1(OR), —> oo —> RCH=C(OR), + AI(OR); + ROH
R™ OQAI‘(OR

I
(OR),

They found that the less polymerized aluminum derivatives—e.g., tertiary butoxide
or isopropoxide—were more effective than the more highly polymerized methoxide or
ethoxide and concluded that this was due to the greater ease of coordination of the
former compounds with the orthoester.

It is an interesting feature of the metal alkoxides that they have little tendency
to coordinate with other donor molecules and instead prefer to indulge in autocomplex
formation. Among the large number of new alkoxides of titanium, zirconium, hafnium,
cerium, thorium, niobium, tantalum, or uranium prepared in these laboratories in recent
years, only the following complexes are known: Ti(OBul),BulOH; Zr(OPr'),,PriOH;
Ce(OPr') (,PriOH; Zr(OPrt),,CsH;N; and Ce(OPr!),,CsHs;N. As an alternative to
autocomplex formation there is the characteristic formation of double alkoxides which
was investigated by Meerwein and Bersin (122). These authors prepared more than
fifty compounds which they formulated as alkoxy-salts—e.g., K[Li(OCsH;).];
K,[Be(OEty)]; Nap[Mg(OCsH7)4]; K[Zn(OEt)s]; Li[Al(OEt),]; Ca[Al(OEt),]s;
Cu[AI(OEt)4]2; Na[Fe(OEt)4] ; N3H3[Sn(0Et)6]2; CHHG[SH(OEt6]4; Kzsn(n)
[SnV) (OEt)¢]; KH3[Ti(OBu)gl; and NaH[Zr(OEt)g]. In these compounds the
more electropositive metal becomes the cation while the other metal becomes the
central atom in the anion. These formulations were supported by titrations in anhy-
drous solvents using thymolphthalein indicator. Thus the alkoxides of aluminum,
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boron, ferric iron, zine, titanium, or zirconium behaved as acids and were sharply
titrated with the appropriate basic alkoxide in accordance with the requirements of
the double metal alkoxide formula. Meerwein and others (120, 123) also found that
aluminum alkoxides catalyzed the diazomethylation of alcohols to ethers and this con-
stituted further evidence for the acidic nature of the aluminum compounds. The
stability of the double alkoxides involving aluminum was emphasized by the fact that
these—e.g., Na[Al(OEt),]—compounds were inactive in the Meerwein-Fonndorf re-
duction of ketones because of the inability of the ketone to coordinate with the alumi-
num complex. Although the alkali metal aluminum alkoxides may well be ionic as
their formulas suggest, the nature of such compounds as Mg[Al(OEt),], and
Ca[Al(OC3H;) 4], seems to be in doubt. These compounds are not only soluble in
organic solvents but they may be distilled unchanged, in marked contrast to the non-
volatile alkoxides of either magnesium or calecium which are also insoluble in organic
solvents. Moreover, there is some doubt as to the formulation claimed by Meerwein
and Bersin for the double alkoxides of zirconium. As previously mentioned, the
author was unable to obtain any compounds of the type MMWH[Zr(OR)4] and found
that zirconium ethoxide was neutralized with only one half an equivalent of sodium
ethoxide as against the one equivalent reported by Meerwein and Bersin. The careful
and detailed work of Bartley (7) in these laboratories has revealed the existence of
stable neutral double alkoxides having the general formulas M®Zr,(OR),
or MUDZr,(OR);s and behaving as typically covalent .compounds. The
only other types of complex found were LiHZr,(OPr');, and M®Zr(OR-tertiary);
with the further possibility of M, Zr(OR-tertiary)s. It is indeed interesting that
among the large number of double alkoxides of zirconium obtained by Bartley, not one
conformed to the type MMH[Zr(OR)¢] found by Meerwein and Bersin. Recent
work (still in progress) by Carter (56) shows that the double alkoxides of titanium also
assume the formulas M(DTiy(OR)g; MMTi(OR)5; or Ma™MTi(OR)s.

Finally, a volatile double complex of aluminum and uranium has been reported
(2). The new compound, Al,U(OPri), was prepared by means of the following
reaction:

4Na[AI(OPri),] + UCL — ALU(OPri);s + 4NaCl

It should be evident from this account that several aspects of the chemistry of
metal alkoxides merit further attention. The author and others are at present engaged
on studies of the catalytic behavior of metal alkoxides in the Meerwein-Ponndorf and
related reactions, and a program on the thermal decomposition of metal alkoxides has
been initiated.

Physical Properties

The metal alkoxides show a gradation in physical properties from the solid non-
volatile ionic compounds of the alkali metals through the weakly volatile polymeric
covalent alkoxides of metals with valencies of three, four, or five to the monomeric
covalent liquid alkoxides which are the most volatile. There is a paucity of informa-
tion concerning the ionic alkoxides, although conductance measurements have shown
that dilute solutions of sodium alkoxides are fully ionized in alcoholic solution (103).
The insolubility and nonvolatility of magnesium alkoxides could be due to either ioniza-
tion with a high lattice energy or alternatively to giant covalent molecules. On the
other hand the essentially covalent nature of polymeric aluminum ethoxide is not in
doubt, since Masdupuy and Gallais (119) have demonstrated that the molten com-
pound has a negligible specific electrical conductance over a wide temperature range.
More data are available on the covalent alkoxides which exhibit the characteristic
structural properties of the metal atom concerned. In particular it seems highly prob-
able that the polymeric nature of many of these compounds is due to covalency ex-
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pansion by the metal which is involved in intermolecular bonds with oxygen from
neighboring alkoxide groups:

/R
M-<—0

_0—>M

Direct experimental confirmation of this hypothesis by x-ray diffraction is still awaited.
Neither is the nature of the intermolecular bond clear. Although the covalent bond
depicted above is possible, there is also the possibility, due to the polarity of the

o+ o—
I\/‘E—O R primary bond, that the bonding is electrostatic in nature. For convenience
in presenting certain structures, the covalent formulation is used in this text.

An interesting contrast between the alkali metals and univalent thallium is brought
out by the alkoxides. Thus although these alkoxides are all nonvolatile and undergo
reversible reaction with water, giving the basic hydroxide, yet the thallous alkoxides
are soluble in nonpolar organic solvents. The covalent nature of thallous alkoxides
was confirmed by the work of Sidgwick and Sutton (157), who found these compounds
to be tetramers and proposed the structure:

The high stability of this unit is reflected in the nonvolatility of these derivatives
and the fact that thallous ethoxide is tetrameric even in boiling ethyl alcohol. Experi-
ments by the author (26) show that this structure is little affected by the shape of the
alkyl groups, as the tertiary amyl oxide was found to be exactly tetrameric over a wide
concentration range in boiling benzene.

During the past two decades many publications on the physicochemical properties
of the alkoxides of aluminum (126, 128, 150, 167); titanium (3, 38-41, 5769, 65, 66) ;
zirconium (38-41, 47, 48) ; cerium (29, 30) ; thorium (44, 46) ; niobium (28); tantalum
(49-61) ;and uranium (2, 27, 82) have appeared. As a result of systematic studies on
the alkoxides of the Group IV metals, certain structural principles have emerged.
Perhaps the most important principle concerns the stereochemical effect of the alkoxide
group. The details of these deductions are given in the original papers and the re-
view by Wardlaw (169), but it can be briefly stated that branching of the alkyl group
causes steric hindrance to intermolecular association, thus causing a decrease in the
degree of polymerization and an increase in volatility. This is illustrated in Table
I by some results for the isomeric amyl oxides of zirconium (39).

The behavior of the neopentyloxide supports the view that this phenomenon
is caused essentially by steric effects rather than the electronic inductive effects of
the alkyl groups. This is because the neopentyl group exerts a powerful steric effect
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Table I. Polymerization of Zirconium Oxides
Degree of
R in [Zr(OR)4)a B.P., °C./Mm. Hg Polymerization, n
Me-CH»: CH- CH:-CHy- 256/0.01 3.2
Me:CH:CH,-CHe- 247/0.1 3.3
MeEtCH.CHx- 238/0.1 37
MeiC-CHa- 188/0.2 2.4
MePr=CH- 178/0.05 2.0
MePriCH- 175/0.05 2.0
Me:EtC 95/0.1 1.0

by virtue of its configuration but the electron-releasing tendency of its tert-butyl
group is substantially blocked by the carbinol carbon atom. The alkoxides of
aluminum, titanium, zirconium, hafnium, cerium, thorium, tin, niobium, tantalum,
and uranium all show this chain branching effect in varying degrees and it is clearly
of fundamental importance.

The second principle which has emerged from this work is that for metals of
the same valency, the shielding requirements of the central atom are mainly de-
termined by its atomic radius. For example, with the Group IV metals the smallest
alkoxide groups to cause the formation of essentially monomeric tetraalkoxides were:
Ti,Pri; Zr(Hf),But; CeIV) CMeEty; and Th,CEt;. Thus the smaller the central
atom the smaller is the alkyl group required to shield it and this is entirely consistent
with the stereochemical theory. This point is illustrated in Figure 1, where the
volatilities of these metal alkoxides are grouped in relation to the size and branching

250
[

200 o

150 }

100 }
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Mech, Me,C MeEt,C
Me,CH Me,rc Et,C

Figure 1. Volatilities of metal alkoxides
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of the alkyl group. In addition the boiling points of the monomeric tertiary alkoxides
of different metals are fairly close together and this suggests that the contributions to
intermolecular forces from the metals are either equal, which seems very unlikely,
or are effectively reduced by the screening effect of the organic groups. The latter
view is supported by the results of vapor pressure measurements (40, 42) which show
that analogous monomeric alkoxides of titanium, zirconium, and hafnium have the
same latent heats of vaporization. This is illustrated in Table II by data on the
tertiary amyl oxides, where T5,, L,, and AS;, are the boiling point (°C.), heat of
vaporization (keal./mole) and entropy of vaporization (cal./deg./mole) at 5.0 mm.
of mercury pressure.

Table Il. Data for Tertiary Amyl Oxides

M in M(OCMe:zEt)« Ts0 L, ASs-0
Ti 142.7 16.7 40.0
Zr 138.4 16.3 39.5
Hf 136.7 16.3 39.8

An interesting feature of Table II is that the boiling points, although close
together, are definitely in the order Ti > Zr > Hf, which is exactly the reverse of the
order of molecular weights. The theoretical explanation for this has been considered
by the author (25), and is outside the scope of this article, but the effect is of im-
portance in connection with the possibility of separating metals by distillation of
their alkoxides. It appears that monomeric alkoxides of approximately the same size
—i.e., number of carbon and hydrogen atoms—and shape will have very similar boil-
ing points. For example, tantalum penta-tert-butoxide, TaOsCyoHys (boiling point
149.5° at 5.5 mm.), resembles titanium tetra-tert-amyl oxide, TiO,CooHyy (143° at
50 mm.), in volatility and the titanium derivative is also very close in boiling
point to the tetra-tert-amyl oxides of zirconium and hafnium. Similarly for some of
the higher monomeric alkoxides: Ti(OCMeEty), boiling point, 128° at 0.1;
Zr(OCMeEt,), 130° at 0.1; Ti(OCHEtPr#), 134° at 0.1; Ti(OCHMeBu"), 126° at
0.1; Ti(OCHMeBut), 127° at 0.1; Zr(OCHMEBut), 128° at 0.1; Ta(OCHMePri);
137° at 0.1; and Ta(OCMeyEt); 139° at 0.1. This last group includes both
secondary and tertiary alkoxides.

According to the author, there may be another general principle applicable to
the covalent metal alkoxides—namely, that an alkoxide undergoes the minimum degree
of polymerization consistent with the attainment of the maximum covalency of the
metal. This is well illustrated by the behavior of titanium tetraethoxide. The
cryoscopic measurements of Caughlan and others (59) in benzene showed that the
degree of polymerization of titanium ethoxide increased with the concentration to a
limiting trimeric state. These authors proposed two similar structural models for
the trimer; one of these is illustrated.

R R

R
R

In this model, each titanium atom exhibits its maximum covalency of 6 in
approximately the octahedral configuration. However, the covalency maximum could
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still be observed with higher polymers also with octahedral titanium but with bridg-
ing across edges of the octahedra instead of faces. This does not appear to be the
case, since the trimeric unit is evidently preferred. Similarly the studies on the
alkoxides of niobium (49) and tantalum (28) showed that these compounds never
exceeded dimerization and the structure:

was accordingly proposed. In this case the covalency of 6 is achieved by bridging
involving a common edge for the octahedra, although the octahedral configuration
could have been maintained in higher polymers involving the sharing of apices.

The elements zirconium, cerium(IV), and thorium are especially interesting be-
cause although they each exhibit a maximum covalency of 8, they also frequently
assume the 6-covalent state. The smallest unit for an M(OR), compound with
8-covalent M appears to be the arrangement shown:

I L I

I I

I I I
R R R R
R

R R

R R. <R

R

R R

Mo I

of eight cubes in which there are two kinds of cube, the corner cube (I) and the
side cube (II). The configurations of these cubes are shown in the inset. Hence it fol-
lows that the maximum complexity should be 8. It is unfortunate that the methoxides
of zirconium, cerium(IV), and thorium are insoluble, because these would be likely
to give the maximum degree of polymerization. However, the normal butoxides are
soluble and the molecular weights in boiling benzene gave the values 3.4, 4.2, and
6.4, respectively, for the degrees of polymerization. Thus these metals appear to
be exhibiting both 6- and 8-coordination and it is in line with the author’s stereo-
chemical theory that the metal with the largest atomic radius gives the highest pro-
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portion of the maximum covalency and vice versa. It is obvious that the steric effect
of the alkyl group will also control the tendency of the metal to exert its maximum
covalency. For example, zirconium is probably 6-covalent in both the tetraiso-
propoxide which is trimeric and the solvate Zr(OPrt),,PriOH which is dimeric. The
latter is isostructural with the dimeric pentaalkoxides with the fifth group made up
by the coordinated alcohol. Similarly several secondary alkoxides of cerium were
shown to be trimeric (30). It is interesting to extend these principles to the aluminum
alkoxides. Here is a tervalent metal which has a pronounced tendency towards the
covalency of 4 and can exhibit a maximum covalency of 6. The smallest trialkoxide
involving a 4-covalent metal will be dimeric:

R

with the tetrahedral configuration for aluminum. Assuming the octahedral config-
uration for 6-covalent aluminum the author suggests that the octameric model:

represents the minimum polymer. Therefore it would be predicted that aluminum
alkoxides should not exceed 8-fold polymerization. In fact, the numerous studies on
these compounds (114, 126, 128, 150, 167) have not revealed a polymerization greater
than sixfold, while the tertiary butoxide is dimeric. Mehrotra (126, 128) has recently
made a systematic study of the aluminum alkoxides and suggests that the discrepancies
between the results published by different authors may be due to an “aging” effect.
Thus he found that aluminum isopropoxide was tetrameric after storage for 2 months,
whereas the redistilled product was trimeric, and McElvain and Davie (114) gave
a value of 5 to 6 for the degree of polymerization for this compound. It is tempting
to suggest that the aging effect is really caused by the tendency of aluminum to
increase its coordination number from 4 to 6. Thus the freshly distilled sample will
be largely in the 4-covalent state but will slowly undergo the structural rearrangement
necessary for assuming the 6-covalent state. Moreover, Mchrotra (128) has found
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that the isopropoxide is dimeric even in the vapor state, which is in accord with the
above proposition. Both Mehrotra (128) and Robinson and Peak (150) found that
several primary alkoxides of aluminum were tetrameric. This is exactly in agreement
with the structural model:

in which the central aluminum is octahedrally 6-covalent and the remaining three
aluminums are tetrahedrally 4-covalent. Similarly there is shown another possible
structure in which one third of the aluminum is 6-covalent in a 6-fold polymer:

Hence the key polymers in the aluminum alkoxides should be the dimer, tetramer,
hexamer, and octamer, but because average molecular weights are experimentally
determined, the actual degree of polymerization calculated will depend on the relative
proportions of the different key polymers.

Applying the principle of minimum polymerization to the bivalent metals leads
to the prediction that, the dialkoxide of a metal which increases its covalency from
2 to 4 should be trimeric as shown:
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which features tetrahedral coordination of the metal. On the other hand, covalency
expansion to 6 would involve the formation of a giant polymer. Beryllium alkoxides
should conform to the first proposition, because beryllium has a pronounced tendency
towards covalency and is limited to the maximum covalency of 4 with the tetrahedral
configuration. Beryllium ethoxide has been made (156) but its molecular weight is
not known. It is also clear that thallous alkoxides adhere to the above principle.
The unusual covalency change of thallium from 1 to 3 is due to the inert 682 pair of
electrons leaving the three 6p orbitals available for bonding in precisely the
directions demanded by Sidgwick and Sutton’s model.

Although some of these arguments may appear speculative, they have been very
successful in interpreting some unexpected features of the hydrolysis products of metal
alkoxides.

Hydrolysis of Metal Alkoxides

Most of the metal alkoxides are readily hydrolyzed in the presence of an excess
of water to give the metal hydroxide and ultimately the oxide. From the viewpoint
of industrial applications it is essential to know more about the intermediate stages
between the metal alkoxide and its ultimate hydrolysis product—whether the products
of partial hydrolysis are hydrolyzed as rapidly as the original alkoxide. Also it is
desirable to find whether or not the hydrolysis reaction is catalyzed by some com-
pounds and inhibited by others. In particular, the possibility of controlling the rate
of hydrolysis must be investigated. Attention has hitherto been mainly directed to
the study of titanium alkoxides, probably because the titanium compounds, especially
the butoxide and isopropoxide, are most used in industry at present.

Prior to 1951 there is only one reference to the hydrolysis products of titanium
alkoxides. Bischoff and Adkins (1) pointed out that titanium tetraethoxide was a
liquid and that the crystalline compound obtained by Demarcay (69) was a hydrolysis
product. Recent work (35, §7) has revealed that titanium tetraethoxide is in fact
a crystalline compound and that the product obtained by Bischoff and Adkins was
the supercooled liquid.

In 1951, Winter (173) reported the preparation of the titanium oxide butoxide,
Ti,0(0Bu”)g, by hydrolysis of the tetranormal butoxide. In the same year Cullinane
and others (66) described results obtained during the hydrolysis of alcoholic solutions
of several alkoxides of titanium. In the case of the ethoxide and the n-propoxide they
isolated solids whose composition agreed with the metatitanate formula, ROTiO(OH),
but the n-butoxide was noticeably slower to hydrolyze. At about the same time
Boyd (16) reported a more detailed investigation of the hydrolysis of titanium
alkoxides. He concluded that titanium alkoxides were hydrolyzed much more rapidly
than the corresponding alkyl orthosilicates and that the partially hydrolyzed alkoxides
rapidly reacted with the tetraalkoxide to produce new compounds of intermediate
degrees of polymerization. Polymers containing higher alkyl groups were obtained
by alcohol interchange with the more readily obtained polymers of lower alkoxides.
With titanium butoxide, the addition of water in the ratio (h) = moles of water:
atoms of titanium, of up to 1.20 caused quantitative hydrolysis while for (k) = 1.20
to 225 only about 1.4 to 1.5 moles of water per titanium atom were consumed,
suggesting that hydrolysis becomes more difficult as the degree of hydrolysis becomes
greater. With (h) = 3.0 precipitation of titanium dioxide occurred. In the range
(h) =0 to 1.0, Boyd suggested that essentially linear polymers are formed with
some chain branching but no cross linking in accordance with the following mechanism:

n-Ti(OR)s + (n — 1)H,0 — (RO);Ti—O—[Ti(OR);—O0]._-—Ti(OR)s
+ 2(n — 1)ROH  (19)

This system leads to the relationship n=1/[ — (k)], where n is the degree of
polymerization and agreement with experiment was found for n=1 to 6. The com-
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pounds produced in the reactions involving (h) =0 to 1.0 varied in nature from
viscous liquids to waxy solids. This work was followed by an important investigation
by Minami and Ishino (131), who studied the hydrolysis of titanium butoxide both
in solution in butyl alcohol and also by exposure of the tetraalkoxide to moist air.
In solution attention was concentrated on the systems involving (k) =0.5, 1.0, or
1.5. For each initial concentration of water, the rate change of viscosity of the
solution was followed at the separate temperatures: 20°, 40°, 60°, and 80°C. In
each experiment the initial rate was rapid and was followed by a slow approach
over 7 to 8 hours to an apparent equilibrium. In particular the equilibrium position
was dependent on the temperature. The authors concluded that hydrolysis was a
two-stage process:

n-Ti(OBu)s + 4n-H,O — n-Ti(OH), + 4n-BuOH (20)
n-Ti(OH); — (TiO.), + 2nH0 (21)

The initial hydrolysis (20) was believed to be rapid and possibly reversible, and the
condensation (16) was considered the slow stage. Studies on the hydrolysis of the
tetrabutoxide in moist air led to the interesting conclusion that the fourth butoxide
group in Ti(OBu), is considerably resistant to hydrolysis and this is consistent with
the previous work of Boyd. Ishino and Minami also analyzed the products caused
by hydrolysis at 80°C. and found that for (k) = 1.5 hydrolysis was incomplete.
Cryoscopic molecular weight determinations (extrapolated to infinite dilution) were
approximately in accordance with the formulas:

[Ti2O(OBu)eli.s, [TiO(OBu):le.2, and [TiO1.44(OBu)1.22(OH)o.07]7

whereas Boyd’s Equation 19 requires: Ti,O(OBu)g and [TiO(OBu)z]e.

In these laboratories the hydrolysis of several titanium and zirconium alkoxides
has been studied. It was found that titanium tetraethoxide (35, 36) underwent
rapid and complete hydrolysis in ethyl alcoholic solution and the crystalline com-
pound TigO4(OEt),; was precipitated in the early stages [(h) < 1.0]. Ebulliometric
studies showed that Equation 19 was inapplicable to this system whereas reasonable
agreement up to (k) ~ 1.2 was found with the relation:

12

130 (22)

n
This applies to a system of compounds having the general formula Tizyy1)04n)
(OEt)4(y 43y and valid for (k) =0 to 1.33. The compounds TigO4(OEt),g(z=1)
and [TiO(OEt),];o(z = 3) have been isolated and their molecular weights are in
agreement with these formulas while the tetraethoxide corresponds to =0. These
compounds mark the early stages in the formation of the infinite trilinear polymer:

This structure is based on that of the trimeric ethoxide and is formed by joining up
the trimeric units through Ti-O-Ti bridges. The ultimate high polymer has the
formula [TigO0,(0Et),], and it is noteworthy that addition of water in the region
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(R) =15 to 2.0 gave insoluble products whose analyses were near that of the
infinite polymer. Similarly, the action of heat on Ti;30,5(0OEt)ss under reduced
pressure brought about disproportionation and gave the volatile tetraethoxide and
the nonvolatile infinite polymer: Ti;50;2(0OEt)g, —> 3[Tig04(0Et)4], + Tiz(OEL);o.
It seems significant that insoluble nonvolatile products with compositions near to
TizO04(OR), were also obtained in the hydrolysis of the isopropoxide, tertiary butoxide,
and tertiary amyl oxide. Ebulliometric studies on the hydrolysis of the n-propoxide
and isobutoxide revealed rapid reactions, but the degrees of polymerization did not
agree with the requirements of Equation 22. The observed values of n were con-
siderably less than theory, as indeed was the case for the ethoxide for (k) >1.2.
It is believed that this is due to depolymerization of the oxide alkoxides in the higher
boiling solvents with the formation of solvated lower polymers. Thus it was suggested
(86) that there are three fundamental structural models for the titanium oxide
alkoxide polymers. The first model is based on the trimer while the second model
is based on the solvated dimer Tiz(OR)g, (ROH),:

The third system contains only three structures:

R4

and is based on a monomeric tetraalkoxide. The unifying feature of all three structural
models is the adherence to 6-coordinate titanium which is regarded as the key point
in the theory. The equations for Models II and III are:

__ 6
=32

3
=3 -

Model 11 n

Model III n
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By allowing for solvation according to these systems the results for the n-propoxide
(mainly Model II) and isobutoxide (mainly Model III) were in much better agree-
ment with the theory. A similar improvement was obtained for the ethoxide. These
postulated structures are idealized and apply to the behavior of these compounds in
boiling alcoholic solutions and will not necessarily be valid for reactions oceurring under
different conditions. Ebulliometric experiments on the sec-butoxide, n-butoxide, tert-
butoxide, and tert-amyl oxide gave interesting results. The hydrolysis of the sec-
butoxide occurred at a measurable rate which was increased by traces of acid and
decreased by traces of alkali. This behavior may well be caused by the steric effect
of the branched butyl groups which would be expected to oppose nucleophilic attack
by hydroxyl ions on the titanium (Equation 23a) in the alkaline system.

(a) Ti(OR), + OH~ — Ti(OH)(OR); + OR~
N AN
(b) —Ti—0 4+ H;0t — —Ti H 4+ H,0
S &
R O
R/ (23)
AN N,
(c) —Ti—O0—H — —Ti + ROH
/ | /
R
N N
(d) —Ti + 2H,0 — —Ti(OH) + H;0*
/ /

On the other hand, the acid-catalyzed mechanism depicted in Equation 23b, ¢, and d
will not be appreciably affected by the steric factor.

In experiments with the n-butoxide it was demonstrated that the hydrolysis was
incomplete even for values of (k) as low as 0.5. Moreover, the very small degree of
polymerization found in boiling butanol for (k) as high as 6 suggests that stable
hydroxyl-titanium bonds are present. An equilibrium system of the following type:

N N
—Ti(OH) + ROH = —TiOR + H.0
s s

may well explain the unusual features in the hydrolysis of the n-butoxide. It is also
likely that relatively stable Ti-OH bonds are produced during the hydrolysis of the
tertiary alkoxides, although attempts to isolate a hydroxy compound were unsuccessful.
The results suggested that the initial step

Ti(OR)s + H,0 — Ti(OH)(OR); + ROH
and also the condensation step
Ti(OH)(OR); + Ti(OR); — (RO);Ti—O—Ti(OR); + ROH

were both slower than the subsequent hydrolysis of Ti(OH) (OR)3, Ti(OH)4(OR),, and
Ti(OH)3(OR) where R is a tertiary alkyl group. Thus in the ebulliometric hydrolysis
of the tert-butoxide the first addition of water (h) < 0.1 caused the deposition of an in-
soluble compound and the experiment was discontinued. With the tert-amyl oxide
the titanium compound remained monomeric throughout the experiment [final value
of (h) =3.0]. Other recent work on the hydrolysis of titanium alkoxides includes
that of D’Adamo and Kienle (68), who found that neopentyl alcohol was recovered
by the hydrolysis of titanium neopentyl oxide, thus showing that the titanium-oxygen
bond is disrupted and not the carbon-oxygen bond. Nesmeyanov and others (135)
have isolated the following compounds: (EtO)gTiz0p and (RO)3TiOTi (OR)3 where
R = Et, Pr», or Bun.
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The paper by Bistan and Gomory (12) confirmed the conclusions of previous
workers that the hydrolysis of the butoxide is incomplete in the later stages and they
showed that this effect is even more marked in the hydrolysis of other titanium
alkoxides and aryloxides—e.g., heptyl, cetyl, benzyl, phenyl, and m-cresyl derivatives.
Some of their results are quoted in Table III.

Table Ill. Results of Bistan and Gomory

R in Ti(OR)4 (h)
Added Recovered Consumed
n-Butyl 0.5 — 0.5
1.0 — 1.0
2.0 0.47 1.53
n-Heptyl 0.5 0.04 0.46
1.0 0.07 0.93
2.0 0.52 1.48
Cetyl 0.5 0.07 0.43
1.0 0.08 0.92
2.0 0.55 1.45
Benzyl 0.5 0.04 0.46
1.0 0.16 0.84
2.0 0.69 1.31
Phenyl 0.5 0.12 0.38
1.0 0.14 0.86
2.0 0.83 1.17
m-Cresyl 0.5 0.09 0.41
1.0 0.17 0.83
2.0 0.82 1.18

Present knowledge of the hydrolytic reactions of titanium alkoxides may then
be summarized as follows. The rapidity and completeness of the hydrolysis depend
on the size of the alkyl group; hydrolysis is slower and less complete the higher the
alkyl group. It is particularly slow for the higher homologs after the removal of
three quarters of the available alkoxide groups and it is possible that relatively stable
Ti-OH groups are present in alcoholic solution and that an equilibrium is established
between hydrolysis and esterification. In all cases the degree of polymerization in
the early stages of hydrolysis is very small and for the lower alkoxides this may be a
consequence of the tendency of titanium to exhibit the coordination number 6 in
compact structures. In no case does the polymerization resemble the characteristic
behavior of silicon in the formation of silicones. Another general feature of the
partial hydrolysis products of titanium alkoxides is their tendency to disproportionate
when heated and to produce the volatile tetraalkoxide and a more highly polymerized
nonvolatile residue. These properties all suggest that the Ti-O bonds in the alkoxides
are relatively weak and the ultimate product of hydrolysis is titanium dioxide. It
is clear that only a small beginning has so far been made in the studies of the hydrolysis
of metal alkoxides and interesting developments are anticipated in the near future.

Industrial Applications of Metal Alkoxides

A survey of the recent literature reveals a rapid increase in the industrial im-
portance of metal alkoxides. In particular, titanium alkoxides are being produced on
an ever-increasing scale. For example, the manufacture and sale of titanium butoxide
has been doubled in Britain during the last year, while in the United States the
output of titanium alkoxides was quadrupled during 1955. The output of the
products can now be reckoned in tons per annum.

The origin of this remarkable development in titanium chemistry may be traced
to 1947 when Kraitzer, McTaggart, and Winter (109) reported that titanium butoxide
could be used in making heat-resistant paints. Another important impetus occurred
in 1950 when Speer and Carmody (161) announced that titanium alkoxides conferred
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water-repellent properties on textile fabrics, leather, wood, and other materials.
Since then the alkoxides of titanium and other metals have been used increasingly in
these and other related applications.

Heat-Resistant Paint

Following their original work in 1947, Winter and others (14, 62, 63, 109,
173, 174) have published a series of articles on the uses of titanium alkoxides in heat-
resistant paints. They have shown that the partially hydrolyzed butoxide may be
used in place of the tetrabutoxide and that the chloride content of the titanium com-
pound should be kept below 0.005%,; otherwise corrosion will occur due to the forma-
tion of hydrochloric acid. Contributions to this field have also come from other
authors, notably Rozan (153), Hancock and Sidlow (87), Thomas (162), and Sidlow
(158, 159). The heat-resistant titanium paint is usually composed of titanium tetra-
butoxide (or a partial hydrolysis product), aluminum powder pigment, and a solvent
such as white spirit (industrial solvent, petroleum fraction). According to Sidlow
(158, 159) the relative proportions of titanium butoxide and aluminum are critical for
the formation of a coating with optimum heat and corrosion resistance. It appears
that the function of the titanium alkoxide is to produce titanium dioxide under condi-
tions in which it will bond together the protected surface—e.g., steel—and the alumi-
num pigment. Such coatings are then stable for prolonged periods at 600°C. which is
near to the melting point of aluminum.

These coatings are most efficient under conditions of continuous high temperature—
i.e., low humidity—while under more humid conditions corrosion may occur because of
the porous nature of the coating. Cox and Winter (62) have improved the corrosion
resistance by incorporating zinc metal pigment in place of the aluminum, but the gain
in corrosion resistance is offset by a loss in heat resistance and maximum operating
temperature for the zinc-titanium paint appears to be about 400°C. (melting point of
zine, 418°C.). The same authors are investigating the possibility of using titanium
alkoxides in antifouling paints for marine use.

The suitability of titanium butoxide as a paint medium is closely linked to its hydro-
lytic properties. Although all titanium alkoxides are ultimately hydrolyzed to the
dioxide and could in principle be used in heat-resistant aluminum-titanium paints, the
lower alkoxides are so rapidly hydrolyzed by even traces of water that they would not
produce stable paint media. On the other hand, the less reactive higher alkoxides
hydrolyze more slowly and the drying of the paint would then be impeded. With
titanium butoxide the initial rate of hydrolysis is rapid but the products are soluble, so
that a stable paint medium is possible. Further hydrolysis to insoluble products is
slower but it still occurs at a reasonable rate when a film of the paint is exposed to
the atmosphere. The ultimate formation and bonding of the titanium dioxide prob-
ably occur when the coating is heated in air.

Another use for titanium butoxide was foreshadowed by Cox and Winter (62).
They suggested that a medium containing mica and the butoxide would give a coating
with good high temperature insulating properties. Considerable quantities of titanium
butoxide are now being manufactured for the production of heat-resistant paint and
it will be interesting to see whether the alkoxides of other metals such as zirconium,
thorium, niobium, or tantalum will find similar applications. Another possibility is
the incorporating of metals other than aluminum as pigments in order to raise the
maximum operating temperature above 600°C.

Water Repellency

The use of metal alkoxides as water-repellent agents has developed rapidly since
the paper by Speer and Carmody (161). The problem facing the chemist is that of
producing agents which will confer permanent water-repellent properties on various
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materials. Thus the water repellency of a treated textile fabric must not be impaired
by repeated laundering, and water-repellent leather footwear must be capable of with-
standing the effects of weathering. Sidlow (158) suggests that titanium alkoxides on
their own are more suitable for the waterproofing of leather rather than textiles. The
literature contains many claims for the waterproofing properties of many titanium
alkoxides, oxide alkoxides, or acylates (4, 6, 18, 20, 84, 111). Zirconium alkoxides have
also been tested and Mailander (118) claimed that solutions containing 0.1 to 0.3%
of zirconium ethoxide and 1.0 to 109, of petroleum wax, petrolatum, or polymerized
octadecyl vinyl ether in aromatic or halogenated aliphatic solvents would impart water
repellency to textiles. Other alkoxides of zirconium and of aluminum were also effec-
tive in similar preparations (118).

The water-repellent properties of the silicones are well known and it was not sur-
prising that mixtures of silicones and metal alkoxides should be tested. Tsukada and
Tsuji (166) found that a solution containing 2.5%, of silicone and 0.2%, of aluminum
ethoxide in benzene rendered textile fibers water-repellent. Similarly, it has been
claimed that mixtures of silicones and titanium alkoxides in petroleum solution are
suitable for waterproofing leather (67) and textiles (132). Silicone-zirconium alkoxide
preparations have also been used for the same purposes (87). Boyd (15, 22) prepared
liquid copolymers by the partial hydrolysis in benzene solution of alkyl alkoxyl silanes
in the presence of titanium alkoxides, acylates, or alkylamides. These copolymers
were used for waterproofing textiles.

A most interesting feature of the silicone-metal alkoxide water-repellents is
that they are more effective than either the silicone or the metal alkoxide alone. It
is known that metal alkoxides cause the final “curing” of silicones to occur at 50° to
80°C. instead of the normal temperature of 200° to 250°C. required by the silicone.
In this connection the metal alkoxide probably hastens the polymerization process by
reactions involving the alkoxide and the Si-OH groups which cause cross linking to
occur. However, the enhancement of water-repellent properties may be due to addi-
tional factors besides this silicone-curing effect. Thus the silicones with the best water-
proofing properties are those containing some Si-H groups (151) and it may be that the
metal alkoxides interact with these Si-H groups. Moreover, metal alkoxides are water-
proofing agents in their own right, presumably because of interaction with fibers.
Therefore it seems possible that in addition to the curing effect, the metal alkoxides
may interact with both fiber and silicone and thus act as a bonding agent. Other
organic compounds of metals—e.g., 2-ethyl hexoate—enhance the water-repellent prop-
erties of silicones (24), so that this effect is not specific to metal alkoxides.

Paint Driers and Modifiers

Metal alkoxides are now being used to accelerate the drying of paints (9, 23, 60,
61, 154). In general, larger proportions of metal alkoxide are incorporated compared
with the usual proportions of metal naphthenates but the alkoxide improves the quality
of the coating in addition to accelerating the drying process. It is believed that the
metal alkoxide reacts with the hydroxyl groups in the paint medium, thus causing cross
linking and polymerization. This property has been utilized in the modification of
paints and lacquers (104, 147, 149, 165, 172). In particular, the cellulose ester films
are considerably improved in heat and solvent resistance and also in mechanical prop-
erties (8). The lower alkoxides of titanium cause immediate gelation and this effect is
obviated either by using a solution of the alkoxide in its own aleohol or by incorporat-
ing a less reactive complex alkoxide (75, 155). The hydrolytic properties of the
titanium alkoxides are again seen to be the dominating factor in the control of a
valuable process. The less reactive complex alkoxides are derived from chelating
hydroxy compounds such as 1:3 diols—e.g., octylene glycol—ketoalcohols—e.g., diace-
tone alcohol—or easily enolizable derivates—e.g., B-diketones or B-ketoesters. It is
probable that in some of these monomeric compounds the titanium is exerting its
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maximum covalency and this factor coupled with the stability of chelate rings renders
the titanium much less vulnerable to nucleophilic attack by the oxygen of hydroxyl
groups and thus accounts for the lower reactivity.

Other Applications

The silicone-metal alkoxide copolymers are also used as film-forming media (1,
6, 73, 108). Gulledge (86) claims that the “titanated organosiloxane” polymers pro-
duce hard coatings which are opaque to ultraviolet light and suitable for incorporation
in refrigerator enamels.

Another use for the less reactive titanium alkoxides is as adhesion promoters (13,
70). A thin adherent film of titanium dioxide is formed by the evaporation and slow
hydrolysis of dilute solutions of the titanium alkoxides. This layer of titanium dioxide
can be produced on surfaces of a wide variety of materials and it promotes the adhesion
of paints and lacquers which would not otherwise stick. Boyd (19) claims that good
adhesive compounds are obtained by modifying aminoplast resins through the incor-
poration of polymerized titanium alkoxides, acylates, or amides.

An interesting application of titanium or zirconium alkoxides is in the rapid drying
of printing inks (88). Addition of the metal alkoxide to the wet print causes rapid
drying due to interaction of the alkoxide with hydroxy compounds in the ink.

It is clear that the characteristic properties of metal alkoxides lead to consider-
able versatility in their applications and it is common to find that a given metal alkox-
ide preparation is claimed to be useful in several different applications.

In addition to the examples already cited, metal alkoxides are also finding other
uses such as: polymerization catalysts (176), mordants (17), sizing agents (18), dis-
persing and antisludging compounds (4, 13, 111), dielectrics (165), catalysts in poly-
ester formation (63-65), catalysts in transesterification (143, 144), and components in
enamels (152). The metal alkoxides are also suitable for preparing pure metal oxides
or highly “active” oxides (85, 95, 96, 106). According to Kearby (105) the aluminum
alkoxides may be used to rzduce the aldehydes produced in the Oxo process and, after
hydrolysis and separation of the alcohols, an “active” alumina is also obtained. A
novel use for titanium alkoxides is in the preparation of barium titanate (76).

There is the future possibility that metal alkoxides may be utilized in the separa-
tion and purification of metals. In this case the physical properties of the alkoxides
will be brought into play, for it has been demonstrated that the volatility of a metal
alkoxide is controlled by the size and shape of the alkyl group. Work is already in
progress in these laboratories on the separation of zirconium and hafnium by the frac-
tional distillation of their alkoxides. In this particular case, one is probably dealing
with the most difficult example to choose for a metal alkoxide separation owing to the
proximity of boiling points of the components (boiling point difference of about 1° to
2°C.). However, preliminary results (170) show that the method works and holds
promise for large scale operations. This could be important in the atomic energy
program, which requires hafnium-free zirconium. Among other systems being studied
is the separation of niobium and tantalum by fractional distillation of their alkoxides
and this should be considerably easier than the zirconium-hafnium separation. The
distillation of uranium pentaethoxide has been patented as a means of enriching the
uranium-235 isotope (52). An advantageous feature of the alkoxide separation is
the readiness with which the metal alkoxide can be hydrolyzed to give the pure
oxide and the alecohol. This should be of special importance where the pure metal is
produced by reduction of the oxide and it should also be possible to recover and
recycle the aleohol.

The metal alkoxides are being applied industrially on an ever-increasing scale
and it seems likely that this expansion will continue in the future as the wide po-
tentialities of these compounds are further developed.
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Metal Chelates

MARTIN KNELL
Geigy Chemical Corp., Ardsley, N. Y

Metal chelates, in which an organic molecule bonds
a metal cation covalently or ionically, are discussed.
There are both synthetic chelates such as the phthalo-
cyanines and natural chelates such as the porphyrins.
The formation, stability, and commercial importance
of these are summarized. The major uses of metal
chelates are in agriculture and the dye and pigment
industries.

A metal chelate is a compound in which a metal cation is bound by a molecule con-
taining two or more sites for bond formation. The word chelate is derived from the
Greek word chela, meaning claw, because of the structure of the molecules. A great
variety of organic and inorganic molecules can participate in chelation. Only those
chelates in which the chelating agent, or ligand, is organic are discussed here. In
metal chelates, the metal is bonded either ionically or covalently with the strongly non-
metallic elements of Groups V and VI, whereas in other organometallics the metal is
bonded covalently directly to carbon.

Most of the metal chelates produced in industry today are formed in situ and never
isolated. By chelating metals in solution, undesirable properties such as precipitation
of heavy metal soaps and hydroxides and catalysis by metallic ions can be avoided.
The use of (ethylenedinitrilo)tetraacetic acid (EDTA) in the textile industry is well

HOOCCH, CH,COOH
NCH, CH, N
HOOCCH; CH,COOH

known. Several million pounds are used each year in such operations as dyeing, kier
boiling, and bleaching. In the latter operation, the chelating agent has a stabilizing
effect on hydrogen peroxide, the decomposition of which is catalyzed by trace
quantities of such metals as iron, copper, and manganese. Another chelating agent
that has reached commercial importance as a result of its deactivating effect on trace
quantities of a metal is N,N’-disalicylidine-1,2-propanediamine. This compound is sold

OH CH, OH

CH=NCHCH,N=CH

at the rate of about a million pounds per year and is added to gasoline to counteract
the oxidative effect of trace quantities of copper which may be present in the gasoline.

37
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Formation

An example of metal chelate formation is the reaction of EDTA with calcium.
EDTA with four carboxyl groups ionizes in four steps, with four corresponding
ionization constants:

HY === H,Y" + H' k= [H?E;;-]
HyY™ === HY* + H k= [—HEL[T;Y]- 1
HY? == HY”® + H' k = [_”EL[;T;;]
HY? == Yy™* + #* ke = —[HEE‘EY:]]

where Y represents the (ethylenedinitrilo)tetraacetate anion.

These ionization constants have been determined (4), and expressed in terms of
pk (log k) are pk; = 1.99, pky, = 2.67, pky = 6.16, and pk, = 10.26. The titration of
EDTA with an alkali is shown by curve A, Figure 1. The first two dissociation con-

3
NaOH Equivalents

Figure 1. Titration of (ethylenedinitrilo)
tetraacetic acid

A. No calcium ions present
B. Excess calcium ions present

stants correspond to strong acids, and a single sharp break is obtained after the addi-
tion of two equivalents of alkali. A second break occurs after the addition of the
third equivalent of alkali. As pk, corresponds to a very weak acid, no further break
is obtained on further addition of alkali.

In the presence of an excess of calcium ions, titration with alkali gives curve B,
Figure 1: The presence of calcium ions causes all four protons to be dissociated
readily, giving in effect a strong tetrabasic acid. The formation of the calcium chelate

takes place according to the following reactions starting with the zwitterion form
of HyY—2:

_ - - Z°
00CCH,, , i ,CH2C00 00CCH, cH,cZ,
NCH CH.N{ + Ca"* — /NCHZCH,N\\_»)Ca + H

0OCCH, CH,CO0 0OCCH, cHye?
“00CCH,_y CH,C00~

\Ncn.cH, 4

C{Ig \cn.
N c

O O—Ca—O 0
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The exact nature of CaHY— chelate is not known, but it is shown in the two most
likely forms. As more alkali is added, the calcium coordinates with both nitrogens
forming CaY—2 and releasing another proton:

'ooccm,\N /CH,C:I,/\N CH,C00"

7 e Nen, + H
/ \. [/

F= 0§

d 0

CaHY™ — CH

Cay™*
The successive displacement of the two nitrogen-bound protons is summarized in
the following equations:
Ca

2+ H,Y? === cCaHY" + H'

"+ HY? === CaHY~

Ca
CaHY™ =—>= cCaY’ + H'

The shape of curve B, with only one break at four equivalents of alkali, shows that
all four protons are titrated together. Thus, in the presence of calcium ions, the four
acid groups of EDTA have about equal acidity and the intermediate CaHY— has only

a transient existence when alkali is continuously added. The stability constant for
CaY—2 is defined by K.

[Cay~?]
[ca®I[Y™]

ca” + Y* === cCar™® K =

Stability Constants

The stability constants of a large number of metal chelates of EDTA have been
determined. The pK’s (log K) for some of the commoner metals are given in Table
1(6,7).

Table 1. Stability Constants of Metal Chelate of EDTA

Ion pK Ion rK
Lit 2.79 Mn ++ 13.47
Na* 1.66 Co** 16.10
Mgt++ 8.69 Cut+ 18.38
Cat+ 10.59 Nit++ 18.54
Sr++ 8.63 Cd++ 16.48
Bat+ 7.76 Pbt++ 18.20
Znt+ 16.58 Lat++ 15.4
Fet+ 14.22 Fe**+ 25
Crt++ 24

For a given chelating agent, the bond strength between metal and ligand may
vary widely (Table I). Properties of the metals such as atomic number, valence,
ionization potential, ionic radius, and d-orbitals all contribute to chelate stability.
The univalent metals form very weak chelates and the multivalent metals form the
stronger chelates. The order of stability of chelates of various metals is approximately
the same for a large number of chelating agents. The order of chelate stability for
EDTA and the alkaline earth series is barium < strontium < magnesium < calcium.
Magnesium occupies a variable position; with some chelating agents it forms more
stable complexes than calcium, although for the polyaminocarboxylic acids the calcium
chelate is more stable. The stabilities of some of the bivalent transition metals with
chelating agents generally follow the following order: manganese < iron < cobalt <
nickel < copper > zinc.

For a given metal, the structure of the chelating agent is important in determin-
ing the chelate stability, the two most important factors being the number of atoms
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in the chelate ring and the number of chelate rings formed. In general only five- or
six-membered rings are encountered. The five-membered ring is favored and more
stable when the ring is completely saturated, whereas the six-membered ring is
favored if one or two double bonds are present. The experimental values of the
stability constants of the 1 to 2 chelates formed between cupric ion and glycine and
B-alanine illustrate the effect of ring size on chelate stability. Glycine, which forms
five-membered chelate rings, has a pK value of 15.6 (9); B-alanine, which forms six-
membered chelate rings, has a pK value of 12.8 (8).

0 0
. .
fH/’H\c 07 cH, £ H\c o~ \CH
L N \z o S
X N / N
i H H

Cupric bis(B-alaninate)

Cupric bis(glycinate)

Because pK’s are log values, the glycine chelate is almost 1000 times as stable as the
B-alanine chelate.

An increase in number of rings within a particular chelate structure increases the
chelate stability. Calvin and Bailes (3) studied the copper chelates of the sali-
cylaldimines of methylamine and ethylenediamine. The two structures are very sim-
ilar, except that the ethylenediamine derivative has one additional chelate ring.

0

CH=N " “ N=CH CH—N N—CH
———-cn—n2

Cupric bls(sahcylldmemeihylamme) Cupric N,N’-disalicylidineethylenediamine

The half-wave potentials of the two copper chelates, determined using a dropping
mercury electrode, were +0.02 and —0.75. As a greater negative value indicates a
more stable chelate, the additional chelate ring present in the ethylenediamine deriva-
tive seems to increase the stability. Another set of chelates which illustrates this
principle is the calcium chelates of N-methyliminodiacetic acid and EDTA. These
two chelates, which differ only in that the EDTA chelate has one additional chelate
ring, support the theory that the greater the number of rings, the greater the stability.
The pK values are 7.5 and 10.6 for the methyliminodiacetic acid and EDTA (11, 12),
respectively.

2 1
C C
/
TO/ \CH To \

] 2 | Tl CH,
0(_c___?t:j/ o{E:c_g:/
[} '\ ! "\

/l \c /’/ CH, /l \ l/ cHe
a Ca
o'/ e '\bj//cu, o'/ '\ﬁ//cng
TR g
0 ‘ CH, o] I CH,
O yd o\C /

Calcium bis(N-methyliminodiacetate) Calcium (ethylenedinitrilo)tetraacetate
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Commercial Importance

A promising use for metal chelates is the treatment of metal-deficient plants.
Iron deficiency in plants inhibits chlorophyll synthesis. The leaves become light green
or yellow; if not corrected, the result is stunted growth, reduced yields, and ultimately
death of the plant. Stewart and Leonard (13) showed that severe cases of iron
chlorosis could be corrected quickly and dramatically by applying small quantities of
the iron chelate of EDTA. Iron EDTA was effective only on acid soils and other
chelating agents were developed for more alkaline soils. The iron chelates of
hydroxyethylethylenediaminetriacetic acid (HEEDTA) and diethylenetriaminepenta-
acetic acid (DTPA) have reached commercial importance also.

HOCH,CH, _CH;COOH HOOCCH,\ /CHCOOH
NCH, CH, N NCH,CH, NCH,CH,N
HOOC—CH; CH, COOH HOOCCH, H, CH,COOH

|
COOH
Hydroxyethylethylenediaminetriacetic acid Diethylenetriaminepentaacetic acid

It is estimated that 1,000,000 to 1,500,000 pounds of these metal chelates were
sold in 1956. Both cyclohexanediaminetetraacetic acid (CDTA) and Chel 138, an

_CH,COOH oH oH

~CH,COOH
N/cnzcoou ?HNHCHZCHzNH?H

\CHZCOOH COOH HOOC
Cyclohexanediaminetetraacetic acid Chel 138

aromatic aminopolycarboxylic acid, have proved more effective on alkaline soils than
any of the iron chelates commercially available. These chelates, however, have been
produced only on a pilot plant scale. The iron chelate of Chel 138 has created interest
among government and university experimenters for use on the calcareous soils of the
South, Southwest, and Far West. It is effective in small quantities even on extremely
alkaline soils and relatively nontoxic even in large doses. To date this chelate has not
been produced in quantity because of the high production costs, but efforts are being
made to overcome this obstacle.

Other metal deficiencies in plants have been treated successfully with metal chelates
of EDTA and diethylenetriaminepentaacetic acid. Chelates of zine, copper, and
manganese have been used on a limited scale.

In addition to its agricultural use, sodium ferric EDTA has found use in the
synthetic rubber industry. As a component of the polymerization catalyst, it results
in a more uniform product than could be previously obtained. The exact mechanism
is not known, but the metal chelate may be involved in an oxidation-reduction system
which regulates the rate of polymerization.

The calcium chelate of EDTA (NayCaY) has found some use as a pharmaceutical
for treating lead and other heavy metal poisoning. Its use for the rapid removal of
radioactive metals from the body is also indicated. The heavy metals form chelates
with EDTA which are more stable than the calcium-EDTA chelate and hence will
replace calcium; the heavy metal chelate is excreted in the urine. The quantity of
chelate sold for this purpose is very small compared with other uses.

Four general methods have been used to prepare EDTA and related compounds.

1. Chloroacetic acid will react with ethylenediamine under alkaline conditions (10):

NaOOCCH, .
H,NCH,CH,NH, + 4CICH,COONa + 4NaOH —> NCH,CH,N

NaOOCCH, CH,COONa

CH,COONa
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Good yields of the tetrasodium salt can be obtained by the proper control of conditions,
and the free acid is precipitated by acidification with mineral acids. Solutions of the
tetrasodium salt can be converted to the iron chelate as follows:

Na,Y + FeCl, —>  NaFeYy + 3NaCl

2. In the method developed by I. G. Farbenindustrie A. G. (2) ethylenediamine,
formaldehyde, and hydrogen cyanide (formed in solution by the reaction of sodium
cyanide with acid) react. The process requires the isolation of the intermediate
(ethylenedinitrilo) tetraacetonitrile, but the added step ensures that the tetrasodium
EDTA formed by hydrolysis of the nitrile is not contaminated with impurities or inert
salts.

NCCH, CH,CN
H,NCH,CH,NH, + 4HCN + 4CH,0 —> “NCH,CH,N + 4H,0
NCCH; CH,CN
NCCH, _CH,CN NaOOCCH, CH,COONa
NCH,CHN, + 4H,0 + 4NaOH —> /\NCHZCHzN\ + 4NH,
NCCH;, CH,CN NaOOCCH; CH,COONa

3. The process developed by Bersworth (1) converts ethylenediamine to the
tetrasodium salt of EDTA by the simultaneous addition of sodium cyanide and
formaldehyde to a sodium hydroxide solution of the diamine. The success of this
process depends on the complete removal of the ammonia as it is liberated in the
reaction. For this reason, EDTA made by this process always contains some
nitrilotriacetic acid.

NaoH  N@OOCCH, CH,COONa
HNCH,CHNH, + 4NaCN + 4CHO0 ——- NCH,CH, + 4NH,
2°  NaOOCCH; “CH,COONa

4. A catalytic oxidation of tetra (hydroxyethyl)ethylenediamine to EDTA has
been developed (5). The amino alcohol is heated with sodium or potassium hydrox1de
and a cadmium oxide catalyst at 220° to 230°C. for several hours. Hydrogen is
liberated and the tetrasodium salt of EDTA is obtained in about 85%, yield. This
method, however, has not attained the commercial importance of the other methods.

HOCH,CH, CH,CH,0H o NaOOCCH;_ CH,COONa
_NCH,CH,N + 4NaOH —> NCHZCH N + 8H,
HOCH,CH; CH,CH,0H NaOOCCH] “CH,COONa

Metal chelates are not new. The naturally occurring metal porphyrins have been
known for many years. The best known members of this class of compounds are
heme, an iron-containing chelate present in animal blood, and chlorophyll, a magnesium-
containing chelate present in all plants. All of the porphyrin structures are similar,
in that they consist of four pyrrole nuclei joined at their alpha carbon atoms by
methene groups. Chlorophyll a is the most prevalent form.

CH=CH.

CH
/ C,H;

CH

Hs | o

CaoHye—0— eeH CH, CH——C—O
cooc:H3
Chlorophyll a
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The metal porphyrins are extremely stable chelates. In most cases it is impossible
to remove the metal atom without destroying the rest of the molecule. Although
chlorophyll, because of its antibacterial properties, created interest as a deodorant, its
annual production is rather small. For the last few years the production of
chlorophyll in this country has remained at about 12,000 to 15,000 pounds per year,
whereas in the peak year of 1952 it reached about 100,000 pounds. A class of
synthetic chelates which are structurally related to the porphyrins is being produced
in appreciable quantities. These compounds are known as the metal phthalocyanines
and are used as dyes and pigments. The structure of copper phthalocyanine is:

0400

It was discovered in 1927 and it was soon realized that the metal phthalocyanines
offered promise as pigments. Considerable developmental work was carried out.
Because they are extremely stable to light, acid, and alkali, they have been widely
used as pigments for printing on paper and cloth and for the coloration of paper,
rubber, plastics, linoleum, paints, and lacquers. The commercial phthalocyanine
pigments range from blue to green. The 1956 United States production of phthalo-
cyanine pigments was about 6,000,000 pounds.

To make the phthalocyanines useful as dyestuffs, it was necessary to substitute
various groups in the molecule so that the resulting products would have application
properties of direct, sulfur, or vat dyes. For direct dyes, solubilizing groups such as
sulfonic acid, carboxyl, and quaternary groups have been used. There are two ways
of preparing these phthalocyanine derivatives: The phthalocyanine pigment can be
made first and then the substituent added, or the phthalocyanine precursor can be
substituted and then converted to the phthalocyanine. The 1956 production of
phthalocyanine dyes was only about 763,000 pounds. Commercially, the phthalo-
cyanines are prepared by heating a phthalic acid derivative mixed with a metal salt,
urea, catalyst, and a high boiling inert solvent to a temperature of about 200°C.
Yields of 85 to 98%, of theory can be obtained.

The phthalocyanines represent only one class of metal chelates which are useful as
dyes and pigments. Actually, chelation can occur with any class of dyes which has
the necessary donor groups in the proper positions. Examples are compounds having
hydroxyl, carboxyl, keto, oximino, and amino groups in either ortho or peri position
with respect to each other, or one of the above groups in the ortho position with respect
to an azo (—N=N-—) or an azomethine (—N=CJ) linkage. The chelate can be
formed on the fabric, as in mordant, chrome, and aftertreated direct dyes; or the
chelate can be formed prior to application as in premetallized acid and coppered
direct dyes.

Many of the first dyestuffs used by man were naturally occurring chelating
agents which were converted to metal chelates on the fabric during the dyeing opera-
tion. Madder, a dyestuff known to the ancient Egyptians, was used with various
metals such as chromium, aluminum, iron, copper, and tin in the mordant dyeing of
cotton. Alizarin, the principal coloring matter in madder, was discovered in 1824.
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(o} OH
<4008

(0]

Alizarin

In 1869, it was first prepared synthetically from anthraquinone. By 1871 the process
was developed sufficiently so that synthetic alizarin could compete with the natural
product, and soon the natural product was supplanted by the synthetic material.
Many alizarin derivatives have been prepared and found useful as mordant dyestuffs,
used principally for dyeing cotton. Alizarin has been used to some extent for wool
dyeing also, but this is accomplished better by the so-called chrome dyes. These
are generally azo dyes containing the following groupings:

OH OH

—N= \ —N=N OH ~—N=N Q OH
N N‘Q (COOH)
. G
(COOH)

(COR)

The mordanting metal is generally chromium, although aluminum and iron are also
used. In 1956, mordant and chrome dyes represented a market of about $6,500,000
in the United States.

In the last 15 to 20 years, a new group of dyes have joined the class of metal
chelates formed on the fabric. These are the aftertreated direct dyes for cotton,
which are dyed onto the fabric and then aftertreated with copper salts. The chelate
is formed on the fabric giving a very light- and washfast color. Many of the after-
treated direct dyes have been premetallized with copper and are useful as lightfast, di-
rect cotton dyes, thus simplifying the dyeing process.

Probably the fastest growing class of chelate dyes are the premetallized dyes for
wool and nylon. These dyes are generally azo compounds having hydroxyl, amino, or
carboxyl groups ortho to the azo grouping. The chelate is formed in manufacture,
and the dyes are sold as the metal chelates.

The first dyes to appear in this class were the 1 to 1 dye-chromium chelates, which
contained sulfonic acid groups for increased solubility. These are used for dyeing wool
and are analogous to the chrome dyes, except that the chelate is formed before
application. However, they are less washfast than the chrome dyes.

More recently a class of premetallized dyes containing a dye to metal ratio of
2 to 1 has been developed. These dyes are usually cobalt or chromium chelates,
containing no sulfonic acid groups but having sufficient solubility or dispersibility for
practical application. They are wash- and lightfast and have the added feature of
level and penetrating dyeing from a neutral dye bath, whereas the chrome dyes and
the 1 to 1 premetallized chelates must be applied from a strongly acid bath.

A new class of premetallized dyes developed by the Geigy Chemical Corp. are
2 to 1 cobalt or chromium chelates. These are soluble in acetone and alcohol and
have created interest in the mass dyeing of acetate rayon, replacing pigments. It is
estimated that premetallized dyes had a sales volume in the United States of about
$2,000,000 in 1956. This was expected to increase considerably during the next few
years.
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Manufacture, Properties, and Uses
of Organolithium Compounds

DONALD L. ESMAY

Lithium Corp. of America, Inc., Rand Tower, Minneapolis, Minn.

The various methods of preparing organolithium com-
pounds and the effect on such preparations of factors
such as particle size of the lithium metal, solvent,
temperature, and time are reviewed. Particular em-
phasis is placed on some recent studies which show
that lithium dispersions can be used to advantage in
the preparation of organolithium compounds. For
example, phenyllithium can be prepared from chlo-
robenzene satisfactorily by using lithium dispersions.
The general physical and chemical properties of or-
ganolithium compounds of interest to commercial pro-
ducers and users are covered. Comparisons of sta-
bilities of various types of organolithium compounds
are of particular interest. In general, only the aryl-
lithium compounds are sufficiently stable in ether to
allow extended storage. Even in hydrocarbon sol-
vents, such as benzene and petroleum ether, storage
of organolithium compounds at temperatures of 0°C.,
or lower, is recommended. A review is presented
of the more important present and potential commer-
cial uses of organolithium compounds.

Organolithium compounds have received attention as reagents for commercial use
only in recent years. This is undoubtedly a reflection of the increasing amount of re-
search that is being carried out each year on these compounds. The fact that more
papers were published on organolithium chemistry in the 2-year period, 1954-1955,
than had appeared altogether prior to 1949, underlines the tremendous increase in
interest in this field of chemistry.

Despite this increased concentration of research effort, a review of the literature on
organolithium chemistry reveals that interest is still chiefly centered on the uses of
these compounds. For example, although well over one hundred organolithium com-
pounds are reported in the literature as having been prepared in solution, scarcely a
dozen have been isolated as pure compounds. Even those that have been isolated
have been examined only superficially. Not only is information of a fundamental na-
ture almost nonexistent, but knowledge of a practical type is also very limited. In
only a few isolated instances have systematic studies been carried out on the effect of
variations in solvent, temperature, and time on the yields obtained in organolithium
preparations. Optimum conditions for carrying out reactions involving organolithium
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compounds have been determined in even fewer cases. At present, therefore, consid-
eration of the possible use of an organolithium compound in a commercial process
almost invariably involves carrying out a more or less extensive program of research
to determine optimum conditions for preparing and using the compound. In this
paper the author has attempted to assemble as much as possible of the most important
information on the preparation, properties, and uses of organolithium compounds. He
has tried to stress the areas deemed of greatest importance to those interested in com-
mercial uses of these compounds, and to indicate areas where research is urgently
needed.

Preparation of Organolithium Compounds

The preparations of organolithium compounds can be divided into two major
groups: those which use metallic lithium and those which use another organolithium
compound as the source of the lithium atom. In the following listing of the main
procedures which have been used, the first four methods use metallic lithium and the
others use an organolithium compound. Only one or two typical examples have been
given in each case.

Organolithium compounds have been prepared by:

1. Direct addition of lithium metal to a carbon-carbon unsaturated bond (562):
CsH;CH=CHC¢H; + 2Li — C:H;CH(Li)CH (Li)C¢Hs
2. Metal-metal exchange (22, 51, 53, 56):
R.Hg + 2Li — 2RLi + Hg
RMgCl + 2Li — RLi + LiCl + Mg
3. Hydrogen-metal exchange (7):
RC=CH + 2Li NT(I)) RC=CLi (+LiH)

4. Halogen-metal exchange (7, 13, 67):
RX + 2Li —» RLi 4+ LiX
5. Addition of an organolithium compound to a carbon-carbon unsaturated bond
(51, 54, 64, 65):

\C=b/ + RLi -»\C(R)—C(Li)/
7N / AN

6. Hydrogen-metal interconversion (metalation) (29):
RH + R'Li— RLi + R'H
7. Metal-metal interconversion (55, 68):
R.Hg + 2R'Li — 2RLi + R’,Hg
CsHs;CH,MgCl + 2C¢H;Li — C¢H;CH,Li + (CeHs).Mg + LiCl
8. Halogen-metal interconversion (41):
RX 4+ R'Li— RLi + R'X
9. Disproportionation (66):
2LiCH;, W Li,CH, + CH,

Only the first four methods involve direct preparation of an organolithium com-
pound. Methods 5, 6, 7, and 8 depend upon the use of an organolithium compound
prepared by one of the first four methods. Thus, while the last four methods, and
particularly Method 8, are useful for the preparation of numerous organolithium com-
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pounds, principally on a laboratory scale, commercial usefulness depends primarily
upon the feasibility of preparing the intermediate organolithium compound. Conse-
quently, the author discusses mainly Methods 1, 2, 3, and 4.

The direct addition of lithium metal to an unsaturated linkage (Method 1) occurs
in only a few special cases. This severely limits any use of this method, particularly
on a commercial scale.

The metal-metal exchange procedure of Method 2 was important during the early
investigations on organolithium compounds but is largely only of historical interest
now. More convenient preparatory methods are now available, except in a few special
cases—e.g., the preparation of benzyllithium via benzylmagnesium chloride. The use
of the hydrogen-metal exchange reaction (Method 3) has to date been limited to the
preparation of a few alkynyllithium compounds. At present there is no published
account of the use of this procedure for the preparation of an alkyl or aryllithium
compound.

The metal-halogen exchange reaction of Method 4 is today the procedure used
almost exclusively in the preparation of organolithium compounds from lithium metal.
It can be carried out conveniently and rapidly in relatively simple equipment to give
high yields of the desired organolithium product. A number of reviews (7, 9, 13, 29,
41, 43, 45, 56, 61) of organolithium chemistry contain either detailed instructions or
references to sources of experimental details for the preparation of specific organo-
lithium compounds. Consequently, no detailed coverage is given here. In general,
yields of primary organolithium compounds of 75 to 90% are readily obtainable under
the proper conditions.

The process of Method 4 suffers from the fact that an organic halide, and often
containing a particular halogen, is a necessary starting material. While such com-
pounds are usually obtainable in adequate supply, the price is often such as to dis-
courage large-scale usage, particularly when it is necessary to use an organic bromide.
In general, the bromides of lower molecular weight cost about twice as much as the
chlorides, yet in some instances—e.g., the preparation of phenyllithium—convenience
in handling, higher yields, cleaner products, etec., make the bromide the reagent of
choice.

Preparations of organolithium compounds ecan be made in various ethers (dialkyl
ethers, dioxane, tetrahydrofuran, etc.), hydrocarbon solvents (benzene, cyclohexane,
petroleum ether, etc.), and liquid ammonia in the special case of alkynyllithium com-
pounds. Reagents and solvents should be as pure as possible, and should be thoroughly
dry. A blanket of inert gas (nitrogen, helium, or argon) should be maintained over
the reaction mixture at all times. The temperature at which the preparation is carried
out may vary from —75° to the boiling point of the solvent, depending upon the par-
ticular substance desired. Similarly, the time required for carrying out the preparation
will vary from a few minutes to several hours.

Yields of alkyllithium compounds are best determined by the method of double
titration (79). In this procedure one sample of the solution of organolithium com-
pound is hydrolyzed directly while a second sample is treated with benzyl chloride prior
to titration with standard acid. Calculations based on the difference in the two titra-
tions give a more accurate yield determination than does the older procedure of simply
titrating the sample that is hydrolyzed directly.

The solvent used in carrying out the organolithium preparation exerts a definite
effect on the yield obtained and the time required for the reaction to go to completion.
In general, ethers accelerate the reaction while hydrocarbon solvents tend to retard the
reaction. For example, when the preparation of 1-naphthyllithium by the reaction of
1-bromonaphthalene with alkyllithium compounds was carried out in various solvents
(28), the rate of the reaction depended upon the solvent used. The effectiveness of
the solvents was found to decrease in the following order:

(CiHs):0 > (CsHs),0 > CHN(CHy), > CsHs > cyclohexane > petroleum ether
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In some cases a change in the solvent has been found even to change the course of
the reaction. For example, this effect was observed in the reaction of n-butyllithium
with B-bromostyrene (27). With low boiling petroleum ether as the solvent, the prod-
uct was found to be B-styryllithium, whereas when diethyl ether was used, phenyl-
ethynyllithium was obtained:

——— CsH;—C=CLi
(C:Hs)20

C¢H;—CH=CHBr + n-C.H,Li— )
— > CH;,—CH=CH(Li)
Pet. ether

In preparing organolithium compounds from lithium and organic halides, the
halide atom present has been found to affect the rate and extent of reaction markedly.
Experience has shown that two of the most commonly used organolithium compounds,
n-butyllithium and phenyllithium, can best be prepared from the respective bromides.
Organic bromides, in general, however, cost about twice as much as the corresponding
chlorides. It would, therefore, be beneficial from a commercial standpoint if organic
chlorides could be used.

It was observed over 25 years ago by Gilman and coworkers (36) that the smaller
the pieces of lithium could be made the higher the yield and the shorter the time re-
quired for the organolithium preparation to be completed. For many years the par-
ticle size was determined by the patience of the researcher in cutting the metal with
scissors, knives, paper cutters, etc. His task was considerably eased about 10 years
ago with the advent of lithium wire and ribbon.

Gilman and coworkers (36) also observed that the next significant advance in
making organolithium compounds more accessible would probably come with a con-
venient procedure for the preparation of lithium dust or granules. The description
about 9 years ago by Perrine and Rapoport (49) of a procedure for the preparation
of lithium sand was a step in this direction. The use of lithium sand reportedly gave
increased yields of organolithium compounds and within a short time lithium sand
could be, and still can be, purchased on a commercial basis.

The latest advance in producing lithium metal in small particle size has come
within the past 2 years with the development of lithium dispersions to a point where
they can now be purchased on a small lot basis. To date these dispersions have been
offered only in paraffin hydrocarbon mediums—i.e., mineral oil, petrolatum, and wax—
although conceivably other mediums could be easily used.

Up to now, no complete report of studies on the use of lithium dispersions in the
preparation of organolithium compounds has appeared. Some work has been done,
however, as evidenced by the reference by Gilman and Gorsich (18) in 1955 to un-
published studies by K. Oita. They reported that improved yields of some organo-
lithium compounds were obtained when lithium dispersions were used. Also, in 1956,
Hart and Sandri (38) reported the first successful preparation of cyclopropyllithium
from cyclopropyl chloride through the use of finely powdered lithium.

To confirm this statement, the author has carried out a limited research program
on the use of lithium dispersions in the preparation of organolithium compounds. As
a starting point he chose the preparation of phenyllithium from chlorobenzene, because
failure to obtain good yields from the reaction of chlorobenzene with bulk lithium in
the past has necessitated the use of the more expensive bromobenzene. The results of
some of the runs are given in Table I.

The preparations were carried out in the usual apparatus consisting of a four-
necked flask equipped with a Tru-bore stirrer, thermometer, reflux condenser, and
dropping funnel arranged so that a blanket of inert gas could be maintained over the
reaction mixture.

The data in Table I show that under comparable conditions, appreciably higher
yields of phenyllithium are obtained with lithium dispersions than with lithium wire.
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In the runs carried out with lithium wire at room temperature, the metal rapidly
became coated with a dark solid. It seemed most logical that the coating was diphenyl
formed by reaction at the metal surface of chlorobenzene and phenyllithium. If this
were true, it seemed reasonable that diphenyl formation would be suppressed by
lowering the temperature. As shown in Experiment 5, a much higher yield of phenyl-
lithium was obtained at the lower temperature and the lithium metal became coated
only very slowly. This, of course, does not prove that suppression of diphenyl
formation gave the increased yield, although such a conclusion appears logical.

The results of experiment 6, Table I, show that by using dispersed lithium and
temperatures below —10°, phenyllithium can be prepared from chlorobenzene in
yields over 90%. Additional work may show that conditions can be adjusted so that
chlorobenzene, rather than bromobenzene, can be used in the commercial preparation
of phenyllithium and thereby reduce the cost appreciably.

Physical Properties of Organolithium Compounds

The determination of the physical properties of pure organolithium compounds is
an area of research where very little has been done and much needs to be done.

The alkyllithium compounds are colorless liquids, except the methyl and ethyl
derivatives, which are white solids at room temperature. Phenyllithium is also a
white solid. Benzyllithium and triphenylmethyllithium are presumably colored yellow,
as their solutions are yellow.

All of the pure organolithium compounds that have been examined have been
found to burn vigorously in air. Even when the substances are in solution, care must
be exercised in keeping them away from contact with the air. Otherwise, the reaction
with air evolves so much heat that the solvent may be ignited.

Organolithium compounds, in general, are more stable thermally than similar
compounds of the other alkali metals. This, however, is only a matter of degree, as
propyllithium and butyllithium have been shown to decompose at elevated tempera-
tures to yield lithium hydride and the corresponding olefin (?70):

R—CHz—CHzLi-Z R—CH=CH., + LiH

While this thermal decomposition is slow at room temperature, solutions of alkyl-
lithium compounds in inert solvents, such as petroleum ether, are known to decrease
in strength on long standing. Aryllithium compounds, however, are apparently much
more stable to heat than alkyllithium compounds, although here, again, fundamental
data are missing. The thermal stability of organolithium compounds becomes of im-
portance in considering the manufacture and storage of such materials for commercial
use. No thorough study of this problem has been reported as yet.

In general, organolithium compounds are readily soluble in ethers such as diethyl
ether and tetrahydrofuran, and, to a lesser degree, in hydrocarbons such as benzene,
cyclohexane, and petroleum ether. As a rule ethers accelerate the preparation and
reactions of organolithium compounds, whereas hydrocarbons have a retarding effect.
This increased activity in ethers, however, is also evidenced toward the solvent itself,
so that cleavage of the ether is relatively rapid, particularly with alkyllithium com-
pounds (19, 63). For example, whereas an ether solution originally 0.4} in phenyl-
lithium required about 12 days to fall to 0.2M when kept at 35°, the concentration
of n-butyllithium in an ether solution kept at 25° dropped to half its original strength
in about 7 days (19). However, ether solutions of n-butyllithium apparently can be
kept for 4 days or longer without significant decomposition if the temperature is
maintained at or below 10° (14). This indicates that for prolonged storage of
organolithium compounds, temperatures of about 0° should be used. In contrast to
this, a benzene solution of ethyllithium was reported to be unchanged after standing
2 months (25).
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Chemical Properties of Organolithium Compounds

Alkyllithium compounds are considered to be predominantly covalent, rather than
saltlike, materials, as evidenced by the nonconductance of solutions of ethyllithium
in benzene (39) and by the low dipole moment (0.97 D) of n-butyllithium which
indicates about 40%, ionic character for the carbon-lithium bond (50). Ionmic charac-
ter increases, however, in going from simple alkyl compounds to substances such as
benzyllithium and triphenylmethyllithium due to anion stabilization through resonance:

Oroi = O o LD

A number of different studies have established that organolithium compounds are
intermediate in activity between the Grignard reagents and the organometallic com-
pounds of the other alkali metals. For example, the reaction of phenylmetallic
compounds with azobenzene gave the following decreasing order of activity (15):

PhK > PhCal > PhNa > PhLi > PhMgBr > Ph;Be > PhMnl > PhyZn

In another study (85), the decreasing order of reactivity of the phenylethynyl
derivatives towards benzonitrile was shown to be:

RCs > RRb > RK > RNa > RLi > RMgBr

The relative reactivity of an organolithium compound also varies greatly with
respect to the hydrocarbon radical present. In the halogen-metal interconversion
reaction of 1-bromonaphthalene with various organolithium compounds, the following
decreasing order of activity was observed (28):

n-CsH; > C.Hy > n-CyHy > CeHy > CH;

In the metalation of dibenzofuran in ether (29), the following slightly different
order of decreasing activity was obtained:

n-CiHy > CoH; > n-CsHy > CeHs; > CHs

Recently it has been shown (3) that the decreasing order of activity of branched-
chain alkyllithium compounds towards addition to ethylenic double bonds is:

R:C > R,CH > RCH,

The above examples show that there is a wide variation in the reactivity of
organolithium compounds which depends only on the structure of the compound.
When considering the possible use of an organolithium compound, this variation in
reactivity with structure must be considered along with the effects of solvent, time,
and temperature.

Uses of Organolithium Compounds

The only reported instance of the use of organolithium compounds as such is
the use of alkyllithium compounds as catalysts for the polymerization of olefins (1, 10,
12, 37). 1In all other cases, the organolithium compound has been used as an intermedi-
ate in the preparation of some other desired material. Consequently, a discussion of
the uses of organolithium compounds is primarily a discussion of the reactions of
organolithium compounds.

For the purposes of this paper, the reactions of organolithium compounds have
been divided broadly into two main types: substitution (interconversion) reactions and
addition reactions. Only a brief mention is made of those few instances in which
organolithium compounds undergo reactions of other types, such as elimination re-
actions and molecular rearrangements.
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Substitution Reactions of Organolithium Compounds

Hydrogen-Metal Interconversion (Metalation) Reactions. This is the same type
of reaction as that given for preparation Method 6, and is called a metalation reaction.
An interesting variation of this reaction is that used to prepare lithium compounds
such as triphenylgermyllithium (17):

(CeHs)sGeH + RLI — RH + (CGH5)3GeLi

As the metalation reaction with organolithium compounds has been covered in an
excellent review by Gilman and Morton (29), only a brief discussion is given here.

The metalation reaction is used chiefly for the preparation of lithium derivatives
which are difficultly obtainable otherwise. The reaction has been found suitable only
when the compound to be metalated has present a hydrogen atom activated by an
adjacent vinyl, aryl, alkoxyl, hetero, or similar group. This dependence upon an
activated hydrogen atom limits the usefulness of the reaction to those compounds in
which only one such atom is present. Otherwise, specificity of attack is lost and
mixtures of products result.

Hydrogen-metal interconversion has been shown (70) to be the initial reaction
involved in the cleavage of diethyl ether by n-butyllithium:

CH,CH,0C.H; + n-C,H,Li —» CH,;CH (Li)OC:H;
CH,;CH(Li)OC.H; — CH,=—CH, + LiOC.H;

The hydrogenolysis of organolithium compounds (20) can be considered as a

special case of hydrogen-metal interconversion:
RLi + H.— RH + LiH

Metal-Metal Interconversion Reactions. The use of metal-metal interconversion
reactions for the preparation of organolithium compounds was illustrated in Method
7. The chief use of organolithium compounds in such reactions, however, has been
for the preparation of organic derivatives of other metals such as thallium (4, 21, 23),

gold (33), germanium (40), silicon (8, 11, 16, 34, 58), tin (2), and lead (2) by the
following general reaction:

MCI; + zRLi —» R.M + 2LiCl

As a specific illustration, this procedure was recently used (46) for the prepa-
ration of some phenoxasilin derivatives, one of them being 10,10’-spirobiphenoxasilin:

0
(o]
Halogen-Metal Interconversion Reactions. The halogen-metal interconversion is
illustrated by the following example (26):

Br Li
n-C,HoLi + @ —_— @[ + n-C,HyBr
OCH;- OCH,

This reaction finds its greatest use in the preparation of organolithium compounds
whi‘ch cannot be readily prepared by the direct action of lithium metal on the organic
halide. A thorough discussion of the mechanism, scope, and experimental conditions
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of this reaction has been given by Jones and Gilman (47). While the halogen-metal
interconversion reaction has been used widely for experimental synthetic work, no
extensive use on a commercial scale has been reported as yet.

Radical-Metal Interconversion Reactions. In this type of interconversion re-
action the organolithium compound is destroyed as such in order to produce a desired
end product.

Hydrolysis is a simple example of this type of reaction:

RLi + HOH — RH + LiOH
Alcohols, mercaptans, etc., enter into a similar reaction:
RLi + HOR’ — RH 4 LiOR’

The cleavage of epoxides and other cyclic ethers is a related reaction (44):

_R
e — L
OLi

A special case of radical-metal interconversion is that involved in the preparation
of organic halides by the reaction of organolithium compounds with halogens (30):

X
+ 1, — + Ll
s s NF
Li I

The formation of coupled products by the reaction of an organolithium compound
with an organic halide is another case of radical-metal interconversion:

’ﬂ-CQHgLi + n-C;HgX d n-Cing + Li\

Studies (62, 67, 69) of this coupling reaction have shown the iodine derivatives
to be the most suitable, because, in general, they react most rapidly.

RLi

+

Addition Reactions of Organolithium Compounds

Addition to Inorganic Reagents. The formation of carboxylic acids by the re-
action of organolithium compounds with carbon dioxide with subsequent hydrolysis
has been widely used in laboratory studies on organolithium compounds:

. HOH
RLi + CO.—— RCO.Li — RCOOI1

The reaction proceeds rapidly and to completion at low temperatures to form the
carboxylic acids in good yields. When the carbonation is carried out at room tempera-
ture or higher, the chief products obtained are ketones (5, 32, 42, 569):

CsHiLi
(‘el’{sLi + COQ-——) CJL»,C()()LI ——)l (CGH5)2C=() + L120
The preparation of hydroxy derivatives of organic compounds by the reaction of
organolithium compounds with oxygen has been found to be satisfactory, particularly
with aryllithium and heterocyclic lithium compounds (47):
o) HOH
CeHiLi — CsH;0Li —> C4H,0H

Other similar addition reactions can be carried out as illustrated by the reaction
of phenyllithium with nitrous oxide (57):

CeHsL‘i + NgO b d CsH5N=NOLi Ed CsHaH, CGHﬁ_CGHs, C6H5N=NCGH5, ete.
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Addition to Carbon-Carbon Unsaturated Bonds. This type of addition reaction
was illustrated in preparation Method 5. This is presumably the initial reaction
involved in the catalytic polymerization of olefins by organolithium compounds (37).
Although such catalytic uses have been reported to be only in the experimental stage,
use on a commercial scale could conceivably develop.

Addition to Carbon-Oxygen Unsaturated Bonds. Probably the most useful re-
action which organolithium compounds undergo is addition to carbon-oxygen un-
saturated bonds. This is shown in the following typical reaction of a ketone with
an organolithium compound to yield the lithium salt of a tertiary alcohol:

R.C=0 + R'Li — R,R’COLi

Similar reactions occur with aldehydes, carboxylic acids, esters, anhydrides, etc.
This type of reaction has been used in the preparation of synthetic vitamin A (60)
by the reaction of methyllithium with B-ionylidenecrotonic acid to yield on hydrolysis
the desired ketone intermediate, I:

CHy __CHs ?Hs 12C:3l6i CH; /CH (I:H, oA
H(i,‘/ \C' CH=CH—C=CH—CH=CHCOOH ———> H,cl Cl CH=CH—C=CH-— CH=CHC\\
H,C C H,C c
2 \?/ \CH3 2 \?/ \CH3

Hz H2
B-Ionylidenecrotonic acid I

Addition to Carbon-Nitrogen Unsaturated Bonds. Organolithium compounds
have been found to add readily to carbon-nitrogen double and triple bonds. The
following is an example of addition to a carbon-nitrogen double bond (71, 72):

AN AN
D~ — (X
/
N 'i‘ H

Organolithium compounds add readily to carbon-nitrogen triple bonds as illus-
trated in the following reaction (24):

CeHsLi N
CH,0 C=N —— CH,0 ﬁ—-csus —> CH,0 |C|-C°H’
N—Li

Although the reactions involving addition of organolithium compounds to carbon-
nitrogen unsaturated bonds have beeen used widely for studies on a laboratory scale,
no use on a commercial scale is known at present.

In the discussion of uses of organolithium compounds, only a very brief men-
tion has been made of each of the major uses known. Many additional examples
and detailed discussions can be found in general references (3, 13, 21, 23, 29, 41,
43, 45, 56, 61).

Miscellaneous Organolithium Reactions. Some recently reported uses of organo-
lithium compounds illustrate further the wide range of possible reactions which these
compounds can undergo.

Of importance in synthetic work is the report (48) that butyllithium cleaves
certain sulfide linkages with ease:

S—CH;,
n- C4H9L|
+ HC=CH
(CH;),SO.
S—C4H,
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Certain sulfoxides also can be cleaved readily to yield interesting and useful
products (31 ).

1. n- C4H9LI
2 COz
HOOC 0 0 COOH

Phenyllithium has been found to catalyze cyclization reactions of the followmg

types (6):
—_—
COOH

CeHs

Use of this procedure for preparing 9-phenylanthracene derivatives is reportedly
superior to other methods now known.

Literature Cited

(1) Aries, R. S., 130th Meeting, ACS, Atlantic City, N. J., September 1956.

(2) Austin, P. R., J. Am. Chem. Soc. 54, 3726 (1932).

(3) Bartlett, P. D., Friedman, S., Stiles, M., Ibid., 75, 1771 (1953).

(4) Birch, S. F., J. Chem. Soc. 1934, 1132.

(5) Bluhm, H. F., Donn, H. V., Zook, H. D., J. Am. Chem. Soc. 77, 4406 (1955).

(6) Bradsher, C. K Webster, S, T, Ibzd 79, "303 (1957).

(7) Braude, E. A, in Cook, J. W, “Progress in Organic Chemistry,” pp. 172-217, Academic
Press, New York, 1955.

(8) Brook, A. G., Gllman, H., Miller, L. 8., J. Am. Chem. Soc. 75, 4759 (1953).

9) Coates, G. E “Organo—metalhc Compounds ? Wiley, New York, 1956.

(10) Ellis, L. M., U. S. Patent 2,212,155 (Aug. 20, 1940).

(11) Fleming, R. F I, 2386 452 (October 1945).

(12) Frledlander, J N, Olta , 130th Meeting, ACS, Atlantic City, N. J., September

1956.

(13) Gilman, H,, “Organic Chemistry, An Advanced Treatise,” 2nd ed., Vol. II, p. 489,
Wiley, New York, 1943.

(14) Gilman, H. coworkers, J. Am. Chem. Soc. 71, 1499 (1949).

(15) Gilman, H., Bailie, J. C., J. Org. Chem. 2, 84 (1937).

(16) Gilman, H., Clark, R. N., J. Am. Chem. Soc. 69, 1499 (1947).

(17) Gilman, H., Gerow, C. W., Ibid., 78, 5435 (1956).

(18) Gilman, H., Gorsich, R. D., Ibid., 77, 3134 (1955).

(19) Gilman, H., Haubein, A. H., Ibid., 66, 1515 (1944).

(20) Gilman, H., Jacoby, A. L., Ludeman, H., Ibid., 60, 2336 (1938).

(21) Gilman, H., Jones, R. G., Ibid., 62, 2357 (1940).

(22) Ibid., 63, 1439, 1441 (1941).

(23) Ibid., 68, 517 (1946).

(24) Gilman, H., Kirby, R. H., Ibid., 55, 1265 (1933).

(25) Ibid., 58, 2074 (1937).

(26) Gilman, H., Langham, W., Jacoby, A. L., Ibid., 61, 106 (1939).

(27) Gilman, H., Langham, W., Moore, F. W., Ibid., 62, 2327 (1940).

(28) Gllman, H Moore, F. W, Ibzd 62 1843 (1940)

(29) Gilman, H., Morton, J. W Organlc Reactions,” Vol. VIII, Wiley, New York, 1954.

(30) Gilman, H Nobis, J. F., J. Am. Chem. Soc. 67 1479 (1945)

(31) Gilman, H., Swayampati, D. R, Ibid., 79, 208 (1957).

(32) Gilman, H,, Van Ess, P. R,, Ibid., 55, 1258 (1933).

(33) Gilman, H., Woods, L. A, Ibid., 70, 550 (1948).

(34) Gilman, H., Wu, T. C., Ibid., 75, 3762 (1953).

(35) Gilman, H., Young, R. V., J. Org. Chem. 1, 315 (1936).

(36) Gilman, H., Zoellner, E. A Selby, W. M., J Am. Chem. Soc. 55, 1252 (1933).

(37) Hanford, Ww. M., Roland J. R., Young, H. S, U. S. Patent 2377 779 (June 5, 1945).

(38) Hart, H., Sandri, J. M, Chem. & Ind. (London) 1956, 1014.



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch004

ESMAY—ORGANOLITHIUM COMPOUNDS 57

(39) Hein, F., coworkers, Z. anorg. Chem. 141, 161 (1924).

(40) Johnson, O H., Nebergall W.H, J. Am. Chem. Soc. 71, 1720, 4022 (1949).

(41) Jones, R. Gllman “Orgamc Reactions,” Vol. VI, Wlley, New York, 1951.

(42) Karten, M Levme, R “130th Meeting, ACS, Atlantic Clty, N. J, September 1956.

(43) Krause, E., Grosse, A. von, “Die Chemie der metall- orgamschen Verbindungen,”
Borntraeger, Berlin, 1937.

(44) Letsinger, R. L., Traynham, J. G., Bobko, E., J. Am. Chem. Soc. 74, 399 (1952); 75,
2649 (1953).

(45) Lithium Corp. of America, Minneapolis, Minn.,, “Annotated Bibliography on Use
of Organolithium Compounds in Organic Synthesis,” 1949; Supplement 1, 1950;
No. 2,1952; No. 3,1954; No. 4, 1956.

(46) Oita, K Gllman, H J. Am. Chem. Soc. 79, 339 (1957).

47) Pacev1tz, H. A, Gllman, H., Ibid., 61, 1603 (1939)

(48) Parham, W. E,, Stright, P. L Ibzd 78 4783 (1956).

(49) Perrine, T. D,, Rapoport H, "Anal. Chem. 20, 635 (1948).

(50) Rogers, M. T, Young, A, J. " Am. Chem. Soc. 68 2748 (1946).

(51) Schlenk, W. Bergmann, E Ann. 463, 1 (1928).

(52) Ibid., p. 72.

(53) Ibzd 464, 1 (1928).

(54) Ibid., 479, 78 (1930).

(55) Schlenk, W., Holtz, J., Ber. 50, 262 (1917).

(56) Sidgwick, N. V., “Chemical Elements and Their Compounds,” Vol. I, p. 67, Oxford
Univ. Press, London, 1950.

(57) Small, L., Rapoport, H., J. Org. Chem. 12, 284 (1947).

(58) Sommer, L. H,, Tyler, L. J., J. Am. Chem. Soc. 76, 1030 (1954).

(59) Tegner, C., Acta Chem. Scand. 6, 782 (1952).

(60) van Dorp, D. A,, Arens, J. F., Rec. trav. chim. 65, 338 (1946).

(61) Wittig, G., “Newer Methods of Preparative Organic Chemistry,” p. 571, Inter-
science, New York, 1948.

(62) Ziegler, K., coworkers, Ann. 473, 1 (1929).

(63) Ibid., p. 31.

(64) Ibid., p. 36.

(65) Ibid., 479, 150 (1930).

(66) Ziegler, K., coworkers, Ger. Patent Application Z. 4846 IV b/120 (1956).

(67) Ziegler, K Colonius, H., Ann. 479, 135 (1930).

(68) Ziegler, K., Dersch, F Ber. 64, 448 (1931).

(69) Ziegler, K., Dersch F Wolltham H., Ann. 511, 13 (1934).

(70) Ziegler, K., Gellert H G., Ibid., 567 179, 185, 195 (1950).

(71) Ziegler, K., Zeiser, H. Ibzd 485 174 (1931)

(72) Ziegler, K., Zeiser, H., Ber. 63, 1847 (1930).

Rece1vebp for review May 10, 1957.  Accepted June 1, 1957.



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch005

Reduction of Organic Compounds
by Lithium in Amines
of Low Molecular Weight

ROBERT A. BENKESER

Department of Chemistry, Purdue University, Lafayette, Ind.

Lithium dissolved in amines of low molecular weight is
a stronger reducing agent than sodium in ammonia.
This reagent does not require addition of an acid
such as alcohol to initiate the reaction. The mecha-
nisms of the 1,4-reductions produced by the lithium-
amine system are explained. Even at dry ice tem-
peratures, compounds capable of conjugation are
isomerized partially by the lithium alkylamides pro-
duced in the lithium-amine reductions. This is shown
by inspection of the ultraviolet absorption spectra of
the products.

The reduction of organic compounds by alkali or alkaline earth metals dissolved in
liquid ammonia has been discussed extensively and is the subject of several excellent
reviews (4, 11, 12).

The ammonia brings relatively high concentrations of electrons and organic ma-
terial into close proximity, permitting a smooth transfer of the electrons to the
organic compound. The exact mechanism by which this electron transfer occurs has
not been determined. The formation of an organometallic intermediate may be
envisioned with relatively covalent carbon-metal bonds or simply electronic transfer,
producing radical ions (one-electron transfer) or dianions (two-electron transfer),
depending on the number of electrons captured initially by the organic material.
These finer points of the mechanism are undetermined, but the gross features of the
reductions can be expressed as a two-step process: electron transfer reversibly from
the solvent or metal atoms to the organic compounds, and solvolysis of the resulting
intermediate, with formation of a reduced product and an alkali or alkaline-earth
amide. Thus, naphthalene is reduced by sodium in ammonia to Tetralin (13):

NH;
+ 4Na === red intermediate === + NaNH,

(1)

A variety of metals such as lithium, sodium, potassium, calcium, barium, and
strontium have been used as reducing agents in conjunction with ammonia as the
solvent. However, sodium in ammonia has been the most popular combination.

58
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Often an acid such as methanol, ethanol, or ammonium chloride must be added to
effect reduction in this system. Sodium in ammonia does not reduce benzene, toluene,
xylene, and other aromatic compounds, but reduction of these materials will occur
in the presence of alcohol (12) with the formation of 1,4-dihydro products.

Q.
Na, EtOH
@ ] 2N¢:l+ ? Q + NaOEt (2)
a
©

The 1,4-nature of these reductions can be rationalized by assuming a dianion
intermediate. Energetically, a double negative charge would be more favorable in a
1,4- than in a 12-position. Thus, 1,4-reduction should proceed much more rapidly

) Q
0
S,
Less stable More stable

than a 1,2-reduction. Because reduction occurs only in the presence of ethanol,
equilibrium a in Equation 2 should lie far to the left. The addition of ethanol, a
stronger acid than ammonia, shifts this equilibrium to the right by protonating the
dianion intermediate. Sodium ethoxide is formed concomitantly. The latter is not
effective at —33° in causing an isomerization of the 1,4-dihydro product to a conjugated
system. Hence, the reduction essentially stops at this point because of the slowness of
1,2-reductions.

Lithium dissolved in certain low molecular amines is a more powerful reducing
medium than sodium in liquid ammonia (1, 3, 4). Isolated benzene rings are reduced
selectively to mono-olefins by this reagent (3). Thus, benzene itself is reduced to
cyclohexene (3), biphenyl to 1-cyclohexyleyclohexene (3), naphthalene to A%10-octalin
(1,2,3,4,5,6,7,8-octahydronaphthalene) (3), ethylbenzene to 1-ethyleyclohexene (3), and
fluorene to 1,2,3,4-tetrahydrofluorene (2).

Aromatic compounds containing reducible functional groups are also attacked by
the lithium-amine reagent. Acetophenone is reduced to a-A’-cyclohexenylethyl alcohol
(1), 2-phenylethanol to B-A’-cyclohexenylethyl alcohol (1), and benzylnitrile to 8-A’-
cyclohexenylethylamine (1).

This reaction has been applied in steroid and ferrocene chemistry (10). In
the latter instance, it holds promise for preparing substituted cyclopentadiene deriva-
tives.

No acid substance such as alcohol needs to be added to the lithium-amine
reagent to bring about reduction. A possible explanation is that equilibrium a in
Equation 2 lies farther to the right in the lithium-amine system. Undoubtedly the
lithium ions produced in equilibrium @ would be more highly solvated than would
sodium ions because of their smaller atomic radius and the more basic nature of the
solvent (RNH, vs. NH;). As a conscquence of this higher concentration, the inter-
mediate is protonated rapidly by the solvent, forming 1,4-dihydro products and a
lithium alkylamide. The latter, because of its high solubility and strongly basic
nature, readily can cause isomerization of the 1,4-products to conjugated dienes which
are then reduced further by the reagent.

Two pieces of evidence indicate the 1,4-nature of the lithium-amine reductions.
Anisole was treated with two equivalents of lithium, and the mixture was hydrolyzed
quickly and worked up. Ultraviolet absorption indicated that 47%, of the product
was 2,3-dihydroanisole and 53%, was the 2,5-isomer (). Thus, even under the
favorable isomerizing conditions which prevailed, a preponderance of the 1,4-isomer
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was observed. The reduction of 2,3-dimethyl-1,3-butadiene gave almost exclusively
2,3-dimethyl-2-butene (2). That this compound resulted from a 1,4-reduction was
indicated when an authentic sample of the 1l-olefin was not isomerized appreciably
under the reaction conditions of the reduction.

The importance of the isomerizing potential of the lithium-amine system was
demonstrated by 1,4,5,8-tetrahydronaphthalene. Even at dry ice temperatures this
compound was isomerized, at least in part, to a conjugated system by the lithium
alkylamides produced in the lithium-amine reductions. But even a saturated solution
of sodium amide in liquid ammonia was not as effective an isomerizing agent at —78°C.,
as judged by an ultraviolet absorption spectrum of the product (2).

When tert-butylbenzene was reduced with the lithium-amine reagent, a mixture
of mono-olefins was produced (2). But the reduction of toluene under comparable
conditions gave almost exclusively 1-methylcyclohexene. This difference in product
may be associated with the inability of the basic media to effect isomerization of the
olefin mixture to the more thermodynamically stable 1-isomer in the presence of the
bulky tert-butyl group.

Experimental

The general reduction procedure employed in earlier work (13) was used through-
out.

1,2,3,4-Tetrahydrofluorene. The crude product from the reduction of fluorene
was recrystallized twice from 959 ethanol. An 839, yield of material melting at
55-6°C. was realized (literature 57°C.). A picrate melted at 71-2°C. (literature
72°C.). The infrared spectrum of the 1,2,3 4-tetrahydrofluorene indicated the presence
of an aromatic ring (peak at 6.25 microns) and of a double bond conjugated with an
aromatic ring (peak at 6.15 microns).

2,3-Dimethyl-2-butene. 2,3-Dimethylbutadiene (17.1 grams; 0.207 mole) was
reduced in conventional fashion. Fractionation of the product yielded 5.99 grams,
boiling point, 70-4°C., n2, 1407; 1.8 grams, boiling point 75-9°C., n2 1.409;
and higher boiling material. All fractions boiling above 70°C. gave a solid bromine
addition compound which is characteristic of 2,3-dimethyl-2-butene but not of the
1-isomer. 2,3-Dimethyl-2-butene has a boiling point of 72-3°C. (9), n¥ 1411.
2,3-Dimethyl-1-butene boils at 55°C. and has an index of refraction at 20°C. of
1.389 (9). An authentic sample of 2,3-dimethyl-1-butene (4.5 grams) was stirred
for 30 minutes with a solution of lithium methylamide in methylamine. After work-
ing up the product, little if any isomerization occurred. The recovered material boiled
at 55-7°C. (n2Q 1.3904).

Isomerizations of 1,4,5,8-Tetrahydronaphthalene. An authentic sample of
1,4,5,8-tetrahydronaphthalene (melting point 56°C.) was prepared by the method of
Hickel (7). The ultraviolet spectrum of this compound (0.0013/ solution in 95%,
ethanol) showed no peaks for a conjugated or aromatic system.

Lithium Methylamide. A 3-necked flask (200 ml.) was fitted with a dry ice
condenser, a stirrer, and a Drierite~sodium hydroxide drying tube; 100 ml. of
methylamine was condensed in this, and 0.14 gram of lithium and 4 grams of benzene
were added. After all the lithium had reacted, the solution was cooled with a dry
ice bath (—78°C.). To the cooled solution, 244 grams of 14,58-tetrahydro-
naphthalene in 20 ml. of ether was added. In about 15 minutes, the solution took
on a red color which deepened toward the violet. After 1.5 hours, the mixture was
hydrolyzed with about 100 ml. of water. The reaction product was extracted with
several portions of ether. The extracts were washed with water and dried over
Drierite. The ether was evaporated and the residue was placed under 5 mm. of
pressure at room temperature to remove residual volatile material; 1.9 grams of hydro-
carbon was obtained, melting point 47-51°C. An ultraviolet spectrum showed moder-
ate absorption in the areas of conjugated double bonds (Table I).
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Table I. Isomerization of 1,4,5,8-Tetrahydronaphthalene

e X 1073
Sample Temp., Time, M.P. Prod.,
Base Systems Wt., G. °C.b Hr. °C. 221 mp 266 mp
LiMeNH—MeNH: 1.0 —36 1.0 liq. 15.10 1.925
2.4 —78 1.5 47-51 4.86 0.385
NaNH:—NH3 1.0 —36 1.0 38-43 14.00 1.200
0.64 —-78 1.5 54-5 1.894 0.040

a Base concentration about 0.58M; solvent volume, about 100 ml.

b Bath temperature.

¢ e = extinction coefficient; cell length, 1 em.; hI\édrocarbon concentration, 10-3M.
4 Based on an inflection point rather than a peak.

As above, lithium metal reacted with benzene to prepare lithium methylamide.
The amide solution was evaporated to dryness at room temperature and 10 mm. to
remove hydrocarbons. Then 100 ml. of methylamine was condensed in the flask,
an external cooling bath of 1,2-dichloroethane slush (—36°C.) was applied, and 1
gram of 14,58-tetrahydronaphthalene in 20 ml. of ether was added. The reaction
was allowed to proceed 1 hour before hydrolyzing and working up as above. A pale
amber liquid was obtained which was dried at 10 mm. to remove all volatile material.
An ultraviolet spectrum showed very extensive absorption in areas expected for
conjugated systems (Table I).

Sodium Amide. In the apparatus described above, 100 ml. of liquid ammonia
was condensed; 1.36 grams of sodium and a few crystals of hydrated ferric nitrate
were added to the ammonia solution. When the sodium had dissolved completely to
form a gray suspension of sodium amide, the mixture was cooled with a dry ice bath
(—78°C.). To the cooled solution was added 0.64 gram of 1,4,58-tetrahydronaph-
thalene in 20 ml. of ether. After stirring 1.5 hours, about 100 ml. of water was
added, and the mixture was worked up as described above. There was obtained 0.31
gram of pale yellow solid, melting point 55-5.5°C. An ultraviolet spectrum of this
material showed very little absorption in the areas expected for conjugated systems
(Table I).

A solution of sodium amide in liquid ammonia was prepared as above. After
cooling the amide solution to —36°C. in a bath of 1,2-dichloroethane slush, 1.0 gram
of 1,2,34-tetrahydronaphthalene in 20 ml. of ether was added. The reaction was
allowed to proceed 1 hour before hydrolyzing and working up. A low melting, pale
yellow solid, melting point 38-43°C., was obtained. The ultraviolet spectrum of
this solid showed extensive absorption in the areas expected for conjugated systems
(Table I).

Preparation of 3-Methylcyclohexene. Methylmagnesium bromide, prepared
from 13 grams (0.53 gram-atom) of magnesium turnings and excess methyl bromide in
200 ml. of ethyl ether solvent, was decanted into a dropping funnel. From this funnel,
the Grignard reagent was added over 1 hour to a refluxing solution of 50 grams of
3-bromocyclohexene in 100 ml. of ether. After standing overnight, the reaction
mixture was hydrolyzed with water and acetic acid and extracted with ether. The
ether extracts were neutralized, dried over anhydrous magnesium sulfate, and distilled,
producing 11.1 grams of 3-methylcyclohexene, boiling point 48-49°C. (121 mm.),
n¥® 1.4430.

Reduction of tert-Butylbenzene. The reduction was carried out utilizing
standard reduction conditions. Fractionation of the product gave an 849, yield of
a hydrocarbon mixture boiling at 168-9°C. (n?) 1.460). A nitrosochloride deriva-
tive melted at 100°C. (dec.) and did not depress the melting point of a nitrosochloride
derivative prepared from authentic 1-tert-butyleyclohexene (6).

When the crude reduction mixture was oxidized with potassium permanganate, a
small amount of acid (neutralization equivalent 99) melting point 114-5°C. was isolated.
This corresponded to gB-tert-butyladipic acid (melting point 115-6°C.; neutra-
lization equivalent 101) (8). Thus the presence of 4-tert-butylcyclohexene in the
olefin mixture was indicated. An ultraviolet spectrum indicated the presence of un-
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reduced tert-butylbenzene as well as the probable presence of 3-tert-butyleyclohexene.

Attempted Isomerization of 3-Methylcyclohexene and 3-tert-Butylcyclohexene.
3-Methyleyclohexene (n%) 1.4430) was refluxed 1.5 hours with lithium methylamide in
methylamine. When the product was worked up and fractionated, a sizable portion
boiled at 104-8°C. (n® 1.451).

The above reaction was repeated using 3-tert-butyleyclohexene (n20 1.4591; boil-
ing point 67°C.) under exactly comparable conditions. The bulk of the product
boiled at 66°C. (n% 1.4590), indicating that little isomerization to the l-isomer had
occurred.
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Organosodium Compounds for Preparation
of Other Carbon-Metal Bonds

JOHN F. NOBIS, LOUIS F. MOORMEIER, and ROBERT E. ROBINSON
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The history and preparation of organometallic com-
pounds are discussed. The reactions of organo-
sodium compounds with various metal chlorides are
given, including the conversion of organosodium
compounds to the corresponding Grignard reagents
by reaction with magnesium chloride. Although
only a few of the organometallic compounds possible
by reaction of an organosodium compound with a
metal halide have been prepared, the way has been
opened to economical, commercial syntheses of ma-
terials that are increasingly important in many fields.

Organometallic compounds react with other metals or metal halides to produce
compounds with a new carbon-metal bond. This type of reaction was used in the
late 19th century after Frankland discovered the first true organometallic compounds,
diethylzine (3) and methylmercuric iodide (12), in 1849 and 1853, respectively.
Other derivatives of zinc and mercury were prepared in subsequent years, but it was
not until 1900, when Grignard (7) isolated the first organomagnesium compound, that
the organometallic field received a tremendous impetus. The reaction of an organo-
zine, mercury, or magnesium compound with a metal, metal halide, or alkoxide to
form a new organometallic compound was used considerably more after that time.

Two general reactions have been useful. The first comprises the reduction of an
organometallic compound by another metal:

RM + M'—->RM’ + M 1)

A specific illustration of this reaction is the well known synthesis of an organosodium
compound from the corresponding organomercury derivative:

R.Hg + 3Na — 2RNa + Na(Hg) 2)

The second gencral reaction is the simple displacement reaction between an
organometallic compound and the salt of another metal:

RM + M’'X - RM’ + MX 3)

This may be illustrated by the classical conversion of a Grignard reagent to an organo-
cadmium compound:

2RMgCl + CdClL, — R.Cd + 2MgCl, (4)
63
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For Reaction 1 to proceed to the right, M’ must be a more active metal than M:
If M and M’ are in different groups in the periodic table, M’ must lie to the left of
M; whereas if M’ and M belong to the same periodic family, M’ must lie below M.
Thus, a Grignard reagent should undergo reaction with caleium or sodium, but not
with beryllium or aluminum.

The reverse is true regarding Reaction 3. For the displacement to take place,
M’ must be less active than M. The Grignard reagent should react with beryllium
chloride or aluminum chloride, but not with calcium chloride or sodium chloride. In
theory, Reactions 1 and 3 provide for the replacement of a metal in an organic com-
pound by any other metal on the periodic table.

Organoalkali Compounds

The formation of compounds containing new carbon-metal bonds through the
use of organoalkali compounds is a recent development dating from the discovery in
1930 (Table I) by Ziegler and Colonius (14) of the direct preparation of organolithium

Table 1. Historical Development
of Organometallic Compounds

ReZn 1849
RHgl 1853 (12)
RMgX 1900

Li 1930 (14)

1932 ©)

RNa (first) 1933 (5)
%Na (first) 1935 1)

ine Na sand + high

speed stirring 1937 9)
Na dispersions 1951 8)
¢Na (theoretical yield) 1954 10)
NaCsNa (first large

commercial use) 1955 )

compounds from organic halides and metallic lithium. The use of organolithium com-
pounds as a laboratory tool for preparation of alkyl and aryl derivatives of boron,
aluminum, silicon, germanium, lead, tin, antimony, and bismuth, has been studied
extensively by Gilman and others during the past 20 years.

The early chemical literature contained abundant references to the transitory
existence of organosodium compounds as intermediates in Wurtz reactions, but the
direct preparation of an organosodium compound from sodium and an alkyl or aryl
halide was believed impossible. Accordingly, the first preparation of such compounds
involved the interaction of sodium with dialkylmercury or dialkylzine. This technique
was used until 1933, when Gilman and Wright (5) prepared an organosodium com-
pound (3-furylsodium) directly from an organic halide (3-chlorofuran) and metallic
sodium. The first preparation of phenylsodium from chlorobenzene and sodium was
reported by Bockmiihl and Ehrhart (1). Thereafter, a number of investigators,
chiefly Morton and Gilman, reported the preparation of a variety of organosodium
compounds from organic chlorides and sodium metal.

Until Morton and Fallwell (9) introduced the use of a fine sodium sand, or crude
dispersion (100- to 500-micron sodium particles), coupled with high speed stirring,
the preparation of organosodium compounds from alkyl or aryl chlorides and sodium
was a tedious, time-consuming process which often resulted in low yields. The studies
of Hansley (8) on preparation and use of finely dispersed sodium (10 to 30 microns)
in the formation of phenylsodium in 90% yields opened a new era in organosodium
chemistry. Further studies in the authors’ laboratories (10) have shown
that phenylsodium and benzylsodium can be prepared in nearly quantitative yields
by the use of carefully controlled reaction conditions which include the presence of
a slight excess of freshly dispersed sodium. The reaction between chlorobenzene and
sodium under these conditions is immediate and complete; 1 mole of phenylsodium
may be prepared in only 20 minutes. This reaction is easily adapted to larger
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scale and is being used industrially on a plant scale. Other organosodium compounds
also are being used in pilot plant and plant scale. The largest commercial plant
utilizing organosodium compounds is operated at Tuscola, Ill., by the U. S. Industrial
Chemicals Co., Division of National Distillers and Chemical Corp. This plant uses
disodio-octadiene, an organosodium compound made directly from butadiene and sodium
(2), in the preparation of Isosebacic acid, a mixture of 10-carbon dibasic acids.

Many laboratories utilize organosodium compounds in organic synthesis, as no
change in the organometallic intermediate need be made in scale-up to pilot plant or
plant. Frequently, the handling of organosodium compounds is safer and more
convenient than handling Grignard reagents or organolithium compounds, where large
quantities of ether usually are required.

Reaction of Organosodium Compounds

Although many metal halides such as titanium, zirconium, boron, and aluminum
may be reduced to metals with sodium, these same metal halides react with organo-
sodium compounds to form new carbon-metal bonds. Organosodium compounds may
react with the halides or alkoxides of lithium, magnesium, mercury, boron, aluminum,
silicon, germanium, tin, lead, titanium, zirconium, phosphorus, and iron. The organo-
metallic derivatives in Table IT can be prepared from organomagnesium, lithium, or
sodium compounds.

Table 1l. Reaction of Organosodium
Compounds with Metal Salts
Halide or Alkoxide Derivative
LiCl RLi
HgCle R:Hg
BCl; RsB
AICls RsAl
SiCls R:SiCle
GeCls R4Ge
SnCly R2SnCle
PbCls R4Pb . X .
TiCls RoTiCl: (cyclopentadienyltitanium dichloride)
ZrCly R2ZrClz (cyclopentadienylzirconium dichloride)
PCl3 R:P
FeCl: RoFe (ferrocene)

Magnesium Chloride. Work was initiated in the authors’ laboratories to study
the conversion of organosodium compounds to the corresponding Grignard reagents:

RNa + MgCl, — RMgCl + NaCl (5)

Until recently, the reaction of an organosodium compound with magnesium chloride
had no potential value, because usually the Grignard reagents were more easily pre-
pared than the corresponding organosodium compounds. Developments in the ease
of preparation of organosodium compounds, however, have changed this situation.
There are cases where organosodium compounds can be prepared from starting ma-
terials which yield Grignard reagents only with difficulty. For example, organic
chlorides and particularly certain aromatic or heterocyclic chlorides react very slug-
gishly with magnesium, but yield organosodium compounds readily. As a result, many
Grignard reagents which have been prepared from expensive iodides or bromides can
be obtained by this method from the less expensive chlorides, often in higher yields
than from the reaction of a halide with metallic magnesium. Other organosodium
compounds, such as disodio-octadiene, obtained through reactions which are completely
unknown in the field of organomagnesium chemistry, can be converted to Grignard
reagents which had been unattainable.

Often it is advantageous to convert an organosodium intermediate to the cor-
responding Grignard reagent prior to further reaction. In certain substitution
reactions, the high order of reactivity of the organosodium compound leads to
undesirable side reactions of which the Grignard reagent is not capable. For exam-
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ple, the reaction of a Grignard reagent with acetic anyhdride may be sufficiently
controlled to produce a methyl ketone in excellent yield. The corresponding reaction
with an organosodium compound inevitably produces a significant quantity of tertiary
alcohol. Similarly, o-benzoylbenzoic acid may be prepared in good yield through the
action of phenylmagnesium chloride on phthalic anhydride (Reaction 6). The cor-
responding reaction with phenylsodium cannot be brought under control, and tri-
phenyldihydroisobenzofuran is the chief product (Reaction 7):

0
l [
C\ c
CeH;MgBr  + 0 —> (6)
/
ﬁ COOH
0
0 OH
i Lo
CeHsNa  + /O e C[ /0 (7)
C cl
Il | ~CeHs
0 CeHs

Another example is the reaction of an organometallic compound with chloramine to
yield a primary amine. Present indications are that this coupling reaction proceeds
more smoothly with a Grignard reagent than with an organosodium compound.

RMgBr + CINH, — RNH, (8

There are other reactions in which the Grignard reagent gives an entirely dif-
ferent product than does the organosodium compound—e.g., in reaction with benz-
alacetophenone. An organosodium compound adds to this material to yield the ex-
pected tertiary alcohol exclusively. The Grignard reagent, on the other hand, yields
an alkylated ketone:

(0] OH
¢CH=CH—-g—¢ + RNa — ¢CH=( III—(|)—¢ )
]li
(0] R
¢CH=CH—I(|:—¢ + RMgX — ¢—CIH—CH2—}E—¢ (10)

To determine if magnesium chloride would react with an RNa compound, it
was first established that the desired metal-metal interconversion reaction would take
place to form the RMgCl derivative. When phenylsodium is refluxed with toluene,
benzylsodium is formed quantitatively, and carbonation gives phenylacetic acid.
Phenylmagnesium chloride, on the other hand, undergoes no reaction on refluxing with
toluene, and carbonation of such a mixture gives only benzoic acid.

toluene

¢Na —— ¢CH,;Na ———-) ¢CH,COONa (11)

reflux

toluene

¢oMgCl—— . oMgCl L—)quOOMgCl (12)
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Accordingly, a suspension of phenylsodium in toluene was prepared and stirred at
room temperature for 2 hours with magnesium chloride. The reaction mixture was
heated under reflux for 2 hours. Carbonation on dry ice produced only benzoic acid,
indicating that no benzyl organometallic had been formed. Clearly, phenylmagnesium
chloride had been produced.

Similarly, a suspension of disodio-octadiene in dimethyl ether reacted with tritane
to produce tritylsodium (triphenylacetic acid on carbonation) before treatment with
magnesium chloride, but underwent no reaction with tritane after the magnesium
chloride treatment. Thus, the organometallic compound was assumed to be bischloro-
magnesio-octadiene, because the acids obtained on carbonation were mixed 10-carhon
dibasic acids.

CO:
NaCsNa + ¢;,CH —> ¢:CHNa —> 5:C0COONa (13)
NaCsNa + MgCl, + ¢;:CH —> CIMgCsMgCl

CO, (14)
Mixture of 10-carbon acids

Butylsodium gave a similar reaction with tritane without the magnesium chloride, but
only valeric acid was isolated on carbonation when magnesium chloride was present.

BuNa + ¢;:CH — ¢;CHCOONa (15)
BuNa + MgCl; + ¢;:CH — BuCOOMgCl (16)

Certain organometallic reactions require relatively high temperatures and some
Grignard reagents are more stable than some organosodium compounds at tempera-
tures above 100°C. In these cases, it would be advantageous to prepare the organo-
sodium compound first in a hydrocarbon medium and then react with anhydrous
magnesium chloride. Several advantages are achieved: Certain economies are realized
with respect to the comparison between sodium and magnesium; higher yields may be
realized; and the Grignard reagent is prepared essentially in a hydrocarbon rather
than in an ether medium. Should an ether reaction medium be desired for later
reactions, the hydrocarbon solvent may be replaced with an ether after formation
of the Grignard reagent.

Lithium Chloride. In 1940 Gilman and Swiss (4) suggested that the reaction
between an organosodium compound and lithium chloride would yield an organolithium
compound. Recent work in the authors’ laboratories has shown that such a reaction
does take place. Thus, an economical route has been opened to the preparation of
organolithium compounds in hydrocarbon media.

Aluminum Chloride. The reaction between an organosodium compound and
aluminum chloride has not been reported previously. An organosodium compound
will react with aluminum chloride only if a small amount of ether is present. In
benzene or aliphatic hydrocarbon media, there is no apparent reaction between
phenylsodium and aluminum chloride. Similarly, butylsodium does not react with

Table Ill. Newer Reactions of Organosodium
Compounds with Metal Halides
RNa Metal Halide Product Yield, %
#Na BCls #B 50
BuNa AICL BuzAICI
(etherate) 45
0°C. —40°C.
#Na SiCl, #SiCls 17.2 38.2
$2SiCly 21.3 14.4
$4Si 293 34.5
¢Na CH;SiCls $CH;SiCle 45
BuNa SnCls Bu2SnCle 41
CsHsNa TiCl DCPTICl 90

(CsHs)2TiCl2
¢CH:Na PClL (¢CHa)sP 84.1
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aluminum chloride in hexane. If a small amount of ether is added before reaction
with aluminum chloride, or if the aluminum chloride is first dissolved in ether and
then added to the butylsodium, dibutylaluminum chloride etherate may be produced
in 459, yield (Table III).

Boron Trichloride and Silicon Tetrachloride. Organosodium compounds react
with boron trichloride to give, in the case of phenylsodium, triphenylborine (50%, vield).
They react with silicon tetrachloride to give phenylsilicon trichloride, diphenylsilicon
dichloride, or higher phenylated silicon compounds. The particular compound produced
can be controlled somewhat by the mode of addition, the temperature of reaction, and
the excess of silicon tetrachloride. By adding phenylsodium to a large excess of silicon
tetrachloride at —40°C., a 38% yield of phenylsilicon trichloride may be produced.
In addition, 149, diphenylsilicon dichloride and 35%, tetraphenylsilane are obtained.
At 0°C,, 179 of the monophenyl derivative, 21%, of the diphenyl derivative, and 20%,
tetraphenylsilane are produced. The phenylsilicon trichloride may be separated from
the other products and converted to additional diphenylsilicon dichloride by the
addition of more phenylsodium. It is also possible to prepare phenylmethylsilicon
dichloride in 45%, yield by the reaction of phenylsodium with an excess of methylsilicon
trichloride. Other mixed silicon compounds can be prepared in a similar fashion.

Stannic Chloride. Organotin compounds also have been prepared from butyl-
sodium and stannic chloride. Advantage may be taken of the ease of disproportion-
ation of organotin compounds by preparing tetrabutyltin first (419 yield) and then
converting to dibutyltin dichloride (95%, yield) by reaction with the proper quantity
of stannic chloride. It is also possible to prepare dibutyltin dichloride (40%, yield)
or other tin compounds directly from the organosodium compound and the proper
molar equivalent of stannic chloride, but in some cases yields are lower.

Titanium Tetrachloride. Dicyclopentadienyltitanium dichloride has been pre-
pared from dicyclopentadienyllithium or sodium and titanium tetrachloride (1  13).
The authors noted that this compound may be prepared in 909, yield from cyclopenta-
dienylsodium and titanium tetrachloride.

Phosphorus Trichloride. Organophosphorus compounds have been prepared by
reaction of phosphorus trichloride with an organosodium compound. The reaction of
benzylsodium and phosphorus trichloride results in 849, yield of tribenzylphosphorus.
Triphenylphosphine has been produced in semicommercial quantities by a similar
reaction.
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The synthesis, stability, and reactions of sodium
acetylide are discussed. The procedure presented
for the preparation of sodium acetylide gives a more
reactive material than other methods. This involves
the reaction of acetylene with sodium dispersed in
mineral oil.

Sodium acetylide has intrigued industrial chemists for many years. It is difficult to
envision another organometallic compound which can rival sodium acetylide’s unique
combination of low molecular weight and polyfunctional character. Because sodium
acetylide can be easily prepared from cheap and readily available starting materials,
the chemistry of this versatile compound has been studied in many industrial and
academic laboratories.

Synthesis

Sodium acetylide may be prepared by the reaction of acetylene with molten
sodium (12), sodium in liquid ammonia (20), sodium dispersed in a hydrocarbon (8),
sodium-coated solids (4-6), sodamide (16, 17), or sodium hydride (13). In the
laboratory, the most common procedure has been the use of sodium in liquid am-
monia (14). Sittig stated that the most practical route involves the reaction of
acetylene with sodamide (19). In the authors’ experience, the sodium dispersion
route is far superior to the other methods. Even though part of the acetylene is
reduced by the hydrogen liberated by the reaction with sodium (Equation 1), this
is outweighed by the additional step needed in the sodamide process to convert sodium
to sodamide.

2HC=CH + 2Na — 2HC=CNa + H, (1a)
HC=CH + H, —» H,C=CH, (1b)
3HC=CH + 2Na — 2HC=CNa + H,C=CH. (1 over-all)

The authors found that less than 1 out of 3 moles of acetylene is reduced during the
reaction with a sodium dispersion. The stoichiometry is represented best by Equa-
tion 2.

2.8HC=CH + 2Na —» 2HC=CNa + 0.7H,C=CH; + 0.1CH;CH; + 0.1H, )

. The authors’ procedure involves passing acetylene through a rapidly stirred
dispersion of sodium in mineral oil. The temperature should be between 110° and
150°C., and the rate of acetylene addition is determined by the efficiency with which

! Present address, Ethyl Corp., Detroit, Mich.
* Present address, Department of Chemistry, University of Texas, Austin, Tex.
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the heat of reaction can be removed. In the laboratory, a dispersion of 1.5 moles of
sodium in 300 ml. of mineral oil (Bayol D, Esso Standard Oil Co.) is used in a 1-liter
creased flask with a high speed Stir- 0-Vac (Lab-line, Inc., Chicago 22, Ill.) stirrer.
Under these conditions, with an acetylene flow rate of 1500 ml. per mmute, reaction is
complete in about 2 hours.

The flask is cooled by external application of an air stream during the first part
of the reaction, and external heat is applied toward the end of the reaction to main-
tain the temperature at 150°C. Yields based on sodium are essentially quantitative,
and the acetylene conversion is about 20%. It should be possible in commercial
operation, either through the use of a tubular reactor or by acetylene recycle, to
increase acetylene conversion above 60%,.

Stability

The sodium acetylide prepared in this manner is a finely divided white solid. It
is preferably used as a mineral oil suspension, with no attempt to isolate the solid,
because sodium acetylide is easily ignited when dry. In mineral oil suspension, sodium
acetylide is protected from oxidation, and is thermally stable up to about 180°C.
When heated above that temperature, disproportionation takes place. Acetylene is
liberated and disodium acetylide is formed in accordance with Equation 3.

2HC=CNa — NaC=CNa + HC=CH (3)

This disproportionation reaction is catalyzed by bases such as sodamide, sodium
hydride, and even sodium. The mechanism of catalysis may involve a sequence of
reactions such as Equation 4.

HC=CNa + NaNH,; —» NaC=CNa + NH; (4a)
HC=CNa + NH; - HC=CH + NaNH, (4b)
2HC=CNa (+ NaNH,) » NaC=CNa + HC=CH (4 NaNH;) (4 over-all)

Catalysis by sodium is especially important, as sodium acetylide is usually contaminated
by traces of unreacted sodium. The authors have prepared occasional samples of so-
dium acetylide which were thermally stable above 200°C. These samples probably con-
tained little or no unreacted sodium. A highly purified sample of sodium acetylide, if
it could be prepared, might be thermally stable to much higher temperatures.

A kinetic study revealed that the disproportionation of sodium acetylide is
autocatalytic. As shown by Figure 1, the rate is rather rapid at first, but soon falls
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Figure 1. Rate of sodium acetylide disproportionation
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off, and then slowly increases until near the end of the reaction. Behavior of this
type has been described by Garner (9) in terms of crystal nucleation theory. Thus,
the initiation of the reaction is presumed to involve the formation of disodium
acetylide nuclei at certain localized spots, followed by relatively rapid growth of the
nuclel. The rapid gas evolution during the first 109, of the reaction may be
attributed to fast crystal growth on the surface of the sodium acetylide particles
because of the ease of acetylene escape from the surface.

Reactions

Sodium acetylide reacts with aldehydes and ketones to produce acetylenic
glycols (8, 18), as illustrated in Equation 5.
ONa OH

| l
HC=CNa + R,C=0 — R;C—C=CH — R,C—C=CH (5)

This reaction is of commercial importance in the synthesis of hypnotic drugs and a
number of unsaturated alcohols related to vitamin A.

Also of commercial interest is the reaction of sodium acetylide with dimethyl sul-
fate to give methylacetylene (propyne). Under the usual conditions (2), sodium
acetylide reacts with only one of the methyl groups of dimethyl sulfate (Equation 6).

HC=CNa 4 (CH;0):80; - HC=C—CH; + CH;080,0Na (6)

By operating at a higher temperature, it is possible to utilize both methyl groups (1,
15) (Equation 7).

2HC=CNa + (CH;0),S0, —» 2HC=C—CHj; + Na,S0, )

Thus when dimethyl sulfate is added at 80° to 95°C. to a mineral oil (or xylene)
suspension of sodium acetylide and the evolved propyne is collected in a dry ice trap,
the reaction follows the path described by Equation 7 and is complete in about 2
hours. The yield of propyne, after fractionation, is about 75%, and an additional
10% of 2-butyne can be isolated. The butyne presumably is formed by the sequence
of reactions shown by Equations 8a and b.

HC=CNa 4 CH;—C=CH — HC=CH + CH;—C=CNa (8a)
2CH;—C=CNa + (CH;0),80; — 2CH;—C=C—CH; + Na,SO, (8b)

At the temperatures employed in this reaction, sodium methyl sulfate should be in
equilibrium with an appreciable concentration of dimethyl sulfate and sodium sulfate:

2CH;080,0Na = (CH;0),80; + Na,S0, 9)

Removal of dimethyl sulfate by reaction with sodium acetylide should drive the
equilibrium to the right and result in the utilization of both methyl groups.

Perhaps the most important reaction of sodium acetylide is its conversion to the
sodium salt of propiolic acid by treatment with carbon dioxide:

HC=CNa + CO; » HC=C—COONa (10)

Propiolic acid, by virtue of its trifunctional character, is a promising synthetic inter-
mediate. Typical of its many reactions is an oxidative coupling to a polyunsaturated
adipic acid derivative (7), from which highly halogenated dicarboxylic acids may be
prepared:
2HO=C—COOH % HOOC—(=(—C=(—C00H — X;HOOC—(CX2)—COOH  (11)
As usually carried out, the reaction of carbon dioxide with sodium acetylide has
been too slow for commercial application. Apparently the particle size, or other
surface characteristics, of sodium acetylide prepared in liquid ammonia from either
sodamide or sodium, is such that the rate of reaction is impractically slow. Jackson
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and Vaughn (10) cite dioxane as a better solvent than liquid ammonia for the carbox-
ylation of sodium acetylide, as the length of reaction using dioxane is reduced to 16
hours. Macallum (11) suggests replacing liquid ammonia with kerosine to reduce the
reaction time to a minimum of 8 hours at 800 to 900 p.s.i.

The authors found that sodium acetylide prepared from sodium dispersed in
mineral oil can be converted to sodium propiolate in 70%, yield in 1 hour at 400 to 500
p.si. and 0° to 10°C. After acidification, propiolic acid can be isolated from aqueous
solution by continuous extraction with ether, using about 10 volumes of ether per
volume of water, or by continuous countercurrent extraction with about 3 to 5 volumes
of isopropyl acetate or methyl isobutyl ketone. This demonstration of the reactivity
of sodium acetylide provides convincing evidence that the use of sodium dispersions is
the most practical method for the preparation of sodium acetylide.
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Grignard Reagents

THOMAS D. and RICHARD C. WAUGH

Arapahoe Chemicals, Inc., Boulder, Colo.

A description of the application of the classical Grig-
nard reaction to industrial syntheses in batchwise
equipment is given. The discussion excludes reac-
tions which involve the intermediate formation of
other organometallic compounds from the Grignard
reagent and applies particularly to the synthesis of
alcohols from Grignard reagents and carbonyl com-
pounds. The formation of Grignard reagent, reac-
tion with a carbonyl compound, hydrolysis of the
complex, and isolation of the product are discussed
with reference to a fairly detailed flow sheet of an
operating plant. Other processes proposed for the
industrial application of the Grignard reaction are
mentioned briefly. Also included is a general dis-
cussion of the advantages and disadvantages of the
Grignard reaction as an industrial process, with some
indication of the economics of the process.

Although the Grignard reaction has been in constant widespread use since its dis-
covery by Victor Grignard in 1900 (7), it has only fairly recently come into prominence
as an industrial tool. Modern developments in the fields of hormones, vitamins,
perfumes, and silicones have led to increasing commercial application of this versatile
and precise reaction, and in recent years custom manufacturing facilities and Grignard
solutions themselves have become commercially available.

The scope of the Grignard reaction is so well known and has been so well reviewed
that no attempt is made here to discuss it in detail. Gilman (6), Runge (15), and
Krause and von Grosse (11) have reviewed the chemistry of organometallic com-
pounds. Most recently Kharasch and Reinmuth (10) have published an excellent
treatise which very thoroughly discusses the reactions of Grignard reagents from both
theoretical and practical laboratory standpoints. The technological aspects of the
Grignard process have, however, been less extensively treated (I, 22). The purpose
of this paper is, therefore, to describe a simple commercial-scale plant for carrying
out the Grignard reaction and to discuss some of the advantages and disadvantages
of this reaction in commercial operations.

The plant shown in Figures 1 and 2 was set up in 1953 to carry out custom
synthesis via the Grignard reaction and to produce Grignard reagents for sale as such.
It has been in successful intermittent operation ever since. In it the Grignard reagent
is prepared and allowed to react with a carbonyl or other reactive compound, the
resultant complex is hydrolyzed, and the final product is freed of solvent. Numerous
other reactions of the Grignard reagent can be carried out in the same or slightly
modified equipment. However, because the reaction of the reagent with carbonyl
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Figure 1. Flow diagram of plant for carrying out Grignard reactions
Vessel schedule

R-1 500 gal.
R-2 650 gal.
R3 650 gal.
R-4 1100 gal.
R-5 300 gal.

Storage tanks 1000 gal.

compounds is of wide utility, that reaction was chosen for discussion here. It is
felt that the principles involved are generally applicable.
The basic reactions involved are:

Formation of Grignard reagent
RX 4+ Mg — RMgX (1)

Reaction with carbonyl compound

Rr”
RMgX + R'COR" — R’——(II—OMgX (2)
I
Hydrolysis of complex
R” R”
R'—(ll—()MgX + HOH — R’—Cl‘—OH + Mg(OH)X 3)
& &

Formation of Grignard Reagent

The Grignard reagent is usually prepared in the classic way by adding a solution
of the organic halide in ether to a mixture of ether and magnesium turnings. The
halide is dissolved in ether in the vessel, R-1, and the solution is then fed into R-2,
which contains magnesium turnings and ether. Both R-1 and R-2 are purged with
nitrogen before ether is introduced.
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Figure 2. General view of Grignard reactor line

The chief problem in the formation of Grignard reagents results from the difficulty
which is often encountered in starting the reaction. Hence, the literature contains a
multitude of recommended procedures for initiating the Grignard reaction. Iodine,
bromine, preformed Grignard reagent, silicate esters, and iodine-activated magnesium
have been suggested. No method has been devised which will work in all cases. Some
halides react readily, while others are extraordinarily difficult. It is, however, essential
that a sustained reaction be initiated by the first portion of halide before further addi-
tions are made. Failure to observe this precaution may result in the build-up of such
an excess of unreacted halide that the reaction, when it finally starts, may become so
vigorous that the temperature cannot be controlled. A violent increase in pressure
will result. Adequate explosion lines must therefore be provided on Grignard reactors
as protection against such delayed reactions. Much of this hazard can be avoided by
transferring the finished reagent to another vessel, R-3 in this case, for reaction with a
carbonyl compound, but retaining an excess of activated magnesium in the reactor,
R-2, to assist in starting the next reaction.

Efficient agitation is essential to the production of satisfactory yields of the Grig-
nard reagent. By vigorous agitation and gradual addition of the halide, local over-
heating and consequent losses by Wurtz reaction and disproportionation are minimized.

In spite of its hazards, ethyl ether seems to be the most generally satisfactory
solvent for preparing Grignard reagents. Higher boiling ethers, tetrahydrofuran, ter-
tiary amines, and hydrocarbons have been recommended but in most cases its good
solvent power, low cost, high commercial purity, and ease of recovery make ethyl
ether the solvent of choice for Grignard reactions. The reaction is usually carried out
under a pressure of about 20 pounds in order to raise the boiling point of ether to a
temperature where jacket cooling is sufficient to prevent boiling. Higher temperatures,
however, often lead to lower yields, presumably through the Wurtz and disproportiona-
tion reactions. Several factors must therefore be balanced to achieve optimum operating
conditions in any particular case.
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Recent reports by Normant (12) and by Ramsden and his associates (13), indicate
that Grignard reagents may be prepared from relatively inert halides—e.g., vinyl and
aryl chlorides—if tetrahydrofuran is used as the solvent. Previously these reagents
could not be prepared in convenient ways, although several procedures (3, 19, 20, 23)
which utilized no solvent other than excess halide had been reported for producing
phenylmagnesium chloride.

The practical strength of Grignard reagents is determined largely by the nature of
the halide. Thus methylmagnesium bromide can be made in good yield in 4} strength,
while at about 3M strength the purity of phenylmagnesium bromide begins to deterio-
rate, because of the formation of excessive amounts of biphenyl by way of the Wurtz
reaction:

2RX + Mg — R + MgXe 4)

Beyond 3M strength the Wurtz reaction appears to be the main reaction. Benzyl
chloride likewise tends to undergo the Wurtz reaction at strengths in excess of about
1M.

Chlorides, in general, suffer from the ether-insolubility of magnesium chloride
etherate which arises from the Schlenk and Schlenk (16) equilibrium:

2RMgX = R,Mg + MgX, (5)

Thus even a 1M solution of methylmagnesium chloride deposits large quantities of mag-
nesium chloride, and at higher strengths the mixture may become nearly solid. Benzyl-
magnesium chloride solutions also deposit magnesium chloride which, if allowed to
stand, forms a solid cake. Because magnesium bromide is readily soluble in ether,
bromides can usually be carried to higher strength than can chlorides. Fluorides
usually do not enter into Grignard reactions, while iodides are seldom used because of
high cost and excessive losses by way of the Wurtz reaction.

Other major side reactions are disproportionation, reaction with active hydrogen,
and reaction with oxygen. The first of these may be represented by the equation:

2RX + Mg — Rumy + Rem + MgXo (6)

In the formation of several of the most useful reagents—e.g., methyl, benzyl, and
phenyl—this reaction is not a factor because there is no opportunity for olefin, R(_g;,
formation. However, disproportionation may be a problem with other alkyl halides,
particularly with secondary or tertiary halides. This reaction is probably catalyzed by
minor amounts of heavy metal halides and may very well result from impurities in the
magnesium. In the authors’ experience, at least, satisfactory yields have usually been
obtained by using Dow’s pure magnesium turnings with primary and secondary alkyl
chlorides, primary alkyl bromides, and aryl bromides. Certain secondary and tertiary
halides might react more satisfactorily if a purer magnesium were used. No difficul-
ties have been encountered in the use of mild steel reactors for the manufacture of
Grignard reagents.

The presence of moisture or aleohol in commercial or recovered ether leads to the
formation of the parent hydrocarbon by the reaction:

RMgX + HOR — RH + Mg(OR)X (7)

In most cases this inhibits the starting of the reaction, possibly because the insoluble
gelatinous Mg(OH)X [or Mg(OR)X] coats the magnesium and prevents contact with
the halide. A further, minor problem is introduced when the hydrocarbon formed is
noncondensable. In that case the hydrocarbon must be vented from the system to pre-
vent excessive build-up of pressure and hence of temperature in the vessel. These
problems can often be avoided by treating the ether with a small amount of preformed
Grignard reagent.

The reaction of Grignard reagents with oxygen is seldom a problem in commercial
operation because the reactor is always purged with nitrogen before ether is introduced
and traces of oxygen are usually not appreciably deleterious to the reaction. In some
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instances, however, very small traces of oxygen lower the yield in the next step very
drastically. Great care is therefore taken to exclude all oxygen when especially sensi-
tive reagents are being prepared. .

The question of stability of Grignard reagents on storage sometimes arises. .How-
ever, reagents which had been stored for as much as 5 years in steel drums or tightly
sealed glass bottles had not deteriorated detectably as judged by acid titration, althgqgh
the reaction indicated in Equation 5 appeared to have reached equilibrium, depositing
magnesium chloride from certain Grignard chlorides. Storage at low temperatures
may in some cases—e.g., that of phenylmagnesium bromide—cause part of the reagent
to crystallize out. Upon warming, the crystals dissolve again with some difﬁculi.;y.

In general, yields of Grignard reagent in excess of 909, have been obtained in the
plant described here.

Reaction with Carbonyl Compounds

The reaction of the Grignard reagent with a carbonyl, or other reactive compound,
is carried out in R-3. This vessel is essentially a duplicate of R-2 with certain added
accessories, notably the fractionating column and condenser. In the ordinary case, the
Grignard reagent is transferred from R-2 to R-3 and the carbonyl compound is added
to it over a period of time from the feed tank. The temperature is controlled by heat-
ing or cooling with the jacket. In some cases much of the ether in the Grigna'rd splu-
tion is replaced by a higher boiling solvent such as toluene, in order to maintain a
higher reaction temperature at moderate pressure. The replacement is accomplished
by adding toluene slowly, while distilling ether through the column and condenser.
When this is done some residual ether, which appears to be tightly held by the reagent,
will be freed by the addition of the carbonyl compound and must be allowed to distill
out.

The reverse addition—that is, the addition of Grignard reagent to the carbonyl
compound dissolved in ether—can be carried out in the same equipment if it is re-
quired. In that case the Grignard solution is transferred slowly from R-2 into R-3
which contains the carbonyl compound in solution.

In either case, after the reaction is complete, it is usually convenient to replace the
ether with toluene, distilling and condensing the ether and collecting it in the ether
storage tank. This dry ether is used in subsequent preparations of Grignard reagent.
An excess of carbonyl compound, if it is very volatile, must be avoided if ether is
reclaimed in this way, however.

Replacement of ether with toluene often introduces a further complication, in that
many of the magnesium complexes of the reaction products are insoluble in hydro-
carbons and may set up into nearly solid masses which are virtually impossible to re-
move from the vessel. A considerable amount of balancing of factors is therefore
necessary in this stage of the operation.

Hydrolysis of Complex

The magnesium complex which results from the reaction of the Grignard reagent
with carbonyl compounds is hydrolyzed with dilute acid in R-4. This vessel is charged
with the required amount of sulfuric acid, water, and ice, and the mixture from R-3
is pumped in rapidly while vigorous agitation is maintained to assure intimate contact
between complex and acid. The temperature is adjusted by the proportions of ice and
acid so that the final temperature after hydrolysis approximates 0°C. Under these
conditions it has been possible to use a mild steel vessel for the hydrolysis without
encountering excessive corrosion.

After the hydrolysis is complete, the aqueous layer is drawn off and the organic
layer is washed with suitable aqueous solutions to remove acid and other undesirable
impurities which vary with the particular materials involved. Where especially acid-
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sensitive products are encountered, the hydrolysis may be carried out with an excess
of ammonium chloride instead of sulfuric acid.

Most of the materials which have been made in the plant described here are non-
volatile and water-insoluble. Therefore the organic layer which contains the hydro-
lyzed product is finally transferred to R-5, where it is steam-stripped to remove sol-
vents. The product is separated from the water by simple decantation if it is a liquid
or by filtration if it is a solid. Further purification by conventional means is carried
out where it is required.

Other Reactions

A wide variety of other Grignard reactions can be carried out in this same equip-
ment. Metathetical reactions with halides, both organic and inorganic, as well as reac-
tions with compounds which contain double or triple bonds are readily handled. A
number of compounds which contain active hydrogens react with Grignard reagents to
form new reagents of the Grignard type. A particularly useful example is the Ivanov
reaction (9), in which the alpha hydrogen of sodium phenyl acetate is replaced by MgX:

MgX

This compound reacts with carbonyl compounds in the normal fashion, to produce
B-hydroxy or unsaturated acids.

Although it has not been done in this plant, organocadmium compounds (5) can
be formed by reaction with Grignard reagents, allowing the preparation of ketones from
acid chlorides to be carried out.

2RMgX + CdCl; — R,Cd + 2MgXCl 9)
R:Cd + 2R’COCI — 2RCOR’ + CdCl. (10)

From the standpoint of custom Grignard synthesis, the plant described here ac-
complishes the major objective of carrying out all of the reaction steps which require
the use of ethyl ether. The customer thus avoids the major problem of the Grignard
synthesis—the hazards of handling ethyl ether.

The plant is housed in a somewhat isolated steel building, wired throughout with
explosion-proof, Class I, Group D or Class II, Group G fixtures and motors. It is
equipped for both general forced ventilation and spot ventilation at points of greatest
hazard. No serious accidents have occurred in the operation of this plant.

Other Grignard Processes

Several other procedures for producing Grignard reagents should be mentioned.
One, often referred to as a “cyclic reactor,” has been described by Rowlands, Greenlee,
and Boord (14). Its purpose is to make possible the preparation of Grignard reagents
from highly reactive halides which have a predilection for the Wurtz reaction. Be-
cause high dilution favors the Grignard reaction, ether is distilled from a flask, con-
densed, and allowed to flow back through a column packed with amalgamated mag-
nesium. The halide is introduced very slowly into the returning condensate at the top
of the column. In this way, it is reported, very high yields of Grignard reagents
derived from highly active halides of the allyl and benzyl types are obtained. Com-
mercial utilization of this process has not, however, been reported.

A process has been patented (8, 17, 18, 21) which utilizes the highly activated
condition of freshly cut magnesium to bring about the formation of Grignard reagents
from aryl chlorides. According to the patents, a solution of an aryl chloride in ethyl
ether or in a dialkyl ether of ethylene glycol, is allowed to flow through a chamber
surrounding a rotating cutting head while the latter shaves chips from a pure mag-
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nesium billet. The process is said to produce high yields of arylmagnesium chlorides
which are difficult to obtain by other means. How far this process has been commer-
cialized is not known to the authors, although it is known that several machines have
been used in pilot operations.

Arylmagnesium chlorides have also been reported (3, 19, 20, 23) to result from
the so-called “solventless” reaction of aryl chlorides with magnesium. In point of fact
these processes have usually employed an excess of the halide as solvent and the
reported yields have not always been very attractive. The reaction is usually carried
out under pressure at elevated temperatures. Commercial use of this procedure has
been made (2).

Buc (4) has patented a process for preparing Grignard reagents by continuously
feeding an organic halide into a reaction zone containing magnesium turnings and con-
tinuously removing the reagents as it is formed. It is not known whether this process
has ever been placed in commercial operation.

Advantages and Disadvantages of the Grignard Reaction

Many of the reactions of Grignard reagents can be or have been carried out
through the use of other organometallic compounds. The reactions of sodium, lithium,
zinc, and cadmium alkyls, for example, have been studied in detail. The Grignard
reagents have, however, been much more widely used in organic synthesis than have
any of the others.

Perhaps the first reason for their success is that Grignard reagents utilize the
readily available and easily handled magnesium. Magnesium turnings are suitable for
use as received and can be stored for long periods without deterioration. Furthermore,
magnesium does not present major hazards in handling or disposal of wastes nor are
its compounds generally considered to be toxic. Its price is not exorbitant.

The Grignard reagents themselves are easily prepared in simple equipment. They
are stable in storage and are not generally spontaneously flammable in contact with
air or moisture. Methylmagnesium bromide in 4M strength has, however, been ob-
served to ignite spontaneously with water and perhaps other Grignard reagents might
do so under certain circumstances. Further advantages of Grignard reagents are that
they are marketed commercially and that, for those who wish to avoid entirely the
hazards of handling ethyl ether, custom manufacturing facilities are available.

Finally the reactions of Grignard reagents have been so thoroughly studied that
their course can be accurately predicted in most cases. Many of their reactions pro-
ceed in a clean-cut fashion to provide good yields of the desired product. Indeed, for
these reasons Grignard reactions have been widely employed in the establishment of
the structures of new compounds.

The hazards involved in the handling of ethyl ether cannot be ignored; in fact,
the problems of the Grignard reaction are largely the problems of handling ethyl ether
with safety.

The unreactivity of certain chlorides, which forces one to use the corresponding
bromides, is a serious disadvantage of the Grignard process, as is the sensitivity of
many of the more reactive halides to the Wurtz and disproportionation reactions. It
is also unfortunate that Grignard reagents usually do not produce ketones by reaction
with acid chlorides or anhydrides. The ready conversion of Grignard reagents to
organocadmium compounds (5), however, makes it possible to prepare ketones in ex-
cellent yield from acid chlorides. Reaction of Grignard reagents with nitriles like-
wise frequently gives poor results and reductive side reactions interfere in some reac-
tions with carbonyl compounds. These reductions appear to be especially important
in reactions with ketones, less so with aldehydes and esters.

The Grignard reaction often provides the best method for producing a wide variety
of compounds. Its industrial importance is increasing as the demand for more intri-
cate and specialized compounds grows.
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Economic Factors

It is possible here to make only broad generalizations regarding the economics of
the Grignard reaction.

A consideration of one of the more useful Grignard reactions, the reaction with
carboxylic esters, will serve to illustrate a number of the economic factors which enter
into Grignard reactions.

0

4
2RMgX + RCOR’ — R;COH + 2Mg(OH)X (11)

For each pound mole of useful product obtained, 2 pound moles of basic magnesium
halide are formed. Unless the operation is very large, it is not economical to recover
this material, but it contains magnesium worth about $25, and, in reactions where the
bromide is required, $40 worth of bromine. It is immediately seen that chlorides
would be much more economical than bromides, in the Grignard reaction. Further-
more, ketones, which require only 1 mole of Grignard reagent, will appear to be pre-
ferred over esters, which require 2 moles, for producing tertiary alcohols. Some of this
advantage of ketones is often lost, however, by side reactions, and in many instances
the desired ketone is not readily available.

It may be concluded that few compounds can be produced by this reaction for a
raw material cost of less than $1.00 per pound. Therefore, the commercial use of the
Grignard reaction is practically restricted to the manufacture of relatively expensive
materials, such as perfumes, pharmaceuticals, silicones, and even certain agricultural
chemicals. In general, then, where great specificity of structure is a controlling factor,
many products may be made most economically by the Grignard reaction.
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Preparation of Alkyl Mercurials
with Tetraethyllead
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The inexpensive preparation of alkyl mercurials by
a unique method using tetraethyllead is described.
The commercial methods of preparation of some use-
ful ones and the health hazards involved are given.
The properties, utilization as fungicides and seed dis-
infectants, and effect on agriculture of alkyl mer-
curials are discussed.

In 1923 methylmercuric iodide was found by Gassner and Esdorn (5) to be a powerful
fungicide. Klages (9) extended these findings to a series of alkylmercuric halides,
showing them to be 25 times as efficient as mercuric chloride. Tisdale and Cannon
(14) showed by extensive tests that the alkyl mercurials are effective seed disinfectants
for the control of fungicidal diseases.

Alkylmercuric halides of the type RHgX were well known, but their method of
preparation, such as the reaction of diethylzine and mercuric chloride (12), was diffi-
cult and inefficient. Therefore, the products were much too cxpensive for use as
fungicides. A method was needed to produce these potentially valuable compounds
at a reasonable cost for widespread application.

In 1930, a method for the preparation of alkyl mercury compounds was patented
by Kharasch (7), which comprised heating mercury salts with an alkyl derivative of
quadrivalent lead, more particularly tetraethyllead. This provided the necessary eco-
nomical method for their commercial use.

The reaction is a general one and may be shown as follows:

R.Pb + 2Hg** — 2RHg* + R.,Pb** (1)

Preparation

By utilizing this method, the following typical, commercially important alkyl
mercurials may be prepared.

Ethylmercuric Chloride. This was the first compound produced for commercial
use (8). In the reaction of mercuric chloride with tetraethyllead, the latter acts as a
transalkylation agent: '

2HgC12 + Pb(CgH5)4 d (Csz)szClz + 2C2H5chl (2)
The reaction may be carried out conveniently in the laboratory.

Tetraethyllead dissolved in ethyl alcohol is added gradually to a suspension of
mercuric chloride in ethyl alcohol. After heating at 65°C. for 4 hours, the hot reac-
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tion mass is clarified by filtration. The precipitate of ethylmercuric chloride, which
separates on cooling, is filtered off and recrystallized from ethyl alcohol. The yield
of ethylmercuric chloride is 729, of theory from mercuric chloride.

In commereial practice, the mercuric chloride is ball-milled with an inert ingredient
such as tale, and the tetraethyllead is added at intervals while milling is carried out
in a brick-lined mill with porcelain balls. Care is taken to prevent undue temperature
rise. The reaction is carried out essentially in dry form, and further inert diluent is
added so that the final mass has an ethylmercuric chloride content of 2.0%. It is
utilized as such.

The great value of this method of preparation lies in the mild conditions employed
and in the type of equipment used which allows manufacture of large batches requir-
ing little processing.

Ethylmercuric chloride, though a very efficient fungicide, had a deficiency; it
showed instability with evolution of diethylmercury, a highly volatile compound which
is very toxic to humans. A study of the reaction suggested that one of the following
secondary reactions might take place which would explain the formation of diethyl-
merecury:

RHgCI + RsPhCl — R,Hg + R,PbCl, (6]
R.Pb + 2RHgCI - RPbCl; + 2R.Hg 4

Various experiments were unsuccessful in determining if the secondary reactions were
taking place. Because it is possible to obtain high yields of ethylmercuric chloride,
the more probable explanation of the formation of diethylmercury is that it comes
from a disproportionation equilibrium with ethylmercuric chloride (6). This may
come about in the following manner:

The evolution of diethylmercury can be eliminated by the use of bis(ethylmercuric)
phosphate, a much more stable compound.

Bis(ethylmercuric) Phosphate. This compound is prepared (3) by the interaction
of mercuric oxide, phosphoric acid, and tetraethyllead. The tetraethyllead acts as a
transalkylation agent. The following reactions occur, but the steps are carried out si-
multaneously :

2HgO + 2H,PO, — 2HgHPO, + 2H,0 (6)
2HgHPO, + (C.H;):Pb — (C.H;Hg),HPO, + (C;H;).PbHPO, )

The system is highly exothermie, the heat evolved being 26 keal. per mole of mer-
curic oxide. In commercial processes, the reaction is carried out most conveniently
in the solid state by the method for preparing ethylmercuric chloride. The time of
milling varies with the apparatus used and may be as long as 18 hours. After the
reaction is completed, the reaction mass is diluted further with an inert ingredient to
509% bis(ethylmercuric) phosphate. It is sold as such.

Ethylmercuric Acetate. Ethylmercuric acetate (10), originally prepared by heat-
ing diethylmercury with acetic acid, is prepared readily by the reaction of mercuric
acetate with tetraethyllead:

3Hg(OCOCHjs): + (C.H;)sPb — 3C.H;HgOCOCH; + C,H:;Pb(OCOCHS,); (8)

It is water-soluble and may be separated readily from ethyllead triacetate.

It is utilized as a water-soluble fungicide and is a convenient starting material for
the preparation of a series of alkyl mercurials. Ethylmercuric acetate will condense
readily, in an alkaline medium, with compounds having a replaceable hydrogen atom.
The reaction is a general one—for example, ethylmercuric acetate condenses with phthal-
imide to form N-ethylmercuriphthalimide:
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N\ N
C.HsHgOCOCH, + NaOH + O: /NH — Oi N+ HgCiHy

+ NaOCOCH, + H,0
(9)

Ethylmercuric acetate reacts in a similar manner to replace hydrogen of mercaptans,
phenols, and compounds which enolize, such as the 1,3-diketones.

An example of the use of ethylmercuric acetate is the preparation of N-ethyl-
mercuri-p-toluenesulfonanilide.

N-Ethylmercuri-p-toluenesulfonanilide. The preparation of N-ethylmercuri-p-
toluenesulfonanilide from mercuric acetate, tetraethyllead, and p-toluenesulfonanilide
is described by Mowery (11):

O

O=
0O=0

=0
=0

o
o

3Hg(OCOCHs), + (Cell;)Pb — 3C.H;HgOCOCH; 4 C.H;Pb(OCOCH;)s (10)

o)
C,HsHgOCOCH, + CH, g-—-NH—<:> + NaOH ——>
g
%
CH,—O-E—TO + NaOCOCH; + H,0

HgC,H, (11)

Mercuric oxide is dissolved in glacial acetic acid at 95°C., and the mercuric acetate
formed reacts with tetraethyllead at the same temperature. After cooling, the solu-
tion is added to a mixture of sodium hydroxide and ice, and to this is added a solution
made by dissolving p-toluenesulfonanilide in aqueous sodium hydroxide. After stirring
at room temperature, the precipitate is filtered off and washed free of alkali with water.
After drying, a 949, yield of N-ethylmercuri-p-toluenesulfonanilide of 909, purity, as
based on the mercury content, is obtained. This material, after dilution with talc to
a 7.70% concentration, is sold as Ceresan M seed disinfectant (E. I. du Pont de
Nemours & Co.).

o

Properties of Alkyl Mercurials

Ethylmercuric chloride, bis(ethylmercuric) phosphate and N-ethylmercuri-p-tolu-
enesulfonanilide all exhibit volatility. Bis(ethylmercuric) phosphate is less volatile than
ethylmercuric chloride, while N-ethylmercuri-p-toluenesulfonanilide is still less volatile.
Ethylmercuric chloride has a low vapor pressure, sublimes readily into air at 40°C., and
has a melting point of 195°C. It can be steam distilled. It tends to evolve diethyl-
mercury, and in contact with water vapor and organic materials this reaction is accel-
erated.

All alkyl mercurials are powerful fungicides. Ethylmercuric chloride is about 25
times more powerful than mercuric chloride as a fungicide (§). In compounds of the
type CoHsHgX, the X part of the molecule has small effect on the fungicidal activity
of the compound based on the mercury content, but the solubility characteristics, vesi-
cant action, and toxicity to human beings are largely controlled by X.
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Health Control

The hazards associated with the manufacture of alkyl mercury compounds are
well known (7). They are potent skin irritants, and will produce severe vesiculation
and burns on brief skin contact. In addition, these organic mercurials are absorbed
through the skin as well as the lungs, producing systemic, acute, and chronic mercury
poisoning (mercurialism). At present, most codes designate a maximum allowable
concentration of mercury in the atmosphere for an 8-hour day at 0.1 mg. per cubic
meter (4).

Disabilities resulting from excess mercury absorption can be prevented. The
prevention is one of adequate safety and health measures in the manufacture of these
organic mercurials. Adequate ventilation is mandatory in operating buildings, and
the mercury content in air is determined continuously.

A program to maintain the normal health of persons exposed to the alkyl mer-
curials has been effective. Workers are required to wear protective clothing that con-
stitutes an effective barrier to skin absorption to these organomercurials. A monthly
general physical examination which includes complete urinalysis and blood count is
performed. Urinary mercury levels of operating personnel are checked before assign-
ment to this process. If the urinary level climbs to 0.05 mg. of mercury per liter,
weekly analyses are made until the level drops below 0.05 mg. If the level continues to
climb and eventually reaches 0.1 mg. per liter, the man is removed completely from
contact with organic mercurials until the mercury concentration drops below 0.1 mg.
per liter (4).

On following this program, no clinical indications of mercurialism have occurred.
The present maximum allowable concentration of 0.1 mg. per cubic meter of air for
the organic mercurials (or 0.08 mg. per cubic meter of air based on elemental mercury)
appears realistic. From the adequacy of health preservation experience of 6 years
under this program, the practicality of reduction of this level should be examined
carefully.

Utilization as Fungicides

The use of alkyl mercurials has been chiefly as disinfectants for seeds and grains
and for protection of newly sawed wood from fungus attack, particularly in humid
climates (13).

Commercialization of the alkyl mercurials as fungicides required a reliable testing
method to show conclusively that they were efficient. The original test method was
based on the volatile nature of the compounds. The mercurial was placed below the
seeds or grains in a closed container, though not in contact with them or their sup-
porting medium. On germination, the stand of seedlings was compared to a stand
grown without treatment. Extensive testing was carried out under varying conditions
against various fungicidal diseases, such as bunt or stinking smut, seed rots, and blights
of cereal grains (14). Protection against numerous fungicidal diseases was given by
the alkyl mercurials, in that more seedlings and healthier seedlings were obtained.

To secure maximum efficiency as a fungicide, the product must be in its most
suitable physical form and one which allows easy application. In the early develop-
ment, a finely divided product diluted with inert solid materials (3), such as talc or
calcium carbonate, was utilized as a dry powder. It is more feasible to apply it to
seeds and grains by a wet method and thus eliminate the dust nuisance. The present
trend is to utilize alkyl mercurials from aqueous media, either as slurries or as
water-soluble compounds. The newly developed N-ethylmercuri-p-toluenesulfon-
anilide was formulated to be applied from a water slurry, and as Ceresan M seed
disinfectant it is used more extensively now than ethylmercuric chloride and bis(ethyl-
mercuric) phosphate. It is particularly useful for the control of bunt or stinking smut,
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seed rot, and seedling blights in grains, and for the control of seed-borne fungus
and bacterial diseases which cause seed rot in cotton. One gram of N-ethylmercuri-
p-toluenesulfonanilide is ample to kill all the spores in 1 bushel of wheat, which is a
ratio of 1 to 27,000 or 0.0033%,.

Other Mercurials. A number of alkyl and aryl mercurials, prepared by methods
other than by the use of tetraethyllead, are utilized as fungicides (10). They fall
mainly into four types: acetates, such as 2-methoxyethylmercuric acetate, phenyl-
mercuric acetate, and the ammonia complex of phenylmercuric acetate; ureas, such
as phenylmercuriurea and (acetoxymercuri)methylurea; phenols, such as (hydroxy-
mercuri) nitrophenol and (hydroxymercuri)chlorophenol, and phenylmercuric salicylate;
and others, such as methylmercuricyanoguanidine.

Effect on Agriculture. The use of alkyl mercurials is widespread for the control
of fungicidal diseases, especially those of wheat and cereal grains. It has made pos-
sible increased yields of wheat, corn, cotton, and other vital crops. Approximately
359, of the seed utilized in these crops is treated with a fungicide, and of this about
309, is treated with an alkyl mercurial. The actual saving by the use of a fungicide
is difficult to determine, but a 10%, yield increase is to be expected, or for each $1
spent on the purchase of fungicides $20 is returned. The estimated over-all yearly
value of the alkyl mercurials is of the order of $100,000,000, and they have con-
tributed measurably to our agricultural abundance.
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Organoboron Compounds

ROY M. ADAMS

Callery Chemical Co., Callery, Pa., and Geneva College, Beaver Falls, Pa.

In this paper the definition of organoboron compounds is limited to those containing
boron-carbon bonds. The nomenclature is that proposed by Wartik and Schaeffer and
the Organic Subcommittee on Boron Nomenclature (116, 159).

Preparations

Trialkylboranes or Triarylboranes. The first report of the preparation of boron-
carbon bonds was made by Frankland almost one hundred years ago. Triethylborane
was prepared by the reaction of diethyl zine with ethyl borate.

3(02H5)2Z11 + 2B(OCzH5)3 ad 2(02H5)3B + 3Z1’1(OC2H5)2

As a result, the alkylboranes are sometimes referred to as Frankland reagents by Euro-
pean writers (52). Many alkyl- and arylboranes have been prepared by similar meth-
ods using alkoxy- or haloboranes as the boron source, an alkyl or aryl halide as the
carbon source, and an active metal as the condensing agent.

BY; + 6M + 3RX — BR; 4+ 3MY + 3MX
Y = halide, oxide or alkoxide; X = halide; M = Li, Na, Mg, Zn, or Al; R is alkyl or aryl.

In most cases the intermediate metal alkyl or alkyl metal halide was isolated. In
the first preparations of arylboranes, diarylmercury compounds were used (16, 37, 69,
77-80, 82, 83, 99, 106, 107, 148, 162). In the case of hydrocarbons which react with
active metals, the hydrocarbon has sometimes been used as the carbon source—e.g.,
naphthalene (88). Ethylene has also been used as the carbon source in forming an
intermediate alkylaluminum halide (124).

Al + A1013 + CQH4 band CgHsAlClz + (CzHa)zAlCl

The preparation of a boron-carbon bond directly from a boron compound and a
hydrocarbon was first reported by Pace. Attempts to reproduce this preparation
have been unsuccessful (113). Arnold has patented the reaction of acetylene with
trichloroborane in the presence of mercurous chloride to form chlorovinylborane (2).

Hg:Cl
BCl; + C,H, — Cl—CH=CH—BCl,
The ease of elimination of acetylene, by these compounds, in the presence of bases limits
their usefulness (12).

1
Cl—C=C—BCl; + 30H~ — B(OH); + C.H, + 3CI~

Hurd has reported the preparation of triethylborane from ethylene and diborane. The
kinetics of this reaction was studied by Whatley and Pease (64, 161).

Bg.F{o + 602H4 — 2(02}{5)3B
87



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch010

88 ADVANCES IN CHEMISTRY SERIES

Others have studied the reaction of diborane with unsaturated organic compounds, but
the products are usually polymeric (114, 147, 149).

Schlesinger found that the reaction of diborane with metal alkyls generally gave
metal borohydrides and alkyl boranes (141)—e.g.,

(CHs)sAl + 2B2H6 tand AI(BH4)3 + (CHs)zB

Brokaw and Pease found triethylborane among the products of the reaction of
aluminum borohydride with ethylene.

Al(BHy); + 12C.H, — Al(C.H;); + 3(C.H;);B

Mono- or Dialkylboranes or Mono- or Diarylboranes. In general, the preceding
preparations can be modified to give chiefly mono- or dialkylboranes by proper reactant
stoichiometry (167).

BY; + 6M + RX — BRY: + MY + MX

Wiberg and Fischer have also found that mono- or dialkylboranes may be prepared by
the redistribution of trialkylboranes with halo- or alkoxyboranes (45—48, 162).

BR; 4+ BX; + B(OR 2 3BR(X)OR
s + BX; + B(OR) <100° C. X)

Such redistributions occur only at elevated temperatures. At room temperatures the
mixed products tend to disproportionate to the symmetrical boranes.
Tri-p-tolylborane was exchanged with tribromoboranes on standing at room tem-
perature for 5 days. Only p-tolylbromoboranes resulted. The reaction was much
more rapid than the exchange reaction of triphenylborane with tribromoborane (158).
(HaC_CeH4)3B + BBI‘;; Ed Hsc—CGH4BBI‘z + (HaCCGHg)QBBI‘
The only reported preparation of a mixed trialkylborane was by Kraus from di-
butylboryl sodium and methyl iodide (6).
(C4H9)2BNa + CH;;I b d (04H9)2BOH3 + Nal
Letsinger was able to prepare phenyl(1-naphthyl)hydroxyborane by the reaction of a
1-naphthyldialkoxyborane with phenyllithium.
CeH;Li + (1—CiH7)B(OR); — LiCeHs(1—C1oH7)B(OR):
HOH
LiOH + 2ROH + C¢H;s(1—C,oH;)BOH
Attempts to prepare mixed alkylarylboranes were unsuccessful (88).

The dialkylhaloboranes can be prepared by reaction of the trialkylborane with a
hydrogen halide.

The addition of aluminum halide and increased temperatures result in the removal
of a second molecule of the alkane (11, 52, 143, 162).

(CH;).BCl 4+ HCl Al—%> CH;BCl; + CH,
Long has reported the preparation of dipropyliodoborane from tripropylborane and
iodine at 140°C.
(C;H;);B + I, — (C;H;).BI + BsHiI
The iodine may be replaced by chlorine or bromine by reaction with the appropriate
antimony halide (95).
3(CsH7).BI + SbCl; — 3(CsH;),.BCl + SbIs
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The alkyl fluoroboranes were first prepared by Burg from trifluoroborane and the
anhydride of the corresponding hydroxyborane (20).

(CH;BO); + 3BF; —» CH;BF, + (FBO);
3(CH,).BOB(CHs). + 3BF; — 6(CH;),BF 4 (FBO);

MecCusker found that Burg’s method was generally satisfactory for preparing the
alkyldifluoroboranes and that they were stable to disproportionation. The secondary
and tertiary compounds were spontaneously flammable. The trialkylboroxins and alu-
minum chloride gave evidence of the formation of alkyldichloroboranes (98).

Alkylalkoxyboranes. The monoalkyldialkoxyboranes may be prepared by the slow
oxidation of alkyl boranes (52)

RsB 4+ O, —» RB(OR):
or by the alcoholysis of the monoalkylhaloboranes or the monoalkyldiboranes.
CH;BCl; 4+ 2HOC,H; — CH;B(OC,H;), + 2HC1
CH;B,H; + 5HOC,H; — CH;B(0OC.H;), 4+ B(OC.H;); + 5H,
The monoalkyldialkoxyboranes are evidently intermediates in the reactions of the

metal alkyls with excess trialkoxyborane, but they have seldom been isolated (146).
With moist air the trialkylboranes are reported to yield dialkylalkoxyboranes (67).
(CiHL)B + 0; =25, (C,H,),BOCH,
Di-n-butoxyphenylborane reacted with phosphorus pentachloride to give phenyl
dichloroborane. Similar reactions were obtained with both m- and p- bis-(dibutoxy
boryl)benzenes. Attempts to reduce the phenyldichloroboranes with lithium aluminum
hydride did not give phenylborane. Phenyldifluoroborane was prepared by the reaction
of dimethoxyphenylborane with trifluoroborane (99).

CsHaB(OC4H9)2 + PCls Ed CeHsBClz + (C4H90)2P013?
3CsH;B(OCHj): + 2BF; — 3C¢H;BF: + 2B(OCHs)s

Letsinger has prepared a number of diarylaminoethoxyboranes and found them to
be unusually stable because of the internal dative bond

Alr
ArB O

1 |
H,N CH,

AN
C
H,

He found these compounds convenient for isolating diarylhydroxyboranes, and the di-
ethanolamine derivatives for the isolation of the aryldihydroxyboranes (90).

He also reported the isolation of the first reported heterocyeclic compound with only
carbon and boron in the ring, by the following reaction (91):

H, H,
CH; CH, (ll———
T Qrenon =5CY 0
+ (C4H90)3B 4 \
N W \\ //
B

|
OC.H,
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Kuivila has investigated the ethers of phenyldihydroxyborane with several polyal-
cohols, including sorbitol, mannitol, pinacol, catechol, pentaerythritol, diethyl p-tartrate,
and cis-indan-1,2-diol. These were precipitated by merely adding the phenyldihydroxy-
borane to a saturated solution of the polyol (86).

O0—CR;

/s
ArB(OH), 4+ (R,COH); — Ar—B + 2H,0
O0—CR,

He also found that a-hydroxyisobutyric acid ties up phenyldihydroxyborane as a com-
plex anion (84).
— OH 1

VRN

C¢H;B(OH), + H(CH;),—CH(OH)COOH — CeHs'—'L C|=O + H;0*

O——C—CH;
CH,

Recent work by Letsinger has demonstrated that the dialkylalkoxyboranes may be
prepared from Grignard reagents and alkoxyboranes by the use of 1,2-ethandiol to sep-
arate the dialkyl from the monoalkylated product. The resulting ethers differ widely
in volatility (89).

2(CH,).BOCH; + HOCH,CH,0H — (C,H,),BOCH,CH,0B(C,H,), + 2CH,0OH
CH,B(OCH;); + HOCH.CH,OH — CH,B(OCH;"), 4+ 2CH;OH

Meerwein found in an unusual reaction that trialkylboranes reacted with aldehydes
to give dialkylalkoxyboranes (102).

(C:H;);B + CH;CHO — (C.H;):BOCH,CeH; 4 C,H,

Boron honds to most elements other than carbon hydrolyze to form the hydroxy-
boranes (41, 43, 70, 134, 139, 142).

R.BY + HOH — R,BOH + HY
R = alkyl or aryl, Y = halogen, alkoxide, hydride, amide, or oxide.

The alkylhydroxyboranes lose water readily (43).
2R,BOH — HOH + R,BOBR.
3RB(OH), — (RBO); + 3H;0

cyclic
The trialkylboroxins can also be prepared from boric oxide and the trialkylborane
(58).
B.0; + (CH3)sB = (CH;)3B:04

Alkylboranes with Functional Groups in the Side Chain. Lyle has studied the
preparation of trialkyl boranes with terminal or alpha double bonds or ethereal groups
in the side chain. He found that the stability of the Grignard reagent was generally
limiting in these preparations. Physical properties and infrared spectra gave evidence
of intramolecular association (97).

+
H, H, H,C CH
c—C | |
yall H,C CH,
H,C O—CH; N7
g7 AN
CH; CH,

7N
CH,0C;H, CsHOCH,
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Rothstein and Saville obtained bis(diallylboryl) oxide and tri-n-butylborane rather
than the expected allyldi-n-butylborane from the reaction of allylmagnesium bromide
with di-n-butylbromoborane. The evident course of the reaction was

203H5MgBl‘ + 3(C4H9)2BBI‘ b d 2(C4H9)3B + (C3H5)2BBI‘ + 2MgBrz
2(C;H;).BBr + HOH — 2HBr + (C;H;),BOB(C;Hs),

Bis(diallylboryl) oxide was also obtained from the reaction of allylmagnesium bro-
mide with trifluoroborane (123).

Ritter has prepared several vinyl-type boranes by the reaction of vinylsodium or
propenyllithium with dimethylbromoborane.

CH,=CHNa + (CH;).BBr — (CH;),BCH=CH, + NaBr

The products were unusually stable to disproportionation, apparently because of
pi bonding between the vinyl group and the boron
H,C H,C
H H N\ HIH
B—C=CH = B——=C—CH
/ / *
H,C H,C
Methyldivinyl, trivinyl, and trimethylboranes were obtained as well as the unusual bis-
(dimethylboryl)ethane, probably from ethenyldisodium, which is known to be an im-
purity in vinylsodium preparations (115).
2(CH,);BBr + NaCH=CHNa — 2NaBr + (CH;);BCH=CHB(CHj).

Diborylalkanes and Diborylbenzenes. Schlesinger prepared bis(dichloroboryl)-
ethane by the reaction of diboron tetrachloride with ethylene

B.Cl, 4 C.;H; — CI,.BCH.CH:BCl,

The chlorines may be replaced by methoxy groups by treatment with methanol and by
methyl groups by treatment with dimethyl zinc.

Cl;:BCH.CH,BCl, + 4CH;OH — (CH;0).BCH.CH,B(OCHj;). + 4HCI
CL,BCH,CH,BCl. + 2(CH3)2ZII — 2ZnCl; + (CHs)zBCHchzB(CHa)z

The methyl derivative decomposes slowly to give trimethylborane and unidentified by-
products. Similar products have been prepared by the reaction of diboron tetrachloride
with propene, 2-butene, cyclopropane, and acetylene (154).

The replacement of the chlorines by hydrogen has not given a stable product (131).

McEwen has also prepared the m- and p-bisdihydroxyboryl benzenes from the
corresponding dibromobenzenes. The dilithiumbenzenes were prepared by exchange
with butyllithium. The lithium compound was then treated with methyl borate. A
similar preparation was carried out using Grignard procedures. The structure of each
compound was proved by cleavage with bromine to the respective dibromobenzene and
boric acid. These compounds were also prepared from the intermediate bromophenyl
boroxins (99).

Br@—Br + 2CI,Li — Li@Li + 2CH,Br
Li@—Li + B(OCHy); — (01{30)2B©B(OCH3)3—‘ + 2Lit

6HOH
(HO)ZBOB(OH)z + 2LiOH 4 6CH;OH

12Brz + 2HOH

Br@Br + 2B(OH); + 2HBr



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch010

92 ADVANCES IN CHEMISTRY SERIES

Alkyldiboranes. Trimethylborane and diborane react in proportions of 5 to 1 to
give 409, of methyldiborane and 609, of dimethyldiborane. In a 1 to 4 ratio the prod-
ucts are trimethyldiborane and tetramethyldiborane, exclusively (142).

n/3 (CH3)3B + BﬂHe ad Bsz(o_n)(CH;;),,

The ethyl and propyldiboranes were also prepared by Schlesinger from the corre-
sponding trialkylboranes and diboranes. Mono-, di-, tri-, and tetraethyldiboranes and
mono- and dipropyldiboranes were isolated (133).

Symmetrical dimethyldiborane is prepared by treating methyldiborane with four
times its volume of methyl ether at dry ice temperature. The products are methyl
ether-borane, which is stable at dry ice temperature, and symmetrical dimethyldiborane.

2CH;HBH.BH, + 2(CH;),0 — CH;HBH.BHCH; + 2(CHj;),0 : BH;

Rosenblum found that tributylborane decomposed on heating to give butene and
dibutyldiborane (122).

2(C4H9)3B had 4C4Hs + (CqH9)2B2H4

Reactions

Many of the reactions of the alkyl- and arylboranes have been covered in the pre-
ceding sections.

With Hydrogen. The alkylboranes do not react with hydrogen at ordinary tem-
perature and pressure; however, solid pyrolysis products may be formed under extreme
conditions (4).

With Metals. Krause first reported a reaction between sodium and triphenyl-
borane to give a colored crystalline product, sodium triphenylborate(-1)

h
(CoH)sB + Na 2% NaB(CeHa)s

The product reacted instantly with oxygen. It was titratable with iodine in ether and
reacted with alkyl halides and carbon dioxide. The ethereal solution conducted elec-
tricity. The sodium could be removed by shaking with mercury. Tri-p-tolylborane
behaved similarly (81).

Bent studied similar reactions with trinaphthylborane and found that a second atom
of sodium could be added. He studied the conductivities of the other solutions of both
the mono- and disodium complexes (9, 36).

B(1—CyoH;); + Na — NaB(1—CioHy)s
NaB(l—C;oH7)3 + Na — NazB(l—'CleH7)3

Chu has studied the magnetic susceptibility and visible spectrum of sodium tri-
phenylborate(-1). He found that it was not paramagnetic and assumed that the anions
must be dimeric. Sodium trimesityl borate(-1) was found to have one unpaired electron.
Lack of dimerization is apparently due to steric factors. Tris-1(2-methylnaphthyl)
borane removed the sodium from sodium trimesityl borate(-1), presumably because of
higher electron affinity (32, 33).

B(CuHy); + NaB(CsHii); — NaB(CuHio)s + B(CoHu)s

Krause reported that unlike the triarylboranes, the trialkylboranes did not react
with metals (80). However, Kraus has reported the reaction of dibutylchloroborane
in ether with sodium-potassium alloy to give dibutylboryl

(C4H,).BCl + M — MCI + (C4H,).B

where M is 1 equivalent of sodium potassium alloy.
In comparison Wiberg found that the reaction of dimethylchloroborane with sodium
gave trimethylborane and a polymeric material (167).
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Burg found that upon contact with sodium in liquid ammonia at —78°C. tetra-
methyldiborane is split equally into ammonia-dimethylborane and an unusual salt.

(CH3)2BH2B(CI‘13)2 + 2Na + NH;; b d (CHa)gHB:NH3 + NaBH(CHs)z

This salt is stable as a white solid in vacuum even at 90°C. It hydrolyzes rapidly and
quantitatively to dimethylhydroxyborane, hydrogen, and sodium hydroxide. Tri-
methylborane is added in liquid ammonia to form a yellow solid which is also stable in
vacuum at 100°C. (23).

Na,BH(CH;), + 3HOH — 2NaOH + 2H, + (CH;).BOH

Na.BH(CH;): + B(CH;); — Na,BH(CHj;),B(CHas)s

The corresponding potassium salt was prepared by the same methods, but attempts
to prepare the lithium salt were unsuccessful. The sodium salt reduces chlorosilane to
silane and reacts with aqueous hydrochloric acid to form apparently polymeric sodium
dimethylboryl (30).

Na,HB(CH,). + CISiH; — NaCl + SiH, + [NaB(CHs):lx

Sodium dimethylboryl reacted with ammonia to form aminodimethylborane and a
highly reducing residue (25).

NaB(CH3)2 + NH;; tand (CHs)zBNHz + NaH?

Reactions with Metal Hydrides or Organometallics. Fisher prepared lithium
borohydride by the hydrogenation of a lithium hydride-triethylborane adduct at 240°C.
under 2000 p.s.i. in cyclohexane (50).

240°C.

LlBH(Csz)s + 3Hz —_—> LIBH4 + 3C:Hs
3000 p.s.i.

Triethylborane forms a liquid 1 to 1 adduct with sodium hydride which has not been
characterized. Lithium hydride dissolves in a diethyl ether solution of trimethylborane
and is recovered as lithium hydride upon evaporation of the solution. Evidently a re-
versibly formed lithium hydride-trimethylborane adduet is responsible (19).

LiH 4 B(CHj); = LiBH(CHs),

Aluminum hydride in ether and trimethylborane reacted; however, the product
could not be freed from the ether (132).

Schlesinger found that trimethylborane reacted with lithium aluminum hydride to
form lithium methyltrihydroaluminate and dimethylaluminum hydride (160).

LiAlH, 4 (CH;);B — LiAIH;CH; 4 (CHs)AIH

Trimethylborane reacted with uranium borohydride to give methylated derivatives.
Methyltrihydroboratotris(tetrahydroborato) uranium is the most volatile known com-
pound of uranium. Tetrakis(monomethyltrihydroborato)uranium was also isolated.
These materials reacted with water and hydrogen chloride as follows (129):

U(BH,)s(BH;CH;) + 12H,0 — U(OH), + 15H, + CH;B(OH). + 3HBO:
U(BH)o(BH;CH;) + 6HCI — UCL + 6H, + 3/2 BiHs + CH;BCL
U(BH;CH;) + 12HCI1 — UClL, + 12H, + 4CH;BClL

Early attempts to react trimethylborane with metal alkyls and aryls failed (153).
However, Johnson found that tributylborane reacted exothermally with diphenylmag-
nesium in ether. Separation into two layers occurred. Only one mole of tributyl-
borane reacted with one mole of diphenyl magnesium. Tributylborane reacted exo-
thermally with ethyllithium, but less vigorously with butyllithium and butylmagnesium
bromide. Tributylborane did not react with dibutylzine (69).

LiC.H; + B(C4H,); — LiB(C.H,);C,H;
Mg(CeH5)2 + B(CqHs)s had CGH:;MgB(C4H9)3CGH5
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Schlesinger found that ethyllithium added equal molar quantities of trimethyl-
borane to form a white crystalline adduct (128).

LiC:H; + B(CHj;); — LiB(CH;)sC.Hs

Hurd prepared lithium tetramethylborate by the reaction of methyllithium with
trimethylborane in ethyl ether. This material was stable in very dry air, but sometimes
ignited in moist air. It was soluble in ether and dissolved without reaction in water.
Acidification of the aqueous solution resulted in the evolution of trimethylborane.
Electrolysis of the aqueous solution gave methane, ethane, and cyclopropane (65).

Wittig found that triphenylborane forms stable complexes with lithium hydride and
butyllithium (70).

Wittig first reported the preparation of a tetraphenylborate anion by the reaction
of triphenylborane with phenyllithium.

LiCsHs + B(CeHs)s — Li*B(Cels)s™

He also prepared the hydrotriphenylborate anion by the reaction of lithium hydride
with triphenylborane.

LiH + B(CQH5)3 — Lit + BH(CsHs)s_

A number of salts of the tetraphenylborate anion were prepared by metathesis and the
usefulness of this ion in the gravimetric determination of potassium, rubidium, cesium,
and ammonium ions was pointed out. The unusual compound tetraphenylphosphonium
tetraphenylborate was prepared both metathetically and by the reaction of penta-
phenylphosphorus and triphenylborane.

P(CHs)s + B(CeHs)s — (CeHs)aP* + B(Colls)i™

A tetraphenyl bismuthonium and a diphenyl iodonium salt were similarly prepared. He
also prepared cyanotriphenylborates by the reaction of triphenylborane with metal cy-
anides and cyanotrihydroborates by the reaction of lithium borohydride with hydro-
cyanic acid. These complex cyanoborates are remarkably stable to hydrolysis and
thermal decomposition.

B(CeH;) + NaCN — Na* + B(CN)(CoHy)s™
LiBH, + HCN — Li+ + BH,CN- + H,

The hydroxytriphenylborate anion and the phenylethynyltriphenyl borates were pre-
pared similarly.
OH~ 4 (C¢H;)sB — B(OH)(CeHs)s~

CsHsCEC— + (CeHa)aB d B(CEC—CeHs) (CsHs)g-

These compounds were usually analyzed by decomposition with aqueous mercuric chlo-
ride (172).

(CsHs)4B~ + 4HgCl, + 3HOH — 4CsH;HgCl 4 4Cl~ 4 3H* 4 3B(OH)s

The use of the tetraphenylborate anion to precipitate the heavier alkali metals was
patented by Heyl (62). A great deal of study has been made of this ion as an ana-
lytical tool for the alkali metals. The analysis may be carried out gravimetrically,
titrimetrically with silver nitrate, or conductometrically (4, 51, 54, 57).

Kraus has studied the electrolytic properties of several triarylborane complexes
with small anions such as hydroxide, fluoride, and amide (72).

Reactions with Oxygen and Oxidizing Agents. Grummitt reported that the ease
of oxidation of alkyl boranes decreased with increasing alkyl chain length and in-
creased rapidly in the order primary, secondary, tertiary. He found indication of
peroxide intermediates (60).

Bamford and Newitt found that trimethylborane oxidized much less readily than
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tripropylborane, that the reaction was a chain process beginning and ending on walls,
and that it was strongly inhibited by mixtures of trifluoroborane and water (7). They
found indications that trimethylborane formed a 1 to 1 addition product with oxygen.
Verhoek has corroborated this and isolated the adduct. He found it to be stable to air
at room temperature and atmospheric pressure and to be equivalent in oxidizing power
to a typical hydroperoxide of the same molecular weight (157).

The diarylhydroxyboranes react with chlorine water or bromine water to yield the
aryldihydroxyborane according to the following equation.

Ar,BOH + X, + H,0 — ArB(OH), + HX + ArX

In the presence of excess halogen the aryldihydroxyborane is decomposed to boric acid
according to the equation (1, 103)

ArB(OH). 4+ X, 4+ H,0 — ArX + HX + B(OH);

Krause reported that tribenzylborane is similar to alkylboranes in its low melting
point and reactivity with oxygen. Although 1-naphthylborane is stable in air, most of
the arylboranes oxidize in air to form the arylboron oxide, but do not ignite. They
also react rapidly with aleohols (78, 79, 80, 82).

Ar;B 4+ 1/2 0, + HO — ArBO + 2ArOH

Phenyldihydroxyborane reacts with hydrogen peroxide to yield phenol and boric
acid. It also reacts with 509, sodium hydroxide, water under pressure, or boiling con-
centrated hydrochloric acid to give benzene and boric acid (1).

CeHsB(OH)z + H202 —_—> CGH50H + B(OH)3

0° C.
+H:0 2% ¢H, + BOH),

The diarylhydroxyboranes react with hydrogen peroxide to yield aryldihydroxy-
boranes according to the equation:

R.BOH + H,0, — RB(OH), + ROH
In the presence of excess hydrogen peroxide boric acid is formed (101):
RB(OH), + H;0. —» ROH 4+ B(OH);

The acid dissociation constants of a large number of the aryldihydroxyboranes
have been studied (173).

Several aryldihydroxy boranes are rapidly oxidized by alkaline potassium perman-
ganate at room temperature. Both the 1- and 2-naphthyl derivatives give phthalic
acid. o-Tolyl and o- and p-phenetyl derivatives are also rapidly oxidized. The rate
of oxidation with m-phenetyl is moderate, while phenyl and m- and p-tolyl are resistant
to oxidation of the benzene ring. The reaction probably proceeds through the removal
of the dihydroxyboryl group by oxidation. Phenols are produced which are in general
rapidly oxidized (10).

The tolyldihydroxyboranes are oxidized by potassium permanganate to the car-
boxylphenyldihydroxyborane (71).

Benzyl- and naphthyldihydroxyboranes reduce silver nitrate (70, 108).

C1H;B(OH), + 2Ag* + 2HOH — CyH,OH + B(OH); + 2Ag + 2H*

Reactions with Ammonia and Amines

The reactions of alkylboranes with ammonia and amines have been studied exten-
sively. Frankland first reported the adduct of triethylborane and ammonia (53).

Copley first discussed the isosterism of boron-nitrogen compounds with carbon
compounds (38). Brown has made an extensive study in this field and has shown
steric effects on many organic reaction mechanisms by using sterically similar alkyl-
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borane-alkylamine reactions. As a result the stabilities and dissociation pressures of
many amine-boranes have been measured (17).

He reports that trimethylborane and triethylborane are most easily handled and
purified as the trimethylamine and ammonia adducts, respectively. The trimethylbo-
rane was freed from trimethylamine by a series of rapid distillations. The triethylbo-
rane was freed from ammonia by treatment with hydrogen chloride (16).

Schlesinger reports that the alkyldiboranes add two moles of ammonia and that
the stability of the diammoniates of methyldiborane, dimethyldiborane, trimethyldi-
borane, and tetramethyldiborane to pyrolysis and disproportionation is greater than
that of the methyl diboranes themselves. The stability increases with increasing num-
ber of methyl groups. On pyrolysis these materials may be converted to B-methyl
aminoboranes and borazines (138, 139)—e.g.

(CH;)4B.H; 4+ 2NH; —— 2H;N : B(CHj;).H

200° C.
H;N : B(CH;);H —— H,NB(CHs): 4 H,

CH, + 1/3 (HNBCH,), 22

Trimethylamine reacts with trimethylborane to form a 1 to 1 adduet. Trimethyl-
amine reacts with tetramethyldiborane to form trimethylamine-dimethylborane.
Trimethylamine and symmetrical dimethyldiborane give trimethylamine-methylborane.
The stability of these compounds to decomposition into the original reactants decreases
with the increasing number of methyl groups on boron. Stability to disproportion to
trimethylamine-trimethylborane and trimethylamine-borane increases with increasing
numbers of methyl groups on boron. In reaction with hydrogen chloride, increased
methylation of the boron increases the rate at which hydrogen is liberated (139).

(CHs)sN + B(CH;)s = (CH,)sN : B(CHs)s

2(CH3)3N + (CH3)4B2H2 = 2(CH3)3N . BH(CH3)2

2(CH,);N + CH;HBH,BHCH; = 2(CH;);N : BH,CH,
(CH):N : BCLCH; + H, e

(CH;;);;N M B(CH3)3

+
(CHy);N : BH,

Wiberg found that condensation of equal molar amounts of trimethylborane and
aniline formed a crystalline adduct. When this was heated to 300°C., two products
were formed, phenylaminodimethylborane and phenyliminomethylborane. This prod-
uct may trimerize to the borazine (164).

°C.
CsH;NH, + B(CHy)s — CoHH,N : B(CHz)s 255 oCH, + C;H;N=BCH,

Burg found that trimethylboroxin reacts with ammonia to form adducts having 1
mole of ammonia and 2 moles of ammonia per mole of trimethylboroxin, respectively.
Trimethylamine forms a 1 to 1 adduct with trimethylboroxin (20).

Miscellaneous Reactions. Tetramethyldiborane reacts with methyl hydrogen sul-
fide to form the new liquid compound methiodimethylborane (26).

(CH;),B.H, 4 2HSCH; — 2(CH;).BSCH;

 Methiodimethylborane has also been prepared from methyl hydrogen sulfide and
dimethylbromoborane. This material decomposes slowly to trimethylborane and less
volatile materials (29).

(CH,):BBr 4+ HSCH; — HBr + (CH;);BSCH; — (CHy);B + ?
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Trimethylphosphine forms a 1 to 1 adduct with trimethylborane (18)
(CH,)sP + B(CH;); — (CHs)sP : B(CHa)s

A number of reactions of trialkylboranes with other compounds have been de-
scribed. Burg has studied the reactions with phosphine and alkylphosphines exten-
sively. He has found that they may be pyrolyzed to trimeric phosphinoboranes.
These products are extremely stable to thermal and atmospheric decomposition (28).

Chatt found evidence for the lattice compound 3C,H,-2(BCHj), in the solid sys-
tem ethylene-trimethylborane. He reported no association in the liquid phase (31).

The benzyl- and aryldihydroxyboranes are readily cleaved by mercuric chloride to
form the arylmercuric chloride and boric acid (70, 71).

HOH + H;CCH,B(OH), + HgCl, —» CH;C:H,HgCl + B(OH); + HCI

Phenyldihydroxyborane is cleaved by hot mercurous bromide solutions to give phenyl-
mercury bromide. Cupric chloride gives phenyl chloride, cupric bromide gives phenyl
bromide, and cupric cyanide give some phenyl cyanide, most of the product being ben-
zene in the latter case. Cadmium bromide and zinc chloride give benzene and phenyl-
dihydroxyborane. Phenyldihydroxyborane can be nitrated in sulfuric acid below
—70°C. to give m-nitrophenyldihydroxyborane. This material is cleaved by cupric
chloride, mercuric chloride, bromine, and hydrogen peroxide in a manner similar to
phenyldihydroxyborane. Hot aqueous solutions of beryllium, magnesium, or calcium
chlorides do not attack phenyldihydroxyborane (1). The aryldihydroxyboranes react
with thallic chloride and thallic bromide to give the diarylthallium halide (104).

2HOH +- 2ArB(OH), + TICl; — Ar.TICI + 2B(OH); + 2HCI

Triphenylborane is stable in nitrogen or carbon dioxide (78).

Uses of Alkyl- and Arylboranes

Trimethylborane is more stable and more sensitive than trifluoroborane in propor-
tional neutron counters (61).

A condensation product of chlorovinyldichloroborane with poly (vinyl alcohol) has
been patented as a polymer which does not swell in water (127).

Martin has patented the preparation of thin boron coatings by the pyrolysis of
alkylboranes over an object (100).

Bowman has calculated the theoretical exhaust velocity of triethylborane as a
rocket fuel (13).

Grisdale has found the pyrolysis of tripropylborane useful in the preparation of
boron-carbon coatings. A film of boron and carbon is deposited on a ceramic support
at approximately 1000°C. (58).

Lincoln has patented the addition of alkylalkoxyboranes to hydrocarbon oils (94).

Darling has found that trialkylboranes reduce the octane requirement increase due
to leaded gasolines to 0 to 40%, of the normal value (63).

Smith has patented the use of alkylboranes to stabilize amines against discolora-
tion (145).

Safford has patented an elastic polysiloxane containing small amounts of boron
hydrides. Diphenyldecaborane is suggested as the boron source (126).

Rosen has suggested the use of ethylamine-triphenylborane as an oxidation inhibitor
in lubricants and gasoline (121).

Stout and Chamberlain extensively investigated alkylboron oxygen polymers anal-
ogous to silicones and found them to be both heat- and moisture-sensitive (150).

Safford and Hurd have patented a polymer using a boron hydride as a poly-
merization catalyst. Diphenyldecaborane is suggested as one of the catalysts (126).

Nijimoto has patented the preparation of a heat-resistant ﬁlm from phenyldifluoro-
borane and diphenyldichlorosilane (111).
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Carbon Monoxide Derivatives

The formation of carbon monoxide-borane was first observed by Burg when di-
borane was treated with high concentrations of carbon monoxide under pressures.

B.H; 4+ 2CO = 2BH;CO

The product was isolated at liquid nitrogen temperatures. It decomposed easily at
room temperatures. The rates of decomposition were studied (21, 27).

Burg has reported that pentaborane(11) reacts with carbon monoxide to form
apparently carbon monoxide-triborane. This material decomposes to carbon monox-
ide and a colorless oil which reacts with carbon monoxide-borane to give a 609, yield of
tetraborane. Unlike carbon monoxide-borane, it absorbs trimethylamine without loss
of carbon monoxide (26).

B5H11 + CO — B3H7CO + ?
B;H,CO + BH;CO — B,Hy, + 2CO
B3H1CO + N(CH:;)a b d ?

Later work has indicated that the previously reported carbon monoxide—polyboranc
may be B;HgCO. It has been made in improved yield from tetraborane instead of
pentaborane (11, 29).

B:Hiy + CO — BsHCO?
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Preparation, Properties, and Uses
of Benzeneboronic Acid

ROBERT M. WASHBURN, ERNEST LEVENS, CHARLES F. ALBRIGHT,
FRANKLIN A. BILLIG, and E. S. CERNAK

Research Department, American Potash & Chemical Corp., Whittier, Calif.

The purpose of this study was the development of a
commercially practical process for the preparation of
benzeneboronic acid based on known laboratory
methods. The reaction of boron trifluoride with
phenylmagnesium bromide was investigated briefly.
The process finally developed, involving the reaction
of phenylmagnesium bromide and methyl borate to
give yields of up to 100% of benzeneboronic acid,
was shown to be of general applicability by the prep-
aration of p-chlorobenzene- and 1-naphthalene-
boronic acids in high yields. This paper presents:
the effect of process variables on the yield of ben-
zeneboronic acid; a unifying discussion of the im-
portant chemical and physical aspects of the process;
new physical and chemical data concerned with the
preparation and properties of benzeneboronic acid;
and a discussion of the reactions of benzeneboronic
acid and its immediate derivatives.

The nomenclature for boron compounds is in a state of flux at the present time. The
following list of boron compounds discussed in this paper indicates the nomenclature
used. The reader is referred to the following references for boron nomenclature (8,
64, 65, 68, 69, 72).

C.Hs:B(OH)- Benzeneboronic acid
CsH;B(OCH;): Dimethyl benzeneborsnate
CsH;BCl: Benzeneboronyl dichloride
(CeHs).BOH Dibenzeneborinic acid
(CeHs):BOCHs;  Methyl dibenzeneborinate
(CsHs)sB Triphenylborane

(CeHs).B Li* Lithium tetraphenylborohydride

Background. Benzeneboronic acid was first reported by Michaelis and Becker
(68, 59), who prepared benzeneboronyl dichloride by heating boron trichloride and
diphenyl mercury at 180° to 200°C. in a sealed tube (Equation 1). Benzeneboronyl
dichloride was found to hydrolyze easily, giving benzeneboronic acid (Equation 2).

102
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@Hq + BCl, —> @-Bm, + @4«90 1)
2
OH
/
BCl, + 2H,0 —_ 8 + 2HC (2)
“oH

Michaelis and Becker reported the melting point of benzeneboronic acid to be 204°C.,
but later, Michaelis and Behrens (60) changed this to 216°C.

Diphenylmercury has been shown to react smoothly with boron tribromide under
reflux to give benzeneboronyl dibromide and dibenzeneborinyl bromide (31, 61).

Khotinsky and Melamed (35) were the first to describe the preparation of boronic
acids from Grignard reagents and borate esters. They reported that ethyl, n-propyl,
isobutyl, and isoamyl borates gave about 50%, yields of boronic acids or their esters,
when the alkyl ester was added to the Grignard reagent at 0°C. They also claimed
the formation of some by-product toluene when methyl borate was used, but this could
not be confirmed by Gilman and Vernon (27).

Krause and Nitsche (39, 40) investigated the reaction of boron trifluoride and
Grignard reagents. They found that an excess of phenylmagnesium bromide gave
triphenylborane, but an excess of boron trifluoride gave a mixture of triphenylborane,
dibenzeneborinyl fluoride, and benzencboronyl difluoride. The difluoride yielded the
boronic acid when hydrolyzed.

Gilman and Vernon (27) investigated the preparation of benzeneboronic acid using
the procedures of Khotinsky and Melamed (35). Triphenyl borate and phenylmag-
nesium bromide gave 40% of phenol, 1649, of benzeneboronic acid, and 1.3% of
biphenyl. They reported an 869, yield of the boronic acid from the reaction of a
0.25-mole run of methyl borate and phenylmagnesium bromide, but with more con-
centrated solutions the yield was reduced to 589, and a 309, yield of benzene was ob-
tained. The benzene was supposedly obtained by hydrolysis of unreacted Grignard
reagent.

Konig and Scharrnbeck (38) reported the preparation of benzeneboronic acid
and dibenzeneborinic acid by adding isobutyl borate to the Grignard reagent at 0°C.

Seaman and Johnson (71) could not repeat the work of Gilman and Vernon.
They stated that the methyl borate must be free of methanol “since the latter caused
a marked diminution of the yield, apparently greater than could be accounted for on
the basis of the Grignard destroyed.” Furthermore, these authors reported that an
inverse Grignard reaction gave better yields. Subsequently, Bean and Johnson (3)
were able to increase the yield of benzeneboronic acid considerably by using the more
easily purified butyl borate and effecting the reaction at —60°C. In several runs yields
ranged from 50 to 609,. More concentrated solutions gave lower yields (42 to 47%).

Branch and his coworkers (5, 6, 8, 23, 88, 89), Kuivila and his coworkers (41-49),
and others (9, 74, 76, 79) have used the procedure of Bean and Johnson for the prep-
aration of benzeneboronic acid and other areneboronic acids. The yields were generally
about 509%,.

During a study of the preparation and physical properties of benzeneboronic acid,
Hutto (31) obtained yields of about 409, by adding phenylmagnesium bromide to
methyl borate cooled with an ice bath. Hutto also checked the procedures of Kho-
tinsky and Melamed (35) and obtained 10.59, yield; the procedure of Krause and
Nitsche (39, 40) gave about 109, yield.

Mel’'nikov (55) used the procedure of Konig and Scharrnbeck (38), but Letsinger
and Skoog (52) preferred an inverse procedure and low temperatures.

Another synthetic approach, which apparently gives lower yields, involves the
reaction of phenyllithium with a borate ester. Brindley, Gerrard, and Lappert (9)
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reported a 369, yield of benzeneboronic acid using butyl borate at —80°C. Letsinger
and Skoog (52) reported a 419, yield of butyl dibenzeneborinate and a 139, yield of
ethylene glycol benzeneboronate from the reaction of 2 moles of phenyllithium with
butyl ethylene glycol borate.

Terminology. The following terms are used in the Discussion and Experimental
sections of this paper:

Fast reaction = Reactants added as rapidly as possible while keeping the reac-
tion temperature constant (0.33 hour or less to add 3.00 moles)

Slow reaction = Reactants added slowly (0.75 to 4.0 hours to add 3.00 moles)

3-Mole reaction = Three moles of Grignard (as 3.0M solution) 4+ 3 moles of
methyl borate in 1500 ml. of ether

aeuiil]

Figure 1. Equipment for study of methyl borate and phenylmagne-
sium bromide reaction

. Methyl borate addition buret
. Stirring motor

. Grignard addition buret

. Thermometer

. Morton flask

monN®>»
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2-Mole reaction = Two moles of each reactant but the same total volume (di-
luted with ether) as a 3-mole reaction

1-Mole reaction = One mole of each reactant but the same total volume as a
3-mole reaction

Experimental

Reagents. The ether used was Mallinckrodt A. R. grade, stored over sodium.
Phenylmagnesium bromide was obtained from Arapahoe as a 3.0M solution in diethyl
ether. Different batches, analyzed by the method of Gilman (26), varied between 3.0
and 32M. The material was used as received (based on the analysis) or diluted with
ether as necessary. Boron trifluoride was obtained from Matheson. Boron triﬂuo-
ride-etherate was prepared by passing the gas into cooled ether until the weight
indicated the correct. amount of boron trifluoride had been absorbed. Methyl borate
was commercial anhydrous material from American Potash & Chemical Corp. It was
found by analysis to contain 99.0% of ester. The methyl borate was purified before
use by fractionation in a 30-plate column. p-Chlorophenylmagnesium bromide was
prepared from p-bromochlorobenzene; Il-naphthylmagnesium bromide was prepared
from 1-bromonaphthalene in ether-benzene solvent (26). )

Equipment. The equipment used is shown in Figure 1. For small runs (1-liter
flask) the stirrer used was a Labline Stir-O-Vac (from Labline, Inc, 217 North
Des Plaines St., Chicago 6, Ill.) stirring at about 5000 r.p.m. For larger runs (5-liter
flask), a Premier, l-inch diameter, Duplex Dispersator (obtained from Premier Mill
Corp., Geneva, N. Y.) stirring at about 7500 r.p.m. was used.

Reaction of Boron Trifluoride Etherate and Phenylmagnesium Bromide. The
reaction of boron trifluoride and phenylmagnesium bromide (Equation 3) was briefly
investigated using the procedure of Krause and Nitsche (40). In each experiment the
solids fumed on first exposure to air indicating the presence of triphenylborane; the

H,0
O+ o = O 22 Qo o

boron content of the product, isolated in O to 469, yield, generally corresponded most
closely to dibenzeneborinic acid or its anhydride. These results are in accord with
the observations of Hutto (31).

This line of investigation was dropped in favor of the more easily handled reaction
with methyl borate.

Reaction of Phenylmagnesium Bromide and Methyl Borate. The preparation of
benzeneboronic acid from phenylmagnesium bromide and methyl borate can be repre-
sented by Equations 4, 5, and 6.

Reaction.
(I)CH, N
@—Mgsr + (CH;0,B —> Q_?_OCHS MgBr* )
OCH;
Hydrolysis.
CI)CH3 - /OH
@—?—OCH, MgBr* + 3H0 —> @—B\ + 3CH,0H + Mg(OH)Br
OCH, OH
(5)
Neutralization.

Mg(OH)Br + $H,S0, — $MgBr. + $MgSO0, + H:0 (6)
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ETHER,
WATER ACID WATER METHANOL,ETC.
C.H-MqB ETHER ETHER [P ETHER STEAM
ST (CH30)3B RES. WATER AQUEQUS | DISTILLATION
LAYER SOLUTION

REACTION HYDROLYSIS
a
NEUTRALIZATION

AQUEOUS FILTRATE ~4— WATER PRECIPITATION
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1
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FILTRATION &
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Figure 2. Process flow diagram for preparation of benzeneboronic acid

Figure 2 shows a simplified process flow diagram of the process investigated.

The process variables investigated were reaction temperature, rate of addition of
Grignard to methyl borate, mode of addition and concentration of reactants, effect of
impurities in the methyl borate, and the procedure for isolating benzeneboronic acid.

The procedure for isolating benzeneboronic acid used throughout this investigation
involved extraction of the product from the hydrolyzed and neutralized reaction mix-
ture with ether, steam distillation of ether and volatile impurities, crystallization of
the product, and petroleum ether wash of the isolated solids to remove dibenzene-
borinic acid. This is a considerably simpler process than any previously reported.

Depending on the experimental conditions, various products were formed during
the investigation of the process shown in Figure 2. For example, in experiments at
0°C., about 209, of the methyl borate could be accounted for in the aqueous residue
and varying amounts of the Grignard could be accounted for as benzene. Qualita-
tively, about 2 to 3%, phenol and up to about 5%, biphenyl were observed as products
of experiments conducted at higher temperatures (15° to 25°C.). The benzene,
phenol, and biphenyl were removed during the steam distillation step. In all experi-
ments where the Grignard was added to the methyl borate, the varying amounts of
dibenzeneborinic acid formed were separated from the benzeneboronic acid by washing
the filtered solids with petroleum ether.

AppITION OF PHENYLMAGNESIUM BrROMIDE To METHYL BoraTE. Effect of Rate of
Addition of Phenylmagnesium Bromide. During the early part of this work, the
Grignard reagent was added to the methyl borate relatively slowly in accordance with
established literature procedures (71) The average yield (Table I-1) for three slow
runs at 0°C. was 46.8%,.

A group of nine 3-mole runs was made at 0°C. in which the Grignard was added
as rapidly as possible while maintaining a constant temperature (Table I-2); the
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Table 1. Addition of Phenylmagnesium Bromide to Methyl Borate 0°C.
(3.0-mole reaction)

% Yield
Addn. Solids Aq. Filtrate _—
Time, Boronic Borinic
Run No. Hr. Grams % B Grams % B acid acid
la.b 1.23 154 8.68 885 0.48 46.8 —
28,0 0.18 179 8.35 1086 0.35 53.3 18.24
3e.f 0.15 194 9.01 942 0.34 60.2 16.8¢
4h 0.20 167 8.69 1011 0.30 51.5 27.7
5i 0.20 165 8.65 959 0.28 50.5 31.7

@ Methyl borate purified and stored before use.

b Slow reaction, average of 3 runs.

¢ Fast reaction, average of 9 runs.

4 Average of 5 runs.

* Methyl borate distilled directly into apparatus.

1 Fast reaction, average of 5 runs.

¢ Average of 4 runs.

A Fast reaction, 0.953 gram of methanol added to freshly distilled methyl borate.
¢ Fast reaction, 0.613 gram of boric acid added to freshly distilled methyl borate.

Table Il. Fast Addition of Phenylmagnesium Bromide to Methyl Borate
3.0-mole reaction (distilled methyl borate)

% Yield
Reaction Addn. Solids Aq. Filtrate TS —
Temé).' Time, Boronic Borinic
Run No. °C. Hr. Grams % Bae Grams % B acid acid
1 0 0.20 180 9.49 1190 0.33 60.7 -
2 0 0.12 194 9.01 1386 0.27 63.3 —_
3 0 0.15 196 8.40 908 0.31 56.9 14.7
4 0 0.18 215 8.35 270 0.51 57.2 14.0
5 0 0.12 187 9,78 957 0.28 62.9 19.3
6 —15 0.15 249 8.53 586 0.37 69.5 —
7 —-30 0.20 275 8.66 327 0.34 75.6 —
8 —60 2.50 367 6.76 1295 0.21 85.3 —
9 —62 1.03 292 8.55 477 0.36 80.2 1.8

@ Theoretical %, boron, 8.87.

average yield was 53.3%. Thus, there was a definite increase in yield when the reac-
tion was allowed to proceed rapidly.

Effect of Concentration. The average yield for 1.0-mole runs made at 0°C. using
fast addition of Grignard was 64.5%, and a yield of 609, was obtained in one 2.0-mole
run. The average yields at 0°C. for the 3.0-, 2.0-, and 1.0-mole runs are plotted vs.
mole—per cent of methyl borate in ether at the start of the reaction in Figure 3. This

70
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N

PER CENT YIELD OF BENZENEBORONIC ACID

50

o 4 8 12 16 20
MOLE PER CENT METHYL BORATE
IN ETHER AT START OF REACTION
Figure 3. Variation in yield of benzene-
boronic acid with concentration
Fast addition, 0°C., undistilled methyl borate
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quantitatively shows the advantage of dilute solutions for the addition of Grignard to
methyl borate.

Effect of Impure Methyl Borate. Although all the methyl borate was carefully
purified by fractionation, it was stored in bottles until used. The authors discovered,
however (Table II-5), when the methyl borate was distilled directly into the appara-
tus, that the yield at 0°C. was increased from 53.3 to 62.9%,.

The effect of either methanol or boric acid as impurities in the methyl borate was
checked by adding small quantities of these materials to individual runs made at 0°C.
and using fast addition of phenylmagnesium bromide to methyl borate. The data are
summarized in Table I-4, 5. The yield was reduced from 62.9 to 51.59, with the addi-
tion of 0.953 gram of methanol, and to 50.5%, with the addition of 0.613 gram of boric
acid. The decrease in yield is considerably in excess of the Grignard reagent that
would be destroyed by these impurities (71).

Effect of Temperature. The effect of reaction temperature was first investigated
using slow addition of Grignard reagent to methyl borate which was purified but stored
before use. The data are given in Table III. Figure 4 (curve A) shows a least squares

Table lll. Slow Addition of Phenylmagnesium Bromide to Methyl Borate
3.0-mole reaction (undistilled methyl borate)

Reaction Addn. Solids Aq. Filtrate % Yield
Temp., Time, Boronic
°C. Hr. Grams % Ba Grams % B Acid
+20 1.9 140 8.48 1116 0.37 44.2
+8 3.5 134 8.78 899 0.48 42.4
+6 3.5 138 7.07 1448 0.20 40.0
+6 3.5 57.8 7.91% 2087 0.20 39.6

41.0 9.03
0 2.25 128 8.50 1088 0.33 40.9
0 0.66 195 7.88 744 0.63 52.4
0 0.78 140 9.65 822 0.49 47.2
—-15 0.75 190 8.45 1233 0.18 57.9
—30 1.5 210.8 8.35 1160 0.24 62.1
-30 1.3 228 8.25 1139 0.20 65.7
—60 2.5 367 6.76 1295 0.21 85.3

@ Theoretical % boron, 8.87.
5 Two crops, dried and analyzed independently.

plot of the per cent yield vs. reaction temperature for the slow runs.

The study of the effect of reaction temperature was repeated using fast addition
of Grignard reagent; the methyl borate was distilled directly into the addition buret.
The data are given in Table IV and shown as the least squares line in Figure 4 (curve

Table IV. Fast Addition of Phenylmagnesium Bromide to Methyl Borate
1.0-mole runs (undistilled methyl borate)

% Yield
Reaction Addn. Solids Aq. Filtrate T E— —
Temp., Time, —— _— Boronic Borinic
°C. Hr. Grams % Be Grams % B acid acid
420 0.6 29.0 8.52 744 0.58 49.2 —
+20 0.5 53.7 8.59 475 0.36 52.3 —
+10 0.7 60.0 8.73 545 0.35 59.6 —
0 0.05 62.0 8.79 1035 0.18 67.6 16.4
0 0.83 63.5 8.56 661 0.22 63. —
0 0.6 62.0 8.11 810 0.22 63.0 —
0 0.5 62.5 8.42 749 0.29 63.9 —
—-15 0.6 71.0 8.72 336 0.27 64.1 —
-15 0.7 69.0 8.55 566 0.24 66.0 —
-30 0.6 74.2 8.88 521 0.22 71.5 —
-30 0.7 62.7 8.79 1007 0.22 73.3 —
—65 1.75 88.0 8.82 819 0.26 88.6 —_

@ Theoretical % boron, 8.87.
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Figure 4. Variation in yield of benzeneboronic acid
with reaction temperature
A. 3-mole runs, slow addition, undistilled methyl borate
B. 3-mole runs, fast addition, distilled methyl borate

C. 1-mole runs, fast addition, undistilled methyl borate
D. Fast, incremental addition

B). Using fast addition and pure methyl borate gives decided improvement in yield
of benzeneboronic acid at 0°C., but very little difference in yield at —60°C.

The effect of temperature for more dilute solutions was obtained in a series of
1.0-mole runs using fast addition and purified but stored methyl borate. The data
are given in Table IV and shown as a least squares line in Figure 4, curve C.

The data in Tables II, III, and IV, and curves A, B, and C in Figure 4 indicate
that yields up to 88.6%, of benzeneboronic acid can be obtained at —65°C.

AppIiTION OF METHYL BORATE To PHENYLMAGNESIUM BrROMIDE. One 3.0-mole run
was made at 0°C. in which purified but stored methyl borate was added rapidly to
phenylmagnesium bromide. The yield of benzeneboronic acid was 42.8% and of di-
benzeneborinic acid, 39.9%,.

INCREMENTAL ADDITION OF PHENYLMAGNESIUM BROMIDE AND METHYL BORATE.
Fast Addition. This new incremental procedure finally developed for the preparation
of benzeneboronic acid is given in detail below for a 3-mole run at 0°C.
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Methyl borate (336 ml., 3.0 moles) was distilled directly into one buret. Anhy-
drous ether (1500 ml.) was placed in the reaction flask, using dry nitrogen for pres-
sure transfer, and then cooled to 0°C. An ethereal solution of phenylmagnesium
bromide (1C00 ml., 3.0 moles) was pressure-transferred (dry nitrogen) to the second
buret. The reactants were added incrementally to the rapidly agitated ether, adding
first methyl borate (10 ml.) then phenylmagnesium bromide (30 ml.) so as to main-
tain a stoichiometric ratio with only a very slight excess of methyl borate. A tem-
perature of 0°C. was maintained with a dry ice-acetone bath during the addition. All
of the reactants were added within a 15-minute period and the mixture was stirred for
an additional 20 minutes before hydrolysis.

The mixture was hydrolyzed by adding distilled water (200 ml.) during 5 minutes
while a temperature of 0°C. was maintained. The mixture was then neutralized with
sulfuric acid (84 ml. in 1700 ml. of water) during a 15-minute period at 0°C. When
the stirring was stopped, the mixture separated into two clear layers. The ether layer
was removed and the aqueous layer was extracted with three 250-ml. portions of ether.
The combined extracts and ether layer were transferred to a 5-liter flask, equipped
with a Hershberg stirrer, modified Claisen head, and dropping funnel. Part of the
ether was removed by distillation, and then distilled water (1500 ml.) was slowly
added as the distillation proceeded. Distillation was continued until the head tem-
perature reached 100°C. During this time a small quantity of biphenyl collected in
the condenser. While stirring was continued the aqueous distilland was cooled rapidly
with an ice bath. Benzeneboronic acid crystallized at 43°C. with a temperature rise
to 45°C. Stirring was continued until the mixture had cooled to 11°C. and then the
solids were removed by filtration and air dried. The resulting product (277 grams
including 32 grams from filtrate, 75.8%,) was a fine, white crystalline powder analyzing
8.80%, of boron (8.87%, theory). Only a trace of dibenzeneborinic acid was obtained.

Slow Addition. Using the procedure and ratio of reactants to solvent as described
above for the fast reaction, methyl borate (28.0 ml., 0.25 mole) and phenylmagnesium
bromide (78 ml., 0.25 mole) were added incrementally to a precooled ether heel (125
ml.). The reactants were added in 26 increments using the ratio of 1.0 ml. of ester
per 3.0 ml. of Grignard. Initially, 1 ml. of excess methyl borate was added and after
the thirteenth increment a second 1.0-ml. excess of methyl borate was added.

The reaction mixture was stirred 10 minutes after each increment and for 50
minutes after the last increment (total time, 5 hours), during which time the reaction
temperature was maintained at 0°C. There was a tendency for the temperature to
rise after the addition of each increment. After hydrolysis, neutralization, and extrac-
tion (see above) the ether extracts were steam distilled with 125 ml. of water. When
distillation and stirring were stopped, a sizable oil layer settled to the bottom of the
hot solution. When it was cooled and stirred, the benzeneboronic acid precipitated.
The solids were removed by filtration, washed on the filter with two 50-ml. portions of
petroleum ether, and air dried. Yield was 19.4 grams (including product in the aqueous
filtrate) or 63.56%,. The petroleum ether filtrate was evaporated to dryness in vacuo,
yielding 6.4 grams of dibenzeneborinic acid (28.2%,).

Effect of Reaction Temperature Using Fast Incremental Addition. In order to
evaluate the effect of temperature on the yield of benzeneboronic acid when incremental
addition is being used, a series of 0.5-mole runs was made at various temperatures
(—60°, —45°, —30°, —15°, +15°C.). The value used for 0°C. was that obtained
from the 3-mole run previously described. In each case, the addition time was
as rapid as possible, but the variation in the temperature difference between the dry
ice-acetone bath and the desired reaction temperature precluded equal rates of addi-
tion. The apparatus and procedure were the same as those described above.

Only negligible quantities of dibenzeneborinic acid were obtained at temperatures
of —15°C. or less, but considerable borinic acid was obtained at +15°C. The data
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given in Table V and Figure 4 indicate that essentially quantitative yields are ob-
tained at —60°C., with the formation of only trace amounts of borinic acid.

Table V. Effect of Reaction Temperature on Yield of Benzeneboronic Acid
(Incremental fast addition of phenylmagnesium bromide and methyl borate)
Total

Benzeneboronic Borinic
Reaction Addn. Solids Filtrate Acid Anhy-
Temp., Time, - dride,
Run No. °C. Hr. Grams % Be Grams % B Grams 9%, Yield Grams
1 +15 0.20 24.9 8.08 238 0.260 29.7 48.7 11.2
2b 0 0.25 246.6 8.80 1117 0.260 277.4 75.8 —
3 —-15 0.25 52.3 8.28 218 0.181 53.3 87.5 1.68
4 -15 0.25 46.1 8.42 236 0.190 52.2 85.6 1.35
5 —30 0.25 56.2 8.16 257 0.160 56.3 92.3 0.647
6 —45 0.38 52.1 8.77 226 0.184 56.2 92.2 0.417
7 —60 0.90 55.8 8.73 287 0.180 60.7 99.5 0.327

@ Theoretical % boron, 8.87.
b Three-mole incremental described in text.

Reaction of Other Grignard Reagents with Methyl Borate. p-Chlorobenzene-
and 1-naphthaleneboronic acids were prepared in 81 and 68%, yields, respectively, from
the appropriate Grignard reagents and methyl borate at 0°C. using the incremental
procedure described. The data and results are given in Table VI.

Table VI. Reaction of p-Chlorophenyl- and 1-Naphthylmagnesium
Bromide with Methyl Borate
(Incremental procedure)

Grignard Reagent Addn. Ether Reaction

(CHs0)sB, Time, Heel, Temp., Yield,
Boronic Acid Concn., N Ml Mole Mole Min. Ml °C. %
p-Chlorobenzene- 1.45 172.5 0.25 0.25 25 100 0 81
1-Naphthalene-o 0.685 365 0.25 0.25 16 100 0 68

. e Because 1-naphthaleneboronic acid is decomposed by boiling water (60), the ether extracts were distilled
with benzene to give the anhydride as the product isolated.

Purification of Benzeneboronic Acid and Anhydride. Benzeneboronic acid is
readily converted to the anhydride and, therefore, care must be exercised to obtain
the boronic acid free of the anhydride. The best procedure for obtaining a spectro-
scopically pure sample is to recrystallize the acid from water using a little charcoal.
The acid is then dried with a slow stream of air almost saturated with water. If the
acid is finely ground and spread thinly it will undergo almost complete dehydration
on standing overnight in the laboratory (relative humidity 30 to 40%).

Benzene should not be used as a solvent for the crystallization of benzeneboronic
acid. French and Fine (25) observed a molecular weight in benzene higher than
monomer. The authors’ solubility data (see below) and the fact that benzeneboronic
acid can be converted easily to the anhydride by azeotropic distillation of water with
benzene suggest that conversion to the anhydride occurs to some extent on crystalliza-
tion of the acid from benzene. Unfortunately, melting point cannot be used as a cri-
terion of purity, as the observed melting point 215° to 216°C. is actually that of the
anhydride.

Pure anhydride can be simply prepared from purified boronic acid by azeotropic
dehydration with toluene. The anhydride precipitates slowly from the cooled solu-
tion as a white microcrystalline powder.

Physical Properties. The work of French and Fine (25) and Kinney and Pontz
(36, 37) indicates that benzeneboronic acid is monomeric and that the anhydride is
trimerie.
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The reported physical data for benzeneboronic acid are collected in Table VII.

Table VII. Physical Properties of Benzeneboronic Acid

Property Value Reference
Melting point, °C. 215-2162 —_
K, X 1010 13.7 (H:0) (8
1.97 (25%, C:H;OH)
Polarization, P» 91.94 (Benzene) 63)
98.28 (Dioxane)
Dipole moment, X 1018 1.64 (Benzene) (63)

1.72 (Dioxane)
a M.p. of anhydride.

The polarization and dipole moment (63) for benzene solutions of the acid are prob-
ably a little low due to the tendency of the acid to dehydrate.

Infrared Spectra. The infrared spectrum of benzeneboronic acid is shown in
Figure 5 and that for the anhydride in Figure 6. The three bands at 1023, 1086, and
1175 em.—1 are characteristic of the anhydride. The bands at 1333 cm.—1 in the
spectra of the acid and anhydride are probably B—O stretching (calculated, 1350
em.—1). The shoulder in the anhydride spectrum at 1252 em.—! and in the boronic
acid spectrum at 1250 to 1270 em.—! has been tentatively assigned to B—C
stretching (calculated, 1247 em.—1). Benzeneboronyl dichloride and dimethyl ben-
zeneboronate also show absorption in this region.

Solubility of Benzeneboronic Acid and Anhydride. The solubility of benzene-
boronic acid as a function of temperature (0° to 45°C.) was determined in benzene,
carbon tetrachloride, ether (35°C.), methanol, water, petroleum ether, and xylene
(Figure 7), and the solubility of the anhydride was determined in benzene, toluene, and
xylene (Figure 8).

The solubility of the acid in methanol and water is apparently a straight line
within the temperature range studied. The very high solubility in methanol suggests
the possibility of complex formation I [ef. Syrkin and Dyatkina (78)].

OCH,

' +
B—OCH, | H

OCH,
I

A comparison of the solubility of the acid and anhydride in benzene and xylene
shows the anhydride to be more soluble, but in each case the slope of the curve for the
acid increases with temperature, indicating possible dehydration.

The solubility curves fit the data with a maximum deviation of 15%, except for
carbon tetrachloride, petroleum ether, and xylene in which the solubilities are very
low at low temperatures. In these cases, the possibility for error increases because of
the difficulty of accurately determining the small quantities of boron in the analytical
samples.

Discussion

Occurrence of Tetracoordinate Complex. The reaction of a Grignard reagent
with a borate ester is usually represented by Equation 7.

OCH,
@—Mgar + (CH, 0B —> @-—B\ + Mg(OCH;)Br  (7)
OCH,
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Figure 8. Solubility of benzeneboronic anhydride

There is, however, a large amount of evidence to indicate that a tetracoordinate
boronate anion (Equation 8) and the equilibria in which it takes part are some of the
most important aspects of the Grignard reaction. Kuivila and coworkers (41-49)
have shown that a tetracoordinate boronate anion, II, is involved in the reaction of
benzeneboronic acid and its derivatives with bromine (43-45), iodine (49), and hydro-
gen peroxide (41, 42, 48).

Many examples of boron compounds acting as Lewis acids are known. For example,
sodium hydride and sodium methoxide react with methyl borate to give sodium
trimethoxy- and sodium tetramethoxyborohydride, respectively (14). Then, by anal-
ogy, it might be expected that phenylmagnesium bromide would react with methyl
borate according to Equation 8 to form a tetracoordinate complex.

OCH;

K |
@—MgBr + (CH,0,B == @—lla—ocrg MgBr* (€)

OCH;

The reaction of phenylmagnesium bromide with methyl borate is highly exo-
thermie, which probably results at least in part from a fast reaction rate. Further
evidence for a fast reaction rate is afforded by the fact that the average yield of ben-
zeneboronic acid for a slow rate of addition of Grignard reagent (3 moles/0.75 to 4.0
hours) is 46.89,, whereas the average yield for a fast rate of addition (3.0 moles/0.1
to 0.25 hour), followed by immediate hydrolysis, is 53.3%. Thus, the major part of
the reaction must have occurred in a relatively short time. Furthermore, it can be
assumed that K (Equation 8) is probably rather large, because, qualitatively, the heat
liberated during hydrolysis of the reaction mixture (Equation 5) appears to be small
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in comparison to the heat of hydrolysis of the Grignard reagent alone. This seems
to indicate that most of the Grignard has reacted.

When phenylmagnesium bromide is added to an ethereal solution of methyl borate
at low temperatures, and the reaction mixture is warmed to and stirred at 0°C. prior
to hydrolysis, a much better yield is obtained than when the reaction proceeds at 0°C.
followed by stirring and hydrolysis at 0°C. This suggested that some side reaction was
occurring at higher reaction temperatures to limit the yield of benzeneboronic acid.
A clue was afforded by the fact that the higher the reaction temperature, the higher
the yield of dibenzeneborinic acid. Assuming that dibenzeneborinic acid could only
result from the reaction of phenylmagnesium bromide with dimethyl benzeneboronate
(Equation 10) various process variables and equilibria were considered which might
lead to the formation of dimethyl benzeneboronate.

The boronate ester could arise by the thermal disproportionation of the tetra-
coordinate boronate anion of Equation 8, according to Equation 9.

OCH, - OCH
! S ;R
?—-ocu, MgBrt —= 8 + Mg(OCH,)Br 9

\
OCH, OCH,

The effect of temperature then, can be at least partially interpreted in terms of Equa-
tion 9. As the temperature is increased, more dimethyl benzeneboronate is formed
which in turn can compete with methyl borate for phenylmagnesium bromide (Equa-
tion 10).

OCH, Q OCH,

/ / +

B + MgBr —> B MgBr (10)
OCH, @ OCH,

The competing rates of reaction of phenylmagnesium bromide with methyl borate
and dimethyl benzeneboronate will depend on a number of factors such as solubility
of the two tetracoordinate complexes, relative Lewis acidity, and steric factors. In
general, one would expect the diphenyl-substituted boron to be a better Lewis acid
than the monophenyl compound, and hence, produce a more stable tetracoordinate
complex which would provide a driving force for the formation of the diphenyltetra-
coordinate complex. For example, Letsinger and Skoog (52) have shown that dibutyl
benzeneboronate forms a very unstable ammonia addition compound which decom-
poses at about 30°C., butyl dibenzeneborinate forms a more stable ammonia coordina-
tion compound which decomposes at about 64° to 67°C., and triphenyl borane forms a
very stable coordination compound which decomposes at 170° to 176°C. Thus, the
acidity of phenyl-substituted boron is in the order,

Of < Q) < O

which is in accord with the observations of Johnson and Van Campen (32) for ali-
phatic boron compounds.

All workers prior to Seaman and Johnson (71) employed a “normal” Grignard
reaction for the preparation of benzeneboronic acid, but Seaman and Johnson found
that the yields were considerably improved by adding the Grignard reagent to the
borate ester.
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By adding the borate ester to the Grignard reagent, there was always an excess
of phenylmagnesium bromide; this gave relatively large yields of borinic acid and
correspondingly low yields of boronic acid. A consideration of Equation 10 shows
that the presence of excess phenylmagnesium bromide can act as a driving force for
the formation of the diphenyl complex from the monophenyl complex by removing
dimethyl benzeneboronate as rapidly as it is formed. It was assumed above that
formation of borinic acid occurred as a result of the formation and subsequent reaction
of dimethyl benzeneboronate. The authors confirmed the effect of having excess
phenylmagnesium bromide present by adding methyl borate to the Grignard. Under
these conditions the yield of boronic acid was 42.8% and the yield of borinic acid,
39.9%. This can be compared to experiments in which the Grignard reagent was
added to an ethereal solution of methyl borate under exactly comparable conditions
yielding 53.3% of boronic acid and 18.29, of borinic acid (Table IV).

The inverse procedure of adding the Grignard reagent to the borate ester gives
the condition of always having excess methyl borate present, which by mass action
would be expected to reduce the effect of the reaction of phenylmagnesium bromide
with dimethyl benzeneboronate. This is undoubtedly partly true. However, the
acidity of methyl borate is well known, and a competitive equilibrium for the base,
magnesium methoxybromide, Mg(OCH;)Br, between dimethyl benzeneboronate and
methyl borate would be expected (Equation 11).

OCHs CHO, OCH; | OCH,
OCH, CH,O OCH, OCH,
(11)

Thus, an excess of methyl borate by mass action tends to drive Equation 8 to the right
and tends to prevent formation of methyl dibenzeneborinate (Equation 10), but it
also provides for the formation of dimethyl benzeneboronate.

This suggested that the reaction of a Grignard reagent with a borate ester should
be conducted in such a manner that there would never be an excess of either borate
ester or Grignard reagent; and if one of the two had to be in excess then it should be
the ester.

The authors investigated this a priori conclusion by adding methyl borate and
phenylmagnesium bromide in small stoichiometric increments to ether maintained at
the desired temperature. Figure 7 gives the variation of yield with temperature using
this method. At 0°C., a yield of 75.8%, of boronic acid was obtained with only a
trace of by-product borinic acid. This can be compared to an average run in which
the Grignard reagent was added to the methyl borate at 0°C. yielding 53.3%, of boronic
acid and 18.29, of borinic acid. In both cases the reactants were added as rapidly as
possible while a constant temperature was maintained.

Qualitatively, the authors concluded above that the equilibrium represented by
Equation 8 is very rapidly attained. If the reaction were not reversible to some
extent, the incremental run cited should have given a quantitative yield because no
borinic acid was obtained. However, boron equivalent to 2569, of unreacted methyl
borate was found in the aqueous residue after extraction of the hydrolyzed reaction
mixture. This also suggested the possibility that the secondary reactions involving
formation of borinic acid and borane (resulting from excess methyl borate) act as a
driving force to prevent, in effect, reversal of Equation 8 during the usual inverse
Grignard reaction.

In one incremental run the reactants were added very slowly and the reaction
mixture was stirred for about an hour before hydrolysis. In this case the yield of
benzeneboronic acid was reduced to 63.5%, with a concurrent formation of 28.2%, of
borinic acid. This further suggests that the rate of reaction leading to the mono-
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phenyl tetracoordinate complex is much greater than the rate of formation of the
diphenyl and triphenyl tetracoordinate complex (Equations 10 and 16).

There is, however, an anomaly here; when the incremental method is used at
—60°C., followed by warming to, and hydrolysis at 0°C., a 99.5%, yield of boronic acid
was obtained (Table V and Figure 4, curve D). One would expect that the same
equilibrium would be established on warming, so that regardless of the reaction tem-
perature, some constant yield would be obtained. Apparently this is not the case.
A number of possible explanations exist. The tetracoordinate complex might crystal-
lize and the rate of solution be sufficiently slow to prevent reversal of the reaction
within the experimental time allowed. Also, the reacting species has been assumed
to be phenylmagnesium bromide. The Schlenk (84) equilibrium:

2RMgX == R:Mg + MgX, (12)

has not been considered in this discussion. For example, it is known that phenyl-
magnesium bromide 0.2178N in magnesium contains 319, of diphenylmagnesium at
—15°C,, and 359, at 35°C. This suggests the possibility that the reacting species is
actually phenylmagnesium bromide, and a higher concentration of this would then
be present at lower temperatures.

Unreacted Methyl Borate. Formation of Phenol, Benzene, and Dibenzeneborinic
Acid. In all runs made at 0°C., boron equivalent to about 209, of unreacted methyl
borate was found in the aqueous residue. The boron could arise in one of two ways
and in varying amounts depending on the quantity of benzene formed. These prod-
ucts partially arise through hydrolysis (workup) of unreacted Grignard reagent (27)
during the incremental method discussed above. However, during the addition of the
Grignard reagent to methyl borate, the unreacted methyl borate and benzene probably
arise, at least in part, as a result of other reactions described below.

The formation of dibenzeneborinic acid was discussed above as arising through
the reaction of dimethyl benzeneboronate and phenylmagnesium bromide.

The small amounts of phenol observed during the high temperature runs prob-
ably did not result from oxidized Grignard reagent, as air was rigorously excluded from
the reactants and apparatus. However, no precautions were taken to keep air out
of the system during hydrolysis of the reaction mixture and subsequent extraction
steps. The phenol might have been formed by the oxidation of either dibenzeneborinic
acid (Equation 13) or more probably, by the oxidation of triphenyl borane with lib-
eration of phenol upon subsequent hydrolysis (Equation 14).

, OH
BOH + 30, + H0 — B\ + @ou (13)
2 OH
OH
@ B + 0, + 2H,0 —> @—E{ + 2©OH (14)
3 OH

The fact that more phenol is apparently formed in the high temperature runs in
which the yield of triphenyl borane would be higher, suggests that the oxidation of
borane is the source of the phenol. Letsinger and Skoog (52) observed that a rela-
tively large amount of triphenyl borane was obtained when the reaction of phenylmag-
nesium bromide and isobutyl borate proceeded at reflux, but only a small quantity was
obtained at a reaction temperature of —70°C.

As triphenyl borane reacts with hot water, the presence of borane could also account
for at least part of the benzene obtained (Equation 17).

Torssell (79) (Equation 16) has shown that the esters of borinic acids react with
Grignard reagents to form boranes. If one assumes again that there must be an initial
dissociation of the diphenyl-tetracoordinate complex (Equation 15) then the arguments
given above for dimethyl benzenehoronate would hold here also.
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/OCH3
MgBr* —> B—OCH, + Mg(OCH,)Br (15)

al
o
,

B—OCH, + @—Mg Br —> _‘3’\
OCH,
9 o

(@B cron A (T) <®m an

2

3@—»193.» + (Me0);B —> <®—>B + 3Mg(ome)Br (18
3

The over-all equation for the formation of triphenyl borane (Equation 18) indi-
cates that 3 moles of phenylmagnesium bromide react with 1 mole of methyl borate.
However, the reactants are mixed in a 1 to 1 molar ratio for the formation of benzene-
boronic acid. Thus, if there is any borinic acid or borane formed, then there will be
unreacted methyl borate at the end of the reaction, and when the reaction mixture is
hydrolyzed, and neutralized, methyl borate equivalent to the borinic acid and borane
formed is hydrolyzed to methanol and boric acid.

Dibenzeneborinic acid is probably stable under the hydrolysis and neutralization
conditions used. Therefore, at least part of the benzene probably arises through the
cleavage of triphenyl borane to yield dibenzeneborinic acid and benzene (Equation 17).
This is significant, because triphenyl borane, which is known to be formed at higher
temperatures but which would not be observed or isolated under the experimental
conditions, could account for at least part of the benzene, phenol, and boric acid
equivalent to unreacted methyl borate. As was pointed out above, the Lewis acidity
and hence the stability of the tetracoordinate boronate anion probably increase with
the number of phenyl groups. Thus, the equilibria (Equations 10 and 16) are prob-
ably not reversible to any great extent, and once conditions arise which promote the
formation of trivalent boron compounds such as dimethyl benzeneboronate (Equation
9) and methyl dibenzeneborinate (Equation 15), the yield of boronic acid is limited.

A study of the steric effects and electronic effects on the formation and stability
of the tetracoordinate boronate anion (I) will be reported in a subsequent publication.

MgBr*  (16)

Reactions and Uses of Benzeneboronic Acid

Benzeneboronic acid is such a versatile chemical intermediate that a brief discus-
sion of the products that can be derived from it is in order. More general information
about organoboron chemistry can be found in a recent review by Lappert (50).

Branch and Yabroff (7, 87) found that benzeneboronic acid formed crystalline
amine adducts (III) with diethylamine, triethylamine, propylamine, pyridine, and
piperidine.
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Orre10)
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They found that acetonitrile, benzonitrile, phenylacetonitrile, aniline, diphenylamine,
acetic anhydride, and sodium acetylacetonate did not form stable addition compounds
with benzeneboronic acid.

Dehydration. Benzeneboronic acid is easily dehydrated to the anhydride. The
reaction was discussed above.

Nitration. The nitration of benzeneboronic acid was first reported by Ainley and
Challenger (2). With sulfuric-nitric acids above —10°C. they observed considerable
charring, but at —20°C. a 709, yield of m-nitrobenzeneboronic acid was obtained.
Seaman and Johnson (71) found that nitration with fuming nitric acid at —15°C.
gave 709, of m-nitro- and 10%, of o-nitrobenzeneboronic acid, but nitration with excess
fuming nitric acid in acetic anhydride at —15°C. gave 609, of o-nitro- and 29, of
p-nitrobenzeneboronic acid. A small amount of nitrobenzene was always formed,
and at higher temperatures, nitrobenzene and boric acid were the sole products.

Reduction of Nitrobenzeneboronic Acids. Seaman and Johnson (71) obtained
44 to 489, vields of m-aminobenzeneboronic acid by reduction of the nitro compound
with ferrous hydroxide. Attempts to isolate the o-amino compound or its acetyl
derivative yielded benzeneboronic acid instead; however, the benzoyl derivative was
isolated in 379, yield from the reaction mixture. Subsequently, Bean and Johnson
(3) obtained m-amino- and o-aminobenzeneboronic acid in 85 to 90 and 249, yields,
respectively, by catalytic reduction of the nitro compounds.

Snyder and Weaver (74) have reported the preparation and in sitw use of
m-diethylaminobenzeneboronic acid by reduction of the nitro compound in the presence
of acetaldehyde.

Diazotization of Aminobenzeneboronic Acid. Bean and Johnson (3) reported
the preparation of m-hydroxybenzeneboronic acid in an over-all yield of 309, based
on m-nitrobenzeneboronic acid (Equation 19).

NO.NOz
BOH),  pt,H, B(OH),  H,SO0, B(OH),
? —2° c (19)
NO, NH, OH

The m-hydroxy compound has also been prepared by Snyder and his coworkers
(73-76).

Diazo-coupling Reactions of m-Hydroxy-, m-Amino-, and m-Diethylamino-
benzeneboronic Acids. Snyder and his coworkers (73-76) have prepared a number
of very interesting compounds using m-hydroxy-, m-amino-, and m-diethylaminobenzene-
boronic acid as starting materials. In all cases the boronic acid couples para to the
amino or hydroxy function. For example, addition of benzidine tetrazonium chloride
solution to m-hydroxybenzeneboronic acid gave 4,4’-bis-(2-borono-4-hydroxy-
benzeneazo)-biphenyl (IV) in 699, yield.

HO N=NN=N OH

B(OH), B(OH),
v
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Many other examples of this coupling reaction are given by Snyder and coworkers
(73-76).

Kuivila (43) reported that m-iodobenzeneboronic acid could not be prepared from
the diazonium salt and cuprous iodide. This confirms the findings of Snyder and
coworkers and Ainley and Challenger (2) that cuprous salts cause cleavage of the
boron-carbon bond.

Esterification of Benzeneboronic Acid and Reactions of Boronate Esters. Esters
of benzeneboronic acid were obtained by Khotinsky and Melamed (35) in unstated
yields as intermediates in the preparation of benzeneboronic acid from phenyl-
magnesium bromide and borate esters. However, Brindley, Gerrard, and Lappert
(9) found this procedure unsatisfactory. They preferred to esterify the boronic acid
or anhydride by removing water of reaction by azeotropic distillation. The azeotropic
procedure of Dupire (24) was used by Torssell (79-81) for the preparation of dimethyl
benzeneboronate.

Di-tert-butyl benzeneboronate was best prepared from benzeneboronyl dichloride
and tert-butyl alcohol in the presence of pyridine (9, 11). Esters of benzeneboronic
acid generally undergo facile hydrolysis and alcoholysis with higher alcohols. Both
reactions apparently involve cleavage of a boron-oxygen bond, because hydrolysis of
di-(+)-2-methylheptyl benzeneboronate afforded (+4)-2-octanol. Also, neopentyl
alcohol was recovered unchanged from the hydrolysis of dineopentyl benzeneboronate
(11) [ef. Scattergood, Miller, and Gammon (67)].

The diethanolamine ester of benzeneboronic acid (V) is not hydrolyzed by water
(52, 62). This probably results from the coordination of the amine nitrogen with
boron [cf. Brown and Fletcher (13)].

CH;CH,

o |
@—B(—NH
{ |

\
V

Esters of benzeneboronic acid react with Grignard reagents to give excellent yields of
unsymmetrical diareneborinates (51, 53, 79, 80).

Brindley, Gerrard, and Lappert (10) have discussed the reaction of boronate
esters with boron and hydrogen halides. In general, boron halides react with boronate
esters according to Equation 20.

/OR OR Cl

BCl3.. / BCls /

e W e K W S
OR c1 C1

The reaction of hydrogen bromide with di-(+)-2-methylheptyl benzeneboronate gave
(—)-2-bromo-octane.

Kuivila, Keough, and Soboczenski (46) prepared esters of benzeneboronic acid
and polyhydroxy compounds in 57 to 969, yields by mixing hot saturated solutions
of mannitol, sorbitol, catechol, pinacol, pentaerythritol, diethyl-p-tartrate, and cis-
indan-1,2-diol, and the boronic acid.

Conversion of Benzeneboronic Acid to Benzeneboronyl Dichloride. Schupp
and Brown (70) reported the preparation of benzeneboronyl dichloride in approxi-
mately 509, yields from the reaction of boron trichloride and benzeneboronic acid
anhydride (Equation 21).

<©-> B0, + 2BCl, —> 3.<i>—ac12 + B,0, (21
3

Nm” N\
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This reaction has also been investigated by Abel, Dandegaonker, Gerrard, and Lappert
(1) who found that boron trifluoride did not react analogously.

Schupp and Brown (70) proposed the structural formula VI for the reaction
product of benzeneboronyl dichloride and o-phenylenediamine.

H
N
CU)
N/
N
VI

Brindley, Gerrard, and Lappert (1) have shown that benzeneboronyl dichloride
reacts with alcohols to give intermediate products exemplified by VII.

Corgron

a
VII

These authors also reported a stable complex (VIII) formed between pyridine and

benzeneboronyl dichloride.
e
—B:N
@ LN\ /
Cl

VIII

Cleavage of the Boron-Carbon Bond in Benzeneboronic Acid. Michaelis and
Becker (58) observed that phenylmercuric chloride was obtained when benzeneboronic
acid was treated with an aqueous solution of mercuric chloride. This reaction also
proceeds with the bromide (2) and has been used for the analysis of boron compounds
(29, 30, 35, 38) and mercury compounds (86).

Holzbecher (29, 30) has shown that a quantitative yield of diphenyl mercury was
obtained from the reaction of benzeneboronic acid and aqueous mercuric nitrate in
the presence of sodium acetate and that a quantitative yield of phenylmercuric iodide
was obtained when the reaction was allowed to proceed in the presence of potassium
iodide, ammonium nitrate, and ammonia.

Challenger and Parker (22) found that thallic chloride and bromide react in hot
aqueous solution with benzeneboronic acid, yielding, according to the proportion of
boronic acid used, mono- or diphenylthallium halides. These results were confirmed
by Mel’'nikov and Robitskaya (57).

Michaelis and Becker (59) reported the formation of a “silver mirror” and benzene
when benzeneboronic acid was warmed with ammoniacal silver nitrate. Seaman and
Johnson (71) and Bean and Johnson (3) used the reaction to remove the boronic
acid group for purposes of identifying substituted benzeneboronic acids. The re-
action was formulated not as a reduction but as a hydrolytic cleavage (Equation 22).
The hydrolytic cleavage has been confirmed (33).

Ag(NH3)+
CH,B(OH), + 1:0 22N ¢ H, + H,BO, (22)

Ainley and Challenger (2) investigated a number of cleavage reactions of benzene-
boronic acid. The boronic acid was found to react readily with chlorine or bromine
water to give chloro- or bromobenzene (Equations 23 and 24).

CeH;B(OH), + Cl; + HOH — C¢H;Cl + HCl + H;BO; (23)
C¢H;B(OH); + Br, + HOH — C¢H;Br + HBr 4 H;BO; (24)
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The reaction with bromine water has been used as a rapid method for determining
boron in aromatic organoboron compounds; the results are said to be accurate to
within 0.19, boron (56).

The electrophilic displacement of the boronic acid group has been investigated
kinetically in a series of excellent papers by Kuivila and his coworkers (43-45, 47).
They have shown that the mechanism involves the rapid and reversible formation of
a tetracoordinate boronate anion (II) from benzeneboronic acid and solvent, HS, which

/OH
€ =[O
OH

II

then reacts with molecular bromine by way of the discrete intermediate IX in the rate-

determining step.
B(OH),
(X
Br

IX

Todine in excess potassium hydroxide reacts with benzeneboronic acid to give
iodobenzene (2, see also 49). Phenol and boric acid are obtained from the
reaction of benzeneboronic acid and aqueous hydrogen peroxide (Equation 25) (2, 41,

42, 48, 55).
@B(OH)Z + H0, —> @on + H,B0, (25)

The kinetics (41, 42, 48) for this reaction indicate that there are two ionic mechanisms
acting: both are first order in peroxide; one is first order and the other is second
order in boronic acid. The reaction is catalyzed by many polyhydroxy compounds,
exhibits a positive salt effect, and has the characteristics of first-order specific lyate
ion catalysis. These facts are satisfied by the following mechanism:

OH
—OH| + H*

n—m—

(I)H ‘ (I)H - K (I)H
1 2
B—OH + HOO® —~— B—OH —_— B—OH| + OH~
k_p (l) slow ( (I) R

Y
b

OH
OH
fast |
H,B0, + OH <— 0—B—OH
2

Hot aqueous solutions of cupric chloride and bromide react with benzeneboronic
acid to give good yields of chloro- and bromobenzene (Equations 26 and 27), whereas

@B(OH), + 2CuCl, + H,0 —> @—m + CuCl, + HCl + H,B0,
(26)

BOH, + 2CuBr, + H0 —> @—Br + Cu,Br, + HBr + H,B0,
20
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hot aqueous cupric sulfate gives benzene, diphenyl, and phenol (2). Benzonitrile is
obtained in low yield from a hot mixture of cupric sulfate, potassium cyanide, and
benzeneboronic acid.

Water at 140°C. for 40 hours or hot 50%, sodium hydroxide was found to cleave
benzeneboronic acid yielding benzene (2). The reaction of benzeneboronic acid with
water is catalyzed by zinc and cadmium halides. Beryllium, magnesium, and calcium
salts do not react (2).

Formation of Polymers from Benzeneboronic Acid. Salzberg and Signaigo (66)
have described polymers formed from high viscosity poly(vinyl alecohol) and benzene-
boronic acid having the probable structure X.

— C;—i—CI—jz—?H—CHz—

0 0
\B/

n

X

The films made from this material are said to be very tough.

Aqueous dispersions of poly(vinyl borate) formed by mixing dilute poly(vinyl
alcohol) with boric acid solution, react in the same way toward iodine as do amylose
solutions by giving a strong absorption band at 670 my. Under similar conditions,
poly (vinyl benzeneboronate) dispersion does not give a color reaction (85).

Upson (83) has described polymeric products derived from diphenylsilane
and benzeneboronic acid, having the proposed structure XI. These materials are

XI

said to give clear, transparent films and can be drawn into fibers. A similar
material has been described by Hizawa and Nojimoto (28). It was claimed to give an
electrically insulating film when baked on a copper plate.

Upson (82, 84) has also described polymeric N-boroureas (XII) prepared from
hexamethylene diureas and N-boroamides derived from hexamethylene diisocyanates
and benzeneboronic acid.

—B—NHC—NH(CH)NHG—NH—
n

XII

Miscellaneous Uses of Benzeneboronic Acid. It has been claimed (54) that
di- (carboethoxyundecyl)-benzeneboronate greatly improves film strength and extreme
pressure characteristics of lubricating oils.
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Michaelis and Becker (58, 69) reported that benzeneboronic acid was toxic toward
microorganisms and relatively nontoxic toward higher animals.

Seaman and Johnson (71) and Bean and Johnson (3) investigated the bacterio-
static effects of a number of areneboronic acids upon Staphylococcus aureus. In
general, benzeneboronic acid was found to be only slightly effective, but Brown and
coworkers (12) considered benzeneboronic acid as highly toxic. They tested a
number of compounds against laboratory-reared larvae of the housefly (M. domestica),
the confused flour beetle (T. confusum), the Mediterranean flour moth (E. Kuehniella),
and adults of the granery weevil (S. granarius). These results were:

Musca Sitophilus Tribolium Ephestia
LCs,%  LCy LCyw»  LCy LCxw  LCy« LCxw  LCw
700 1450 102 305 50 450 150 270

Beran, Prey, and Béhm (4) also found benzeneboronic acid to be a good insecticide
when tested against Calandra granaria, Tenebrio molitor, Musca domestica, and
Carausius morosus.

Benzeneboronic acid has bacteriostatic action equal to phenol when tested against
Staphylococcus aureus (cf. 3) and Escherichia coli while the bactericidal action is
less than phenol (20). The sodium salt of benzeneboronic acid is said to be a poison
to the respiratory system, but does not affect the heart (19). The lethal dose of
the sodium salf for dogs was 0.4 gram per kg. weight (21). The lethal dose of the acid
was reported as 560 mg. per kg. intraperitoneally in the mouse and 284 mg. per kg.
in the guinea pig. The intravenous lethal dose in the dog was 450 mg. per kg. (21).

Caujolle and his coworkers have also found that benzeneboronic acid has a
definite effect on the germination of seeds and on the root growth of plants (15-18).
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Preparation, Properties, and Uses
of Borate Esters

ROBERT M. WASHBURN, ERNEST LEVENS, CHARLES F. ALBRIGHT, and FRANKLIN A. BILLIG

Research Department, American Potash & Chemical Corp., Whittier, Calif.

The esters of orthoboric acid, although known for
more than 100 years (58), have only recently become
commercially available. This paper presents process
development data; the synthesis and properties of a
new series of hydrolytically stable borates; the varia-
tion in boiling point, density, index of refraction, and
viscosity with temperature; a summary of reactions
and uses; and physical evidence that tetracoordinate
boron is involved in the reactions of borate esters.

A number of methods for preparing borate esters have been described. They in-
clude: reaction of an alcohol (or phenol) with boron trichloride (48, 134) (Equation
1); boron acetate (3, 146) (Equation 2); boric acid (47, 149) (Equation 3); boron
oxide (188) (Equation 4); or sodium borohydride (36) (Equation 5); and trans-
esterification with a lower boiling borate ester (170, 204) (Equation 6). When water
is a product of the esterification, it has been removed by azeotropic distillation with
an excess of the aleohol (14, 92, 16/) or an inert medium (149); or by dehydration
with sulfuric acid (45, 197), copper sulfate (66, 93), or boron oxide (120, 126, 172,
197) (Equation 7).

3ROH + BCl; — (RO);B + 3HCI (1)

6ROH + (CH;C00):B,0 — 2(RO);B + 4CH,COOH + H,0 2)
3ROH + H,;BO; — (RO);B + 3H,0 3)

6ROH + B,0; — 2(RO):B + 3H,0 4)

3ROH + NaBH, + H+* — (RO);B + 4H, + Na*+ (5)
3ROH + (R'0);B — 3(R0);B + 3R'OH (6)
3ROH + B,0; — (RO);B + H;BO; )

Stanley (180) has claimed the preparation of borate esters as an intermediate step
in the conversion of alkylenes into alcohols. The alkylene is converted to the alkyl
sulfate, alkyl phosphate, or alkaryl sulfonate by absorption into acid or acid ester;
the borate ester formed on subsequent reaction with boric acid is then distilled and
hydrolyzed to the alcohol:

3S0,(0Et), + H;BO; — 350,(0OEt)OH + (EtO),B

lﬂ, 3H.S0, + (EtO);B (8)
129
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Barnes and coworkers (15) recently claimed the production of methyl, ethyl,
propyl, and butyl borates by reaction of boron trifluoride etherate with the alcohol
and sodium alcoholate:

BF:g: O(Csz)z + 3NaOCH3 + CH3OH nd [B(OCHs)a + CH;;OH] + 3N8F + (Csz)zO (9)
azeotrope

In general, attempts to prepare mixed borate esters of monohydroxy compounds
result in disproportionation to the corresponding symmetrical esters (47, 48, 170, 188).
Mizxed esters have, however, been synthesized by use of a polyhydric alcohol (ethylene
glycol) or phenol (catechol) in conjunction with a monoalcohol to give the cyeclic
products, I and II (118, 188):

OCH,

VN

/

ROB R()B<

\ L (),,

OCH, v
1T

I

The simple borates of polyhydric alecohols have been described (3, 49, 146, 151,
170). The effectiveness of certain polyhydric alcohols (mannitol, glycerol) used in
the standard alkaline titration of boric acid has been attributed by Boeseken (23, 26,
27) to the formation in water of strong acids in which the esterified boron atom has
become tetracoordinate (III):

| 1
HCO OCH

] \B/ l -
cho/ \0 IH
III

The tetrahedral structure of boron in esters of cis-dihydroxy compounds was es-
tablished by resolution of boron bis-(y-chlorocatechol) and of boron bis-(3-nitrocate-
chol), each into two optically active forms. Similarly, the borosalicylate ion and the
a-hydroxybutyrate derivative were found to be optically active (23-25). On the
other hand, catechol borate, prepared by melting together catechol and boron oxide,
was assigned the structure (IV):

N
NP0
/B 0] B\ H

—O0 ()v»\/
v

Although the ester is hydrolyzed by water, the salts are stable (165-167). This
suggests that borates having trigonal coplanar boron are formed under anhydrous con-
ditions, while borates having tetrahedral boron as the center of symmetry result when
water is present.

The unusually high resistance to hydrolysis of the alkanolamine borates and
aminoethyl diarylborinates has been attributed to the tetrahedral configuration of
boron in a tryptich structure resulting from the transannular coordination of a pair
of electrons on the nitrogen atom with the open sextet on the boron (35, 62, 119,
181). That triisopropanolamine borate is considerably more hydrolysis-resistant than
triethanolamine borate (181) may result from the additional steric effect in the former.

The polyfunctionality of boric acid (or boron oxide) and the polyhydroxy com-
pounds readily leads to the formation of condensation polymers and copolymers.
Several patents describing such materials are listed in Table XIX.

‘/\‘—o 0—
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Figure 1. Apparatus for laboratory study
of azeotropic distillation method
A. 1liter flask

B. Vigreux column
C. Water-cooled azeotrope decanter

The only partially esterified boric acid [ROB(OH),] which has been reported is
1-methyl boric acid (142). Scattergood, Miller, and Gammon (164) and Steinberg
and Hunter (181) have suggested that the partially esterified boric acids occur as
intermediates in the stepwise hydrolysis of the fully esterified compounds. Gerrard
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VARIABLE TAKE-OFF)’
TOTAL CONDENSATION HEAD

THERMOMETER

)
( B
915 mm.
J U~
x
THERMOMETER
WELL

<——= -22-I. STILL POT

HEATING MANTLE

Figure 2. Apparatus for large-scale laboratory azeotropic distillation

and Lappert (73) postulated a similar mechanism for the dealkylation of the triesters
by hydrogen halides, although no evidence for the intermediate dealkylated forms was
found. The magnesium, aluminum, calcium, barium, tin, and chromium salts of many
mono- and disubstituted alkoxy and aryloxy boric acids have been claimed in patents

(44, 54).

Process Development

In developing processes for the manufacture of various borate esters, the authors
have used azeotropic distillation (Method I, Equations 3 and 4); transesterification
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(Method II, Equation 6); or dehydration with boron oxide (Method III, Equation 7).

The relative efficiencies in Method I of boric acid vs. boron oxide and of a variety
of azeotropic media were investigated in a series of standard experiments using the
apparatus shown in Figure 1. The water-cooled trap (designed by the authors; con-
structed by Stanford Glassblowing Laboratories, Palo Alto, Calif.) was much more
satisfactory for separating the azeotropes than the commonly used Dean-Stark trap.
The alcohol (used as received) and the stoichiometric amount of boron compound (boric
acid or boron oxide) were heated at a constant power input selected to give a moderate
boil-up rate (219 watts). An equal weight of reactants (500 grams) was used in each
case. The reaction was followed by measuring the amount of water collected in the
trap, and was terminated when approximately the theoretical amount had been removed.
The ester was purified by stripping the azeotropic medium at atmospheric pressure, re-
moving any unreacted alecohol under moderate vacuum (aspirator), then distilling
through a short Vigreux or packed column at about 5 mm. (methyl and ethyl borate
form azeotropes; isopropyl borate requires efficient fractionation to obtain good separa-
tion from the alcohol). Larger-scale laboratory preparations were conducted in the
apparatus shown in Figure 2.

Typical curves of the progress of the standard reactions are given in Figure 3.
The rate of formation is taken as the slope of the least squares line calculated for the
initial linear portion of the plot of ester formed (based on water collected) vs. reaction
time. Mono-olefins (Table I) give faster rates of ester formation of the aliphatic

Table I.  Comparison of Effect of Azeotropic Medium
on Rate of Ester Formation
(Standard reaction with B:0s)

Rate, Moles/Hour

Weight % Hz0

Azeotropic in Binary n-Butyl n-Dodecyl
edium Azeotropee borate borate
1-Butanol® 42.5 1.12 —
1-Dodecanol¢ — — 1.56
Benzened 8.83 2.21 1.45
Xylene* 35.8 — 1.47
Diisobutylenef 13.0 2.56 2.16
1-Octene? 34.7 2.78 2.01
Tripropylenet 28.6 2.58 1.74
Tetrapropylene? 66.0 2.48 1.74

@ Azeotrgae data for butanol, benzene, and xylene from (87).

b Union Carbide Chemicals Corp.

¢ Aceto Chemical Co.

4 Baker and Adamson.

¢ Phillips Petroleum Co.; mixture of meta- and para-isomers.

7 Atlantic Refining Co.; approximately 4:1 mixture of 2,4,4-trimethyl-1-
pentene and 2,4,4-trimethyl-2-pentene.

¢ Matheson, Coleman and Bell.
% 4 Enjay Co.; mixture of mono-olefins: 33 vol. % Cs, 50 vol. % Cs, 17 vol.

o Cro.

¢ Enjay Co.; mixture of mono-olefins.

borates than does an excess of the alcohol or the common aromatic azeotropic media;
boron oxide (Table IT) reacts faster than boric acid. For aromatic borates, the mono-
olefins are also more effective, although here boric acid seems to be a better boron
source than boron oxide.

Table I shows that the higher efficiency of the olefins relative to the other media
is not related to the amount of water in the corresponding binary azeotrope. Al-
though the matter was not studied in detail, a brief investigation of the minimum-
boiling ternary azeotrope, diisobutylene-butanol-water (Table III), demonstrated that
a substantial amount of the alcohol is carried over; the olefin and alcohol are, of
course, returned to the system when the cooled distillate is decanted. The composi-
tion of the ternary azeotrope was obtained by distillation of a mixture of the com-
ponents, removal of water from the total distillate with potassium carbonate, and infra-
red analysis of the organic layer. The amount of water remaining in the organic layer
was found by Karl Fischer titration.
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Figure 3. Comparison of rates of n-butyl borate formation

with boron oxide and boric

A comparison was also made, on a

acid by azeotropic distillation

1-liter scale, of the azeotropic distillation

(Method I) and transesterification (Method II) processes for the preparation of a

technical grade of the aliphatic borates.

The compounds included in the comparison

were the nm-butyl, cyclohexyl, 2-ethylhexyl, 2,6,8-trimethyl-4-nonyl, and 2-methyl-7-

Table II.

Alcohol
1-Butanol®

2-Ethylhexanol®

2-Methyl-2 pentanol®

2-Methyl-7-ethyl-4-undecanol®

1-Dodecanol¢

Comparison of Effect of Boron Oxide
and Boric Acid on Rate of Ester Formation
(Standard reaction with diisobutylene)

Boron Rate, Moles/Hour
Alcohol, Compound,

Moles Moles B20se HiBOse
5.83 0.971 2.56 —_
5.27 1.76 — 1.45
3.52 0.586 2.57 —
3.31 1.10 — 1.75
4.39 0.731 2.03 —
4.07 1.36 — 1.50
2.20 0.367 1.88 —
2.12 0.708 — 1.18
2.52 0.420 2.16 —
2.41 0.804 - 1.30

s American Potash & Chemical Corp.
5 Union Carbide Chemicals Corp.
¢ Aceto Chemical Co.

ethyl-4-undecyl borates. In the azeotropic distillation study, diisobutylene was used
as the inert medium; in the transesterification experiment, isopropyl borate was used
as the exchange ester. For both sets of experiments, the apparatus was similar to
that shown in Figure 1, except that the flask had an extra neck for the withdrawal of

Phase
Organic
Water

Azeotrope

Table 1ll. Composition of Diisobutylene-
Butanol-Water Azeotrope

Weight %
Water 1-Butanol Diisobutylene Total
0.3 9.2 77.9 87.4
12.3 0.3 -— 12.6
12.6 9.5 77.9 100.0



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch012

WASHBURN, LEVENS, ALBRIGHT, AND BILLIG—BORATE ESTERS 135

samples and a column (45 X 2.54 cm.) packed with 0.24-inch protruded stainless steel
packing (Scientific Development Corp., State College, Pa.) was used. In the trans-
esterification experiments the azeotrope trap was replaced by a Whitmore-Lux column
head (202) manually set at a reflux ratio of approximately 4 to 1.

When the reactions were completed, as indicated by collection of approximately
the theoretical amount of water or 2-propanol, the column was replaced by a Claisen
head and ice-cooled receiver, and the reaction mixture was stripped at atmospheric
pressure to a maximum of 250°C. Samples were withdrawn from the pot at intervals
without interrupting the distillation. The same procedure was then repeated on each
reaction mixture at 20 and 5 mm. Typical data relating to the boron and alcohol
content to the stripping operation are shown for butyl borate in Table IV.

Table IV. Relation of Boron and Alcohol Content
of Tri(n-butyl) Borate to Stripping Temperature
at Atmospheric Pressure

Pot Temp., Boron, Alcohol, Ester, %
°C. % 0 (on Boron)
Azeotropic Distillation Method
125 3.11 21.8 66.2
130 3.51 20.4 74.7
150 4.28 7.7 91.1
175 4.48 3.5 95.3
200 4.55 2.5 96.8
225 4.63 0.9 98.5
235 4.66 0.3 99.2
Transesterification Method
175 4.55 5.2 96.8
200 4.57 2.4 97.2
225 4.66 1.4 99.2
250 4.68 0.1 99.6

On the basis of the information thus obtained, a new run was made for each
ester under process conditions selected to provide products of high purity in good
yield. With butyl borate as an example, the stoichiometry and reaction conditions
and material balances for the two methods being compared are shown in Tables
V, VI, and VII. A summary of the results obtained with the various esters by both
preparative methods is given in Table VIII.

Table V. Stoichiometry and Reaction Conditions
for Preparation of Tri(n-butyl) Borate by
Azeotropic Distillation under Selected Conditions

Reactants
Alcohol, grams 185.30 (2.5 moles)
Boron oxide, grams 29.25 (0.42 mole)
Water removed
Pot temp., °C. 99-114
Head temp., °C. 81-98
Heating time to remove water, hr. 0.33
Water removed, ml. (theory 22.7) 22.2
Azeotropic medium recovered (diisobutylene)
Pot temp., °C. 113-122
Head temp., °C. 100-107
Pressure, mm. Hg 760
Heating time, hr. 0.2
DIB recovered, ml. 176
Boron, %, 0.06
Products
Pot temp., °C. (sampled) 227
Pressure, mm. Hg 760
Boron, % (theory 4.70) 4.67
Alcohol, % 2.8
Total heating time for reaction, hr. 1.33
Yield
rams (theory 191.7) 190

0 99.1
Purity (% ester)

Based on boron content 99.4
Based on alcohol content 97.2
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Table VI. Stoichiometry and Reaction Conditions
for Preparation of Tri(n-butyl) Borate by
Transesterification under Selected Conditions

Reactants
Alcohol, grams 185.30 (2.5 moles)
Isopropyl borate, grams 156.66 (0.83 mole)
Alcohol removed
Pot temp., °C. 103-126
Head temp., °C. 81-106
Heating time to remove alcohol, hr. 0.75
Alcohol remove
MIL. (theory 191.4) 193
Grams 150.1
Boron, % 0.02
Products
Pot temp., °C. (sampled) 232
Pressure, mm. Hg 760
Boron, %, (theory 4.70) 4.69
Alcohol, %, 0.55
Total heating time for reaction, hr. 3.27
Yield
Grams (theory 191.7) 189.2
% 98.7
Purity (9, ester)
Based on boron content 99.8
Based on alcohol content 99.4

Table VII. Materials Balance for Preparation of
Tri(n-butyl) Borate

Azeotropic .
Distillatione Transesterification®
Materials in, grams

Alcohol 185.30 185.30
Boron oxide 29.25 —
Diisobutylene 128.00 —
Isopropyl borate — 156.66
Total 243.55 341.96

Materials out, grams
Water 22.20 —
Diisobutylene 126.82 —
Isopropyl alcohol — 150.10
Ester 190.00 189.21
Total 339.02 339.31
Loss, grams 3.53 2.65
Loss, %, 1.03 0.78

@ Operating conditions shown in Table V.
b Operating conditions shown in Table VI.

Table VIIl. Comparison of Azeotropic Distillation and Transesterification Methods
for the Preparation of Aliphatic Borate Esters

(Technical grade)

Yield, %¢ Ester Purity, %
Azeotropic Transester- Basis of Azeotropic Transester-
Borate Ester distillation ification calculation distillation ification
Butyl 99.1 98.7 Boron 99.4 99.8
Alcohol 97.2 99.4
Cyclohexyl 102.0 98.0 Boron 99.7 98.6
Alcohol 97.6 97.8
2-Ethylhexyl 101.7 99.4 Boron 99.3 101.1
Alcohol 97.3 100.0
2,6,8-Trimethyl-4-nonyl 99.8 100.1 Boron 99.0 98.4
Alcohol 92.3 97.3
7-Ethyl-2-methyl-4-undecyl 101.3 101.2 Boron 99.4 101.2
Alcohol 93.1 98.8

® Not adjusted for alcohol content.
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It may be concluded that technical grades of borate esters having better than
909, purity (based on alcohol content) can be prepared in good yield (> 90%) by
either azeotropic distillation or transesterification. Process flow diagrams illustrating
both methods are shown for technical grade n-butyl borate (Figures 4 and 5).

—— e - - = - ———— = — - - —

-
]
[}
1

-
}
1 —oi8
= . DECANTER FRACTIONATION
: —— COLUMN
! Ha0 118.39 Ib.
: DIB-H0 (14.20gal.) ALCONOL
\ AZEOTROPE
4519 Ib. Y DIB
(75.82 gal.) g FLASH
B,0, 15.27 Ib. PRODUCT
—l REACTOR - STILL = 100 Ib.
ALCOHOL 97.49 Ib. (14.06gal.)
(14.34 gal.)

Figure 4. Flow diagram for batch preparation of n-butyl borate by azeotropic
distillation
DIB. Diisobutylene

ISOPROPYL ALCOHOL
79.361b. (12.02gal.)

FRACTIONATION
COLUMN
UNREACTED
ISOPROPYL BORATE <
| 1—BUTANOL
Y
ISOPROPYL BORATE
82.79 Ib. (11.99gal) .| FLASH
ALCOHOL REACTOR STILL - PRODUCT
> 100 Ib.
97.88 1b. (14.39gal.)

Figure 5. Flow diagram for batch prep=ration of n-butyl borate by transesterification

A similar process flow diagram for the previously reported continuous preparation
of isopropyl borate (120) by Method III (dehydration with boron oxide) is given
in Figure 6.

Borates of Polyhydric Compounds

Although catechol borate (IV), when prepared in an anhydrous medium, is
hydrolyzed by water, its salts are stable (65, 165-167). The authors have synthesized
sodium catechol borate monohydrate (formulated most simply as shown in Equation
10) by direct reaction of catechol (1.33 moles), borax (0.333 mole), and aqueous
sodium hydroxide (0.665 mole):

/N—OH N0
4 + Na;Bi0;-10H;0 + 2NaOH — 4 >BONa~HzO + 14H;0 (10)
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Figure 6. Flow diagram for continuous preparation of isopropyl borate by boric acid
precipitation

After the reactants had been heated to 84°C., then cooled, the solids were removed
by filtration and washed with ethyl alcohol to yield 217 grams (92.3%) of gray,
shiny plates. Analysis of the vacuum-dried product gave:
Calculated for CgHgO,BNa. Na, 13.08; B, 6.14
Found. Na, 1297; B, 6.13
A number of viscous to glassy polymeric borates were briefly investigated to
determine qualitatively the effect of cross linking on resistance to hydrolysis. As ex-
amples, boric acid, ethylene glycol, and phenol in a mole ratio of 1 to 2 to 0.3 gave a
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product which was viscous when hot and hard when cooled; a mole ratio of 1 to 2 to 1
yielded a material which was tacky at room temperature:

H;BO; + HOCH,CH,OH + C:H:0H —H—O-> —CH20H20—113—O—:| (11)
— 2
6CGH5 n
Reaction of boric acid and ethylene glycol alone resulted in a tacky product. These
ethylene glycol borates were readily hydrolyzed by water. In contrast, the glassy

copolymers obtained from the reaction of boric acid and maleic anhydride with
glycerol and with pentaerythritol were only slowly attacked by water.

2,6-Di-tert-butylphenyl Borates

The authors have prepared a series of new, hydrolysis-resistant, mixed borate
esters of 2,6-di-tert-butylphenols by the transesterification reaction (Method II):

C4Hg (tert) IC4H9 (tert)
1e¥<_/¥(m + (R'O)B — 1{#< >—OB(OR"), + R'OH a2)
Cqu(tert) C4H9(t€1‘t)

These compounds, some physical constants for which are given in Table IX, are
of considerable interest because of the high steric hindrance involved. The starting

Table IX. 2,6-Di-tert-butylphenyl-dialkyl Borates

(EaHo(tert)
—~ »—0—B(OR/
R~ 1> O—B(OR/)2
1Ho(tert)
Compound BP. M.P.,
R R’ °C./Mm. °C.
H— Iso-CsHr— 80/0.5 —
CH,— Tso.CsHy— L 88-89
CHs;— n-CsHo— 140/0.6 —
CHr—s CH;—CH—CH;— 130-131/0.4 —
CH;
e
CH;—b CH;«CIH—CHZCH 153/0.5 —
CH
(tert) CsHy— Tso-CsHr— ? — 200-215

a dC = 0.9727 — 0.0007727 ¢.

niCe = 1.5004 — 0.0003794 ¢.

Viscosity (cs.)t°C. = 16966; 46.0%.2; 21,298,
b d5C = 0.9121 — 0.0001700 ¢.

nfCe = 1.4826 — 0.0003657 ¢.

Viscosity (cs.)t°C. = 521%.2; 208%.2; 85.515.0,

phenols do not undergo the usual phenolic reaction—to form the sodium phenate, for
example, it is necessary to use metallic sodium in liquid ammonia (183).

As an example of the hydrolysis resistance of the hindered esters, the 2,6-di-tert-
butyl-4-methylphenyl diisopropyl borate was recovered quantitatively after 8 hours’
reflux in 37.5%, aqueous acetone followed by storage in the mother liquor for 13 weeks;
no boron was found in the filtrate.

Details of the preparative methods for these compounds will be given in a sub-
sequent publication.

Physical Properties

The physical properties of a number of borate esters have been summarized by
Lappert (116) and by Steinberg and Hunter (181). Additional data have been
obtained for several borates on the variation with temperature of vapor pressure
(Tables X, XI), density (Table XII), refractive index (Table XIII), and viscosity
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Table X. Vapor Pressures of Borate Esters

Log pmm. = A — B/T

B.P., °C.
(Caled.),
Borate Ester A B 10 Mm.
Primary aliphatic
Methyls 8.1073 1785 68,3760
Ethyl® 8.4156 2167 118760
n-Butyl 8.3986 2804 106
2-Ethylhexyl 9.4290 4080 211
n-Octyl 8.4776 3682 219
n-Decyl 9.4317 4478¢ 258
n-Dodecyl 8.2793 4126 294
Secondary aliphatic
Isopropyl 8.1877 2190 140760
sec-Butyl 7.8840 2350 197760
Methylisobutylcarbinyl 8.2400 2833 118
2,6,8-Trimethyl-4-nonyl 8.4144 3585 210
2-Methyl- 7-ethy1-4-undecyl 8.1154 3791 260
Aromatic
0-Cresyl 9.0080 3883 212
Miscellaneous
2-Methoxyethyl 7.6396 2614 121
2-2’-Methoxyethoxyethyl 10.834 4457 180
Tri(hexyleneglycol) biborate 9.0910 3664 180
Tetrahydrofurfuryl borate 12.576 5466 199
e Values from (197).
b Reference reported log p = 8.8553 — —22;,)8'

¢ This value may be too low.

Table Xi.

Borate Ester
Di’usogropylcarbmyl
Diisobutylcarbinyl
Neopentyl glycol
Cyclohexyl
Phenyl
p-Cresylb
2,5-Dimethylphenyl
3,4-Dimethylphenyl
3,5-Dimethylphenyl
2,6-Dimethylphenyl
2,6-Diisopropylphenyl

a Uncorrected.

Melting Points of Solid Borate Esters

P, °C.e References
60.4-61.4 (164)
7-98 (181)
123-124 (164)
54-55 (198, 204)
89-91 (181, 204)
137-140 (116)
147-148 New compound
72-73 New compound
145-148 New compound
156-157 New compound
286-290 New compound

% Sample probably impure.

Table XII.
Borate Ester A
Primary aliphatic
Methyl 0.9578
Ethyl 0.8853
n-Propyl 0.8808
n-Butyl 0.8735
2-Ethylhexyl 0.8743
n-Octyl 0.8661
n-Decyl 0.8641
n-Dodecyl 0.8704
Secondary aliphatic
Isopropyl 0.8404
sec-Butyl 0.8495
Methylisobutylcarbinyl 0.8368
2,6, &Tnmethﬁl—ll-nonyl 0.8544
2-Methyl-7-ethyl-4-undecyl 0.8591
Aromatic
0-Cresyl 1.1037
m-Cresyl 1.0949
2, 4—D1methylphenyl 1.0711
Miscellaneous
Allyl 0.9400
2-Methoxyethyl 1.0508
2-2/- Methoxyethoxyethyl 1.0789
Cyclohexyl 0.9992
3,3 5-Tr1methylcyclohexyl 0.9249
Tetrahydroiurfuryl 1.1214

Densities of Borate Esters

& =4 - Bt
B X 104 d2 (Caled.)

13.62 0.9306
11.48 0.8623
12.89 0.8550
8.229 0.8570
7.553 0.8592
6.658 0.852

6.077 0.8519
7.654 0.8551
10.69 0.8190
9.043 0.8314
7.242 0.8223
7.393 0.8396
6.436 0.8462
7.515 1.0887
8.203 1.0784
7.063 1.0570
10.62 0.9188
10.29 1.0302
9.150 1.0606
8.330 0.9825
7.184 0.9105
7.360 1.1067

References

(181, 197)
(181, 197)
(73,'181)
(181)
(181)

(116)
(80, 181)

(111, 181)

New compound
(149, 181)

(164)

New compound
(123, 181)

(76)

References

(181, 197)

(116)
(80, 181)

(111, 181)

New compound

(149, 181)

(49)

New compound
(18, 93)

(164)

New compound

(198, 204)
New compound
(76)
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Table Xlll. Refractive Indices of Borate Esters

C._4—Bt
Borate Ester A B X 10¢ n% (Caled.) References
Primary aliphatic
Methyl 1.3668 4.360 1.3581 (181, 197)
Ethyl 1.3825 4.359 1.3738 (181, 197)
n-Propyl 1.4029 4.000 1.3948 (46, 181)
n-Butyl 1.4129 2.949 1.4070 (78, 181)
2-Ethylhexyl 1.4441 3.615 1.4369 (181)
n-Octyl 1.4430 3.496 1.4360 (181)
n-Decyl 1.4492 3.487 1.4422 (116)
n-Dodecyl 1.4546 3.484 1.4476 (80, 181)
Secondary aliphatic
Isopropyl 1.3850 4.380 1.3762 (111, 181)
sec-Butyl 1.4038 4.026 1.3957 (73, 181)
Methylisobutylcarbinyl 1.4182 3.895 1.4104 (164, 181)
2,6,8-Trimethyl-4-nonyl 1.4453 3.513 1.4383 (181)
2-Methyl-7-ethyl-4-undecyl 1.4543 3.333 1.4476 New compound
Aromatic
0-Cresyl 1.5637 3.718 1.5563 (149, 181)
m-Cresyl 1.5637 4.077 1.5555 (49)
2,4-Dimethylphenyl 1.5535 3.282 1.5469 New compound
Miscellaneous
Allyl 1.4359 4.471 1.4270 (13, 93)
2-Methoxyethyl 1.4235 3.743 1.4160 (164)
2-2’-Methoxyethoxyethyl 1.4418 3.385 1.4350 New compound
3,3,5-Trimethylcyclohexyl 1.4658 3.487 1.4588 New compound
Tn(hexyleneglycol) biborate 1.4457 3.362 1.4390 (123, 181)
Tetrahydrofurfuryl 1.4674 3.308 1.4608 (76)
Table XIV. Viscosities of Borate Esters
Temp., Viscosity, Temp., Viscosity, Temp., Viscosity,
Borate Ester °C. Centistokes °C. Centistokes °C. Centistokes
Primary aliphatic
Methyl 21.2 0.416 39.8 0.347 60.0 0.295
Ethyl 21.4 0.615 40.0 0.503 60.0 0.424
n-Propyl 7.0 1.59 23.8 1.09 43.4 0.845
n-Butyl 21.4 1.99 39.8 1.47 63.6 1.08
2- Fthylhexyla 20.8 11.0 39.6 6.18 60.0 3.80
n-Octyl 20.6 11.1 40.0 6.38 60.0 3.93
n-Decyl 21.4 19.3 40.0 10.3 60.0 6.66
n-Dodecyl 21.0 30.5 39.6 15.1 60.0 8.89
Secondary aliphatic
Isopropyl 21.4 1.03 39.6 0.797 59.8 0.631
sec-Butyl 20.8 1.90 39.6 1.37 60.0 1.04
Methylisobutylcarbinyl 21.4 4.30 40.0 2.77 63.6 1.70
2,6,8-Trimethyl-4-nonyl 21.4 121. 39.6 33.7 60.0 15.4
2- Methyl -7-ethyl-4-undecyl 20.6 139. 39.6 46.5 63.6 16.9
Aromatic
o-Cresyl 21.4 175. 39.8 35.9 60.0 11.9
m-Cresyl 20.6 192. 39.6 37.0 60.0 10.8
2 4-D1methylphenyl 60.0 35.1 70.0 17.3 76.6 12.8
Miscellaneous
Allyl 7.0 1.25 0.902 37.8 0.747
2-Methoxyethyl 21.2 2.90 39.8 1.99 59.8 1.39
2-2’-Methoxyethoxyethyl 20.8 8.57 39.6 5.05 60.2 3.23
3,3,5-Trimethylcyclohexyl 60.0 87.9 70.0 43.3 79.0 25.5
Tri(hexyleneglycol) biborate 23.4 433. 37.8 97.8 48.2 44.5
Tetrahydrofurfuryl 21.4 22.6 40.0 6.93 60.0 4.35

a (100) report 1.94 (210°F.); 6.28 (100°F.); 433 (—40°F.).

(Table XIV). These data were fitted by the method of least squares. The melting
points of some solid esters are given in Table XI.

The vapor pressure data were obtained with the modified Cottrell ebullioscope
shown in Figure 7 (designed by H. S. Myers, C. F. Braun Co., Alhambra, Calif.;
constructed by Stanford Glassblowing Laboratories, Palo Alto, Calif.) using a Cartesian
manostat (Emil Greiner Co., New York, N. Y.) to maintain reduced pressures.
Densities were determined in 5- and 10-ml. volumetric flasks with extended necks,
calibrated with distilled water, and suspended in a constant temperature bath. The
refractive indices were determined with an Abbé refractometer (Bausch & Lomb
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Figure 7. Modified Cottrell ebullioscope of
H. S. Myers

A. Ebullioscope
B. Cartesian manostat

Optical Co., Type 33-45-56), calibrated with distilled water, having water at the
required temperature circulating through the prism. Viscosities were determined in
Cannon-Fenske-Ostwald viscometers (Cannon Instrument Co., State College, Pa.) sus-
pended in a constant temperature bath.

Average densities of primary aliphatic, secondary aliphatic, and aromatic borates
are given in Figure 8. The relatively high density of methyl borate may be at-
tributed to shortening of the B—O bond length, as shown by a shift of the infrared
B—O stretching vibration from the average of 1335 cm.—! for alkyl borates to
1352 em.—1 .

The refractive indices of primary and secondary aliphatic borates are shown in
Figure 9 as a function of the number of carbon atoms in the alcohol moiety.
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Figure 8. Densities of borate esters

Investigation of the specific viscosity of dilute solutions of long-chain borate
esters (n-octyl to nm-decyl) in benzene and carbon tetrachloride indicated that the
esters are in extended form as expected from the parachor values (7).

The planar configuration of the BO; group was demonstrated by an electron dif-
fraction study of methyl borate (16). The bond angles were found to be 120° for
B—O, and 113° = 3° for B—O—C. The bond distances were: B—0, 1.38 =0.02 A.;
C—O0, 143 =003 A. The data suggested considerable rotation of the CHjz groups
about the line of the B—O bond; this internal rotation was interpreted as being
synchronized so that the C—C distance is always greater than 3.5 A., as there appeared
to be insufficient room for independent movement. To this synchronization of the
methyl groups was attributed a small dipole moment.

The parachor constants for boron in simple alkyl borates were found to range
from 159 to 17.8 (185). Subsequently, Jones and others (93) found that
tri-2-chloroethyl borate, B(OCH,CH,Cl);, and tri-2,2-dichloroisopropyl borate,
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Figure 9. Refractive indices of borate esters

B[OCH (CH,Cl),]3, have boron parachor constants of 21.6 and 37.1, respectively. They
concluded that the value of the constant rises with increasing molecular weight and
complexity of the boron compound.

Arbuzov and Vinogradova (8) also measured the parachor for the following borates:
methyl (243.7); ethyl (363.1); n-propyl (476.5); isopropyl (475.8); n-butyl (597.9);
n-heptyl (957.7); m-octyl (1072.2); and n-decyl (1307.2). They assigned the value
775 to the B(O—C)s-group. These parachor data were said to be in agreement
with the electron diffraction measurements of Bauer and Beach (16) and to confirm the
planar structure of the BO3 group, with out-of-plane synchronous movement of the
alkyl groups so that if one is above the BOs-group plane, two are below the plane.

Chemical Properties

Thermal Stability. Brandenberg and Galat (30) described the pyrolysis of
alcohols to form olefins in 85 to 959, yields at 350°C. using boric acid as a catalyst.
The reaction was said to proceed by formation and subsequent decomposition of the
corresponding alkyl borate; the position of the olefin double bond was not indicated.
The unstable intermediate may, however, be the metaborate formed from the initial
borate ester (142). Dreisbach, Martin, and Erbel (55) stated that borates of
a-hydroxyalkyl aromatic compounds were thermally decomposed when they were
distilled at 10 mm., but did not describe the decomposition products. Pyrolysis of
dodecyl borate gave the a-olefin (9).

The authors investigated the thermal stability of borate esters at atmospheric
pressure by heating approximately 50 ml. of the selected compound under reflux for
1 hour in a 100-ml. flask sealed to a jacketed Vigreux column. After the reflux
period, approximately 50% by volume of the ester was distilled at atmospheric
pressure. Both distilland and distillate were analyzed for boron as a measure of
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the amount of decomposition that had occurred. The decomposition products were
not examined.

_ Methyl, ethyl, and isopropyl borates are stable at their atmospheric boiling
points (197). The results of the study given in Table XV show that the higher esters

Table XV. Stability of Borate Esters to Distillation at Atmos-
pheric Pressure®

% B
Borate Ester Theoretical Distillate Distilland
n-Butyl 4.70 4.63 4.72
2-Ethylhexyl 2.71 2.65 2.84
Cyclohexyl 3.51 3.30 3.85
2-Methyl-4-pentyl 3.44 3.37 3.43
2-Methyl-7-ethyl-4-undecyl 1.66 0.39 2.96
n-Dodecyl 1.91 0.87 4.29
(m,p)-Cresyl 3.26 1.99 3.43
Tetrahydrofurfuryl 3.44 1.18 4.52

a Preceded by 1-hour reflux.

undergo thermal decomposition, as evidenced by the decreasing boron content of the
distillate while that of the distilland increases. All these esters may be successfully
distilled under reduced pressure, although the temperature should probably be kept
below about 250°C. to prevent decomposition.

Reactions. Scattergood, Miller, and Gammon (164) observed qualitatively that
branching reduces the rate of hydrolysis of alkyl borates. Quantitative data were
obtained by Steinberg and Hunter (181), who observed the time of disappearance of
the phenolphthalein end point when half the caustic required for complete hydrolysis
was added to the ester in aqueous dioxane. They found that the relative rates for
aliphatic and alicyclic esters are in the order expected from the sterie factors involved
in the nucleophilic attack of water (or hydroxyl ion) on the central boron atom (see
Discussion). The rate of hydrolysis is, therefore, reduced by increasing size of the
alcohol group and by branching so that, for example, butyl > amyl > hexyl, ete., and
primary > secondary > tertiary. The rapid hydrolysis of highly hindered aromatic
and chlorine-substituted aliphatic esters was attributed to a shift from steric to elec-
tronic controlling factors.

Bradley and Chrisopher (29) investigated the hydrolysis of alkyl borates in an-
hydrous acetone. They reported the equilibrium constants at 0°C. to be methyl
borate, 16.0; n-propyl borate, 2.7; n-butyl borate, 2.1; and n-amyl borate, 1.8.

Borate esters react with carboxylic acids to form the corresponding esters (85,
86, 170):

(RO)3;B + 3R’COOH — 3R’COOR + H;3;BO; (13)

The reaction with acetic anhydride to form boron acetate has also been described
(120):

2(R0O)3B + 5(CH;CO),0 — (CH;C00).BOB(OOCOH;), 4+ 6CH;COOR (14)

Friedel-Crafts alkylations have been carried out with borate esters in place of the
alkyl or alkaryl halide. For example, with aluminum chloride as catalyst, isobutyl
borate reacted with m-xylene to form tert-butylxylene, with anisole to form p-tert-
butylanisole, with phenol to form p-tert-butylphenol, and with bromobenzene to form
p-bromo-tert-butylbenzene; benzyl borate and benzene gave diphenylmethane (96).
Benzene and butyl borate, with aluminum chloride, gave an unidentified organoboron
compound, leading to the conclusion that the borate esters may either donate the alkyl
group or add boron to the benzene ring (191).

Aluminum isopropoxide has been used to reduce aldehydes and ketones in the
Meerwein-Pondorff-Verley reaction (203). Somewhat lower yields at higher tempera-
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tures (150° to 175°C.) were obtained by Kuivila, Slack, and Siiteri (111), who investi-
gated the use of alkyl borates for the same purpose:

R R’
AN AN
CHO | B + 3R’COR"” — 3RCOR + CHO | B (15)
R s R’ s

Aromatic aldehydes were reduced in good yield by isopropyl borate; aliphatic alde-
hydes gave poor yields. Ketones were not reduced by isopropyl borate and only in
low yield by allyl borate.

The borate esters react with Grignard reagents to give, successively, boronic acids,
RB(OH),; borinic acids, R;BOH; and borines, R3B (98). The mechanism of this
reaction has been discussed in some detail (196).

Of the alkyl borates, only methyl borate appears to react with ammonia and
primary and secondary amines to form stable, solid coordination compounds (7779,
168, 193):

(CH;0):B + R.NH;_, — (CH;0);B-NH;_.R. (16)

The aryl borates, which are stronger Lewis acids than the alkyl esters, generally form
similar compounds, with some steric limitations (47, 48).

A number of borate esters were investigated as catalysts for the polymerization of
diazomethane to polymethylene (131). The order of effectiveness was approximately
in the order of increasing acidity of the esters: isopropyl < ethyl < methyl <allyl <
benzyl < B-methoxyethyl < g-chloroethyl < g-trichloroethyl.

Borate esters react with metal alkoxides to form the corresponding metal tetra-
alkoxyborohydride (171):

(RO);B + NaOR — NaB(OR), 17)

However, steric limitations appear to decrease the rate of formation and stability of the
tetraisopropoxy compound. Reaction with metal hydrides yields the corresponding
metal trialkoxyborohydrides:

(RO):B + NaH — NaBH(OR), (18)

Tetracoordinate Boron in Borates

The ability of boron compounds to act as Lewis acids has long been known and
the effect has been used to correlate various aspects of boron chemistry. For exam-
ple, Schlesinger and Brown (171) used the Lewis generalized acid-base concept to
correlate the reactions of diborane and related compounds. Brown (34) has given
an excellent summary of his work (concerned to a great extent with the coordination
of various bases with boron compounds) on the chemical effects of steric strains.

Kuivila and coworkers (106-114) have determined kinetically that a tetracoordi-
nate boronate anion is the important intermediate in the electrophilic displacement of
the boronate moiety from areneboronic acids by halogen or peroxide.

Boeseken and coworkers (24) confirmed the tetracoordinate structure of the boron
atom in cis-diol compounds by separating the optical isomers of boron bis-(vy-chloro-
catechol) and boron bis-(3-nitrocatechol).

The importance of tetracoordinate boron during the preparation of benzeneboronic
acid from methyl borate and phenylmagnesium bromide has been demonstrated (196).

Although there are many examples of tetracoordinate boron compounds, compara-
tively little is known about the factors affecting the Lewis acidity of borate esters.
Evidence is available to support the hypothesis that boron compounds undergo reac-
tion by coordination with a base. For example, when an optically active borate is
hydrolyzed, the alcohol formed retains its configuration (72, 164), indicating cleavage
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of a boron-oxygen bond. This could occur as shown in Figure 10. The second and
third steps of the hydrolysis are identical to the first. The fourth step probably
leads to the tetrahydroxyborate anion (61). Whether the hydrolysis is concerted or

THREE

—_— o (s) — [STEPS] —»— B(OH);
O (0)
O

Figure 10. Hydrolysis and reaction mechanism involving tetracoordinate boron

stepwise is not definitely known, but a stepwise mechanism is suggested, or perhaps a
“stepwise-concerted” mechanism, in which solvent is first displaced by another base
(water for hydrolysis) as shown in Figure 11, followed by the mechanism depicted in
Figure 10.

Figure 11. Generalized displacement mechanism applied
to borate esters

Such a mechanism would explain why the rates of hydrolysis of borate esters are
much slower in aqueous acetone, tetrahydrofuran, and dioxane or other Lewis bases
with an unhindered electron pair than in aqueous methanol. Further evidence sup-
porting this mechanism for hydrolysis (and reaction) is afforded by comparing the
relative inertness of tertiary amine-boron trichloride coordination compounds to cold
water with the almost violent hydrolysis of boron trichloride itself. This is also true
for sodium tetramethoxyborohydride and trimethyl borate; the borohydride is only
slowly hydrolyzed, whereas the borate ester hydrolyzes very rapidly.

The authors have investigated the infrared spectra of borate esters. Bethell and
Sheppard (21) reported a very strong absorption at 1450 em.—1 for crystalline boric
acid. This was assigned to a symmetrical B—O stretching, as it did not change appre-
ciably for deuterated boric acid. Werner and O’Brien (198) determined the infrared
spectra of several borate esters. They assigned the strong band at 1340 = 10 em.—1
to the B—O stretching vibration. The authors find an average of 1335 cm.—! for B—O
stretching in alkyl borate esters (Table XVI) and an average of 1354 cm.—1 for aryl
borate esters. Absorption bands for the stable, mixed alkyl-aryl borates are shown
in Table XVII.

American Chemical Society
Library
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Table XVI. Infrared Data for Ali-
phatic Borate Esters

Borate Ester Cm."1

Methyl 1352 VS
683 W
662 M
Ethyl 1335 VS
693 W
665 M

n-Propyl 1334 VS
n-Butyl 1335 VS
n-Octyl 1336 VS
2-Ethylhexyl 1334 VS

w
n-Decyl 1337 VS
n-Dodecyl 1337 VS

Isopropyl 1327 VS
692 W
663 M
sec-Butyl 1332 V§
688 VW
663 M
Cyclohexyl 1325 VS
688 W
662 M
Methylisobutylcarbinyl 1330 VS

Diisopropylcarbinyl 1334 VS
Diisobutylcarbinyl 1340 VS

3,3,5-Trimethylcyclohexyl 1338 VS
690 VW
664 M

3,6,8-Trimethylnonyl 1335 VS
681 W
657 M

Tetradecyl 1330 VS
680 W
657 M

2-Methoxyethyl 1333 VS
2-2’-Methoxyethoxyethyl 1333 VS
Tetrahydrofurfuryl 1334 VS

Tri(hexyleneglycol) biborate 1309 VS
690 W
664 M
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Table XVIl. B—O Absorption for Aromatic and Mixed
Aliphatic-Aromatic Esters

Borate Ester Cm."! Phase
Aromatic Esters

Phenyl 1354 CCk

0-Cresyl 1357 Film

n-Cresyl 1352 Film

p-Cresyl 1354 CCle

Film

3,5-Dimethylphenyl 1356 CCl
1356 CsHia

8,4-Dimethylphenyl 1352 CCl

2,4-Dimethylphenyl 1352 Film
2,6-Dimethylphenyl 1358 CHCls
2,6-Diallylphenyl 1353 CHCls

2,6-Diisopropylphenyl 1353 CCla

6-Chloro-1-cresyl 1353 CCl

Mixed Aliphatic-Aromatic Esters

2,6-Di-tert-butyl-4-methylphenyldiallyl 1329 Film

2,6-Di-tert-butyl-4-methylphenyldiisopropyl %gég KBr

2,6-Di-tert-butyl-4-methylphenyldi-n-butyl 1333 CCl
1335 CHCl

1325 Film

In addition two bands seem to be very characteristic of aliphatic borates (Figure
12). Werner and O’Brien (198) observed a weak band for aliphatic borate esters at
about 690 cm.—! but did not state whether or not they considered it to be character-
istic. Their instrument did not permit observation of the second, medium band at
662 =5 cm.—1 The shorter wave length band has been found at 687 =8 cm.—1
(Table XVI). Although no definite assignment has been made, the fact that the two
bands are nearly constant regardless of a considerable mass change in going from
methy] through tetradecyl groups suggests assignment to movement of the boron atom
above and below the plane of the oxygen atoms (v, for Dgh symmetry).

The authors have also observed two consistent bands which are believed to be
due to tetracoordinate B—O: a weak to very weak band at 1250 ¢cm.—1, and a weak to
medium band at 1178 to 1200 em.—1! (Table XVIII). To calculate (75) the tetra-

Table XVIIl. Materials Showing Absorption at
1250 and 1178 to 1200 Cm.—?

Material Cm."?
(CH30):B 1250 W
1178 M
(CH;0):B -CH:0H 1250 W
1179 M
(CH;30)3B -n-CsHsOH 1262 M
1180 M
(n-C4H,0)3B - CH;0H 1259 W
1193 VW
NaBH(OCHs3)3 1253 W
1184 M
NaB(OCHzs)s 1262 W
1194 S
(C:H;0)3:B _
1190 W
(CH:=CHCH:0):B —
1200 VW
(n-C3H70):B —
1197 VW
(n-CsH0)3:B —
1195 VW
(CH;0CH:CH:0)3:B —
1200 8
(CH30CH:CH:0CH:CH:0)3:B —
1198 S
( (0] CHzO)aB —
1186 S

Tri(hexyleneglycol) biborate —
1177 S
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Figure 12. Infrared absorption of aliphatic
borate esters in the region from 650 to
700 cm.—!

coordinate B—O absorption required that the bond distance be found in order to esti-
mate the force constant. It was first assumed that the percentage increase in bond
length for B—O trigonal coplanar going to B—O tetracoordinate would be the same as
for B—F. This led to an estimated tetracoordinate B—O length of 1.46 A., which
corresponds closely to the reported (17) B—O bond distance of 1.50 = 0.06 A. for di-
methyl ether-boron trifluoride and to the sum of the single bond radii, 1.54 A. (145).
Using a bond distance of 1.50 A., the calculated absorption for tetracoordinate B—O
would be 1211 em.—! The intensities of the two bands found vary directly with the
basicity of the solvent. For example, mixtures of methyl borate with ethers (Figure
13) have intensities in the order:

(CH;0):B: O<:| > (CH;0);B : O(C:Hs): > (CH;30):B - O(CyHa),

The bands at 1250 and especially at 1190 ecm.—1 are similarly more intense in the tetra-
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Figure 13. Infrared absorption of methyl
borate with ethers in the region from 1110
to 1300 cm.—!

coordinate boron compounds, sodium tri- and tetramethoxyborohydride (Figure 14).
A study of this spectral region also indicates weak interaction of oxygen in one
methyl borate molecule with boron in another molecule (Table XVIII):

R
R (6]
N |
AN
RO—1|3 RO OR
(6]
R

This is also observed for methanol-methyl borate (Figure 14), confirming the formu-
lation of Syrkin and Dyatkina (186). It is significant that with increasing steric inter-
ference of the Lewis acid (borate) and base (ether), the absorptions at 1250 and
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1190 em.—1 disappear, the absorption at 1250 em.—! disappearing first. The inten-
sities of the absorptions for the esters are in the order (Table XVIII):

(CH;0)sB > (C,H;0);:B > (CH,=CHCHO);B > (n-C;H;0);B > (n-C,;H,0);:B

This ester absorption was not seen for other aliphatic borate esters unless they also
contained ether oxygen; the esters 2-methoxyethyl, 2-[2’-methoxyethoxy]ethyl, tetra-
hydrofurfuryl borate, and tri(hexyleneglycol) biborate all show medium to strong
absorptions, further suggesting oxygen-boron intramolecular interaction.

The spectra of the aryl borates are more complex and no correlations have yet
been made. It appears that there is an absorption maximum just outside the range
of rock salt optics (650 em.—1) for all of the aryl borates. Further details will be
presented in a subsequent paper.

Toxicity

Little information appears to have been published about the toxicity of borate
esters. In screening tests with ethyl and butyl borates the following were found (41):
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Test Triethyl Borate Tributyl Borate
Snail control Mortality 1/10 at 10 p.p.m Mortality 0/10 at 10 p.p.m.
Toxicity Mouse mortality 0/3 at 15.6 Mouse mortality 1/5 at 500

cu. mm./kg.; ataxia, depres-

cu. mm./kg.; ataxia at 125 »
sion; recovery in 20 min.

to 500 cu. mm./kg. No
response in brown trout,
bluegill, goldfish

Antibacterial Slight activity against S. au- Negative against S. aureus,
reus; negative against B. E. coli, B. globigii
globigii
Plant growth No apparent effect on red kid-
regulator ney bean seeds —_
Cancer — Negative results at 225 cu.

mm./kg.

Sax (163) cites experimentally induced eye damage from methyl and ethyl borates.
In general, for esters which hydrolyze rapidly, it seems reasonable to ascribe the prin-
cipal effects to the resulting aleohol or (phenol) and boric acid. Boric acid is said to

Table XIX. Uses of Borate Esters

Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch012

Use References

Antidiscolorant (aromatic amines) (176)
Antioxidant

Alcohol (83)

Rubber (38, 144)
Azeotropic separation (184)
Catalyst

Cracking (199)

Oxidation acetylenic y-glycols (33)

Polymerization diazomethane (131)

Pol{menzatlon drying oils (201)

Sulfurization fatty oils (63)

Synthesis g-lactones 81)
Coating

Flame-resistant (12)

‘Water-repellant (143)
Colorimetric reagent (hydroxyquinones) (b)
Cosmetic preparations (10, 19, 76)
Curing agent (epoxy resins) (62)
Dehydrating agent

Hydrogen peroxide (121)

Polymerization silicones (1563)

Road aggregates (132, 177, 178)
Deterrent (smokeless powder) (162)

Electrolytic condensers
Flux (brazing, welding)
Fungicide
Gelling agent (castor oil)
Germicide
Inhibitor (SOs polymerization)
Insecticide
Lubricant (textile)
Petroleum additive
Antioxidant
Corrosion inhibitor
Dehydrating agent
Demulsifier
Improve gasoline performance
Prevent wax precipitation
Pharmaceutical preparations

Plasticizer

Polymer
Adhesive
Binder
Coating
Resin

Purification
Alcohols, phenols

Cottonseed oil
Recovery boron values (saltpeter)
Refractories (bonding, impregnation)
Resin modifier (pine wood resin)
Rubber accelerator
Stabilizer (PVA films)
Surface active agent (detergent, dispersant,
emulsifier, foaming, wetting)

Wax or resin substitute

(10, 19, 31, 60, 68-71, 148, 160)
(6, 126, 168, 195)

(44, 64, 49, 117, 154)
(44, 64, 174, 190)
(64)

(99)

(52, 67, 85, 117)

(122)

(10, 11, 19, 31, 42, 43, 60, 61,

126, 152 189
(18, 31, 80, 103, 138, 162, 173)

(10, 19, 31, 138, 150)
138)

(10, 19, 31)

(10, 13, 19, 22, 28, 51, 3%, 46,
57, 82, 89, 104, 128, 139,
156, 157, 175)

(32, 40, 84, 97, 101, 123, 133,
141, 158, 206)
9

(39)
(194)
(161)
(65)

(22, 116)

(20, 81, 74, 80, 91, 94, 95, 124,
129,'130, 140, 147, 1569, 162,
92)

1
(182)
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affect the central nervous system and to accumulate in the brain, liver, and body fat.
Sax states that the fatal dose of orally ingested boric acid is 15 to 20 grams for adults
and 5 to 6 grams for infants. Spector (179) gives the boric acid range of LDy, for
laboratory animals as 4740 to 5580 mg. per kg.

For 2,6-di-tert-butyl-4-methylphenyl diisopropyl borate, one of the new stable
esters shown in Table IX, the oral LDy, in rats was found to be 5.2 grams per kg.
(toxicity test conducted by Scientific Associates, St. Louis, Mo.), which is in good agree-
ment with the value just cited for boric acid.

Uses of Borate Esters

In addition to the synthetic possibilities for borate esters, a large number of
miscellaneous uses have been described, principally in the patent literature. Some of
these are summarized in Table XIX.
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Trimethoxyboroxine—An Extinguishing
Agent for Metal Fires

J. D. COMMERFORD, D. L. CHAMBERLAIN, JR.! and J. W. SHEPHERD

Callery Chemical Company, Callery, Pa.

Metal fires present a serious problem to the producers
and processers of such metals as magnesium, tita-
nium, and zirconium. Titanium and zirconium in the
form of sponge, and all of these metals in the form
of chips or turnings, will ignite easily and, when burn-
ing, their combustion will be supported even by nitro-
gen. Trimethoxyboroxine, an organic ester of boric
oxide, is a liquid having unique characteristics which
are useful for extinguishing such metal fires. It has
been used to extinguish magnesium chip fires, mag-
nesium casting fires, molten magnesium spill fires,
titanium turning fires, titanium sponge fires, titanium
powder fires, and zirconium sponge fires, and also to
control small sodium and sodium-potassium alloy
fires.

Trimethoxyboroxine is a colorless liquid prepared by the reaction of methyl borate
with boric oxide. It was first reported (2) by Schiff in 1867 and was assigned the
formula BO(OCH;). More recently it has been designated B3O3(OCHj3)3. Goubeau
and Keller (1) reported the preparation and characterization of several substituted
boroxines, including trimethoxyboroxine, in 1951. They cite the molecular weight
and the Raman spectra as evidence for the cyclic structure shown below.

0
7N
CH30—1I3 1|3—OCH3

0 O
NS
B

I
OCHj

The proposed cyclic structure is isoelectronic with benzene and borazine.

The organic characteristics of this substance are particularly noticeable in its
miscibility with many organic liquids. Among the compounds with which it is
miscible are (Table I): phthalate esters, halogenated hydrocarbons, and triethyl phos-
phate, which may be of interest as components of specialty extinguishing agents.

1 Present address, Stanford Research Institute, Menlo Park, Calif.
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Table I. Solubility of Organic Liquids in Trimethoxyboroxine at 25°C.

Solubility,

Solute Grams/Ml. TMB Remarks
Benzene ©
Toluene o
Xylene o
2,3-Dimethylbutane 0.6 Separates on cooling
n-Pentane 0.45 Separates on cooling
Ligroin ) Separates on cooling
Dimethyl ether o
Isopropyl ether )
Methyl ethyl ketone ©
Dimethylformamide o Solution warms on mixing
Carbon disulfide 1.9
Carbon tetrachloride © Viscosity of 0.8 molal soln. = 44.6 cs. at 32°F.a
Chlorobromomethane © Viscosity of 0.9 molal soln. = 37.1 cs. at 32°F.
Triethyl phosphate © Viscosity of 1.1 molal soln. = 36.5 cs. at 32°F.
2-Ethylhexyl phthalate o Viscosity of 0.1 molal soln. = 123 cs. at 32°F.

@ Viscosity of TME at 32°F., 122.8 cs.

In the preparation of trimethoxyboroxine for use as a metal fire extinguishing
agent, sold by Callery under the trademark TBM, more emphasis has been placed on
obtaining a composition of matter with a certain density and viscosity rather than a
pure chemical. This is because these properties have effects on nozzle spray patterns
and the emptying time of the extinguisher. Trimethoxyboroxine may be considered
as a component of the system methyl borate-boric oxide. In this system the density
appears to change in a regular manner with increasing total boric oxide content. The
viscosity of this system increases rapidly, however, once the mole ratio of boric oxide
to methyl borate exceeds 1. These relationships are shown in Figures 1 and 2. Figure
2 is a plot of viscosity vs. temperature on a portion of ASTM Viscosity Chart E. The
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Figure 1. Density of compositions in the system boric oxide
—methyl borate vs. mole per cent of boric oxide



Published on January 1, 1959 on http://pubs.acs.org | doi: 10.1021/ba-1959-0023.ch013

160 ADVANCES IN CHEMISTRY SERIES

100000
50000
20000 N <
10000 N
5000 A
2000 T
73 N
) N
5 o
n a
= 300 N |
g = N N
o R N
> 100 < <
3 s N A
§ 40 A 2l
2 30 \\
> N\
= N
< 15 \\ \O\
; 10 O\\(@) \\
< 15 \\ \(
5.0 MOLE% Bp03 <
4.0 @ ss ~a
3.0 @ 49 \\\(
20 @ 425 R

o 10 20 30 40 50 60 70 80 90 100 IO
TEMPERATURE, °F.

Figure 2. Viscosity of compositions in the system boric oxide
—-methyl borate vs. temperature
ASTM Viscosity Chart E

latter is a modified semilog paper which gives straight-line plots for the viscosities of
petroleum products and other Newtonian fluids. It can be seen that trimethoxy-
boroxine may. be considered a Newtonian fluid.

Two reactions of trimethoxyboroxine occur during its use as a metal fire extinguish-
ing agent. TUnder the influence of heat, trimethoxyboroxine breaks down into methyl
borate and boric oxide as shown in Equation 1. More important, boric oxide is
also the principal product from the combustion of trimethoxyboroxine in air as is
indicated in Equation 2.

B,03(0CH,); ~% B(OCH,)s + B:Os )
2B303(OCH3)3 + 902 —_— 3B203 + 9H20 + 3002 (2)

Metal fires are difficult to extinguish because of the great reactivity of the
materials at their ignition temperatures. At these temperatures they will combine
with many materials which are ordinarily considered to be relatively inert, such as
nitrogen. Therefore, effective extinguishing of a metal fire is obtained only by complete
exclusion of the atmosphere or by cooling the mass of the metal below its ignition
temperature. These effects are usually obtained by blanketing the fire with a dry
inert solid material to exclude the atmosphere or by applying an organic liquid which
has a high heat of vaporization to cool the mass below the ignition temperature.
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Trimethoxyboroxine, being a liquid, possesses the advantages of the organic liquid
extinguishing agents in that it can be applied as a stream or a spray depending upon
the conditions of the fire. The inorganic component of trimethoxyboroxine, boric
oxide, which is regenerated by either thermal decomposition or combustion, is a very
effective extinguishing agent. At the temperature of the burning metal, boric oxide
melts to a flux which flows over the hot metal and excludes the atmosphere.

As a result of these characteristics metal fire extinguishment with trimethoxy-
boroxine is frequently more rapid than with other extinguishing agents, less extinguish-
ing agent is required, and frequently more unburned metal is recoverable. In ad-
dition, the products of combustion (Equation 2) are virtually nontoxic.

In the case of chip or sponge fires, burning occurs over a considerable area and
in addition penetrates within the mass. Trimethoxyboroxine should be applied over
the entire area in a stream, including particularly the hottest points where the fire is
progressing inward. Casting fires are characterized by intensely white spots on the
surface where burning is occurring as well as by a general fire over any pools of
molten metal that may have formed. Again trimethoxyboroxine should be directed
towards the hottest spots in a straight stream. However, if a large molten pool is
present, care should be exercised to avoid disturbing the surface. In such cases,
most efficient use of trimethoxyboroxine will be obtained if it is allowed to flow over
the molten fire or if it is applied as a spray.

The secondary fire from the combustion of trimethoxyboroxine is characterized
by greenish flames 2 to 3 feet high. There is also a cloud of white smoke. This fire
subsides quickly when the application of trimethoxyboroxine is stopped. One ap-
plication of trimethoxyboroxine is usually sufficient to extinguish the metal fire. If
small areas of burning material are missed, short bursts of trimethoxyboroxine will
quench them rapidly. If too much trimethoxyboroxine is used, a small secondary fire
with green flames 2 to 3 inches high will continue to burn for several minutes. At
this point the vigorous fire may be considered out. However, the residue will be quite
hot. The residue can be left to cool by itself or, in certain cases if there is the
danger of igniting other flammable materials, a stream of water can be used to cool
the unburned metal.

Test Fires

Several metal fires were ignited and extinguished with trimethoxyboroxine. The
trimethoxyboroxine was used in standard water-type extinguishers pressurized with
dry nitrogen. These extinguishers have several features which limit the effective use
of trimethoxyboroxine. At present, other laboratories are working on programs to
develop better equipment and techmiques of application. The trimethoxyboroxine
used in these tests conformed to the specifications shown in Table II.

Table Il. Physical Properties
of Trimethoxyboroxine

Property Typical Product
Total % B203e 59.7
Specific gravity at 25°C. 1.216
Viscosity at 25°C. 13.0 cs.
Turbidity?® 100
Pour point —22°F.
Refractive index, n25 1.3986
Flash point (COC) 90°F.

@ Theoretical for trimethoxyboroxine is 60.0%, boric oxide.
b Turbidity determined as 9%, transmission of white light.

Broken zirconium sponge (20-mesh) was used for one fire; 4 pounds of sponge
were arranged in a pyramid about 9 inches in diameter and were ignited. The fire
spread rapidly over the surface. Trimethoxyboroxine was applied in a straight
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stream for 10 seconds and completely extinguished the fire. Less than 0.5 gallon of
trimethoxyboroxine was used. After the residue cooled, it was broken open. Under
the crust of boric oxide there remained a large percentage of unburned zirconium.
The residue was extremely difficult to reignite. A propane torch had to be used to
burn the boric oxide from the surface of the zirconium before ignition occurred.

A titanium sponge fire was extinguished with similar results. Another fire was
started with granular titanium sponge and then a block of sponge 8 X 8 X 8 inches
was placed on top. It ignited rapidly and the fire burned upward. Again less than
0.5 gallon of trimethoxyboroxine was sufficient to extinguish the fire. On examination
of the large piece of sponge it was found that the inward penetration of the fire was
halted.

Trimethoxyboroxine was applied as a straight stream to a 17-pound magnesium
chip fire for 18 seconds. The fire was knocked down except for a few small spots on
one side. A second short spraying for 5 seconds completely extinguished the fire.
The residue was allowed to cool, then it was opened and examined. About 80%
of the magnesium chips were unburned. The trimethoxyboroxine had stopped the
inward penetration of the fire into the pile. Less than 0.5 gallon of trimethoxyboroxine
had been used.

A 16-pound magnesium casting was ignited with 5 gallons of naphtha. After 4
minutes the casting began to melt and a minute later ignition at various spots was
observed. After the fire had burned for 8 more minutes, a substantial portion of
the casting had melted. The fire was burning over most of the molten area and
on the casting. Trimethoxyboroxine was applied as a straight stream for 6 seconds.
Then the secondary fire was allowed to die down and intermittent sprays of trimethoxy-
boroxine were directed at various spots. The total elapsed time was 40 seconds.
Only 3.5 pounds of trimethoxyboroxine were used to extinguish the fire completely.

Trimethoxyboroxine was applied as a spray on a 12-pound sodium fire such as
might occur with a spill. The fire was extinguished. However, after 2 or 3 minutes
the boric oxide coating dissolved partially and small patches of the metal surface
reignited. These flare-ups were extinguished with a second short spraying. A total
of about 0.5 gallon of extinguishing agent was used. With fires of this type extreme
care must be taken not to disturb the surface of the molten metal. If the surface
is accidentally broken, the liquid metal will reignite.

Literature Cited

(1) Goubeau, J., Keller, H., Z. anorg. u. allgem. Chem. 267, 1-26 (1951).
(2) Schiff, H., Liebigs Ann., Chem. Suppl. 5, 170 (1867).
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Organoaluminum Compounds

R. F. SCHULTZ

Hercules Powder Co., Wilmington, Del.

Aluminum alkyl reactions which have possible indus-
trial applications are discussed. Ziegler and his
coworkers have outlined a new field of organic re-
actions, using organoaluminum compounds, which
will have a tremendous impact on both basic and
applied organic chemistry.

The first organoaluminum compound, trimethylaluminum, was made in 1865 by the
reaction of dimethylmercury and aluminum (3). Subsequently, very little work was
done on organoaluminum compounds until 1948 when Ziegler and his coworkers of
the Max Planck Institut fiir Kohlenforschung started investigating them as catalysts
and chemical intermediates.

The classical preparative methods using mercury dialkyls and aluminum, Grignard
reagents and aluminum chloride, or ethyl chloride with aluminum and sodium are
too costly for the production of aluminum alkyls on a commercial scale for use as
chemical intermediates. Ziegler developed several methods for the low-cost production
of aluminum trialkyls which include: reaction of an aluminum-magnesium alloy with
an alkyl halide (20, 21),

Al,-Mg; 4+ 6RCl1 — 2AIR; + 3MgCle 1)
addition of an olefin to aluminum hydride (16),

AlH; + 3CH,—=CR,; — AI(CH,CHR,); 2)
and reaction between aluminum, hydrogen, and an olefin (7, 18).

Al + 1.5H, + 3C,Hz, — AI(C,Han11)s 3)

The last reaction is carried out readily with 1,1-disubstituted olefins such as
isobutylene. Good yields of triisobutylaluminum can be made from finely divided
aluminum, hydrogen, and isobutylene at 50 to 100 atmospheres and about 120°C.
With ethylene and monosubstituted ethylenes, an indirect method can be used.
Aluminum, hydrogen, and some previously prepared aluminum trialkyl react to form
the aluminum dialkyl hydride. Then olefin is supplied which adds to the aluminum-
hydrogen bond to form the trialkyl. In practice, this takes place in one step by the
reaction of aluninum, an olefin, hydrogen, and an aluminum trialkyl. For example,
with ethylene:

Al + 1.5H, + 2AI(C.H;)s 4 3C.H, — 3AI(C.Hs)s 4)

The triethylaluminum is acting as a catalyst for its own formation. Thus, we now
have a low-cost process for preparing any aluminum trialkyl from available alpha
olefins.

163
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The lower molecular weight aluminum trialkyls are water-white liquids, specific
gravity about 0.8, and are soluble in hydrocarbon solvents. The methyl and ethyl
derivatives can be distilled at atmospheric pressures at 130° and 194°C., respectively.
Higher members of the series can be distilled at low pressures without decomposition
—e.g., triisobutylaluminum, which has a boiling point of 40°C. at 0.1 mm. of mercury
pressure. The lower members are spontaneously flammable in air and on contact with
water. The chemistry of aluminum trialkyls is based largely on the reactions of
triethylaluminum and the higher homologs, as they are made readily from cheap raw
materials.

Metal alkyls are extremely reactive chemicals. Relatively little has been pub-
lished on the reactions of aluminum alkyls, and it has been only in the last few years
that reactions of them have been discovered which are commereially important.

Thermal Decomposition

A typical reaction of all aluminum alkyls is their ease of thermal decomposition
into metallic aluminum, an olefin, and hydrogen at elevated temperatures. This ap-
pears to involve two distinct steps as shown in Equations 5 and 6 for triisobutyl-
aluminum (14):

CH; Cily
Al CHZCH/ 0 A 0}120}1/ + CH,=C(CII,), (5)
CHy/ , CHY/ ,
CH;
AIH CchH/ Z20°C, Al 4 1.5H, + 2CH,—C(CH), (6)
CHY/ ,

Compounds in which the alkyls are straight-chained radicals are much more stable
than those in which branching occurs on the second carbon atom. Trimethylaluminum
and triethylaluminum can be distilled without decomposition at atmospheric pressure
and do not break down until relatively high temperatures are reached. Triisobutyl-
aluminum and similar alkyls lose 1 mole of olefin at 100°C. to form the monohydride.
The monohydride is stable up to about 200°C. and then breaks down completely
(Equation 6).

These reactions show some promise of having commercial application where it
is desired to deposit films of aluminum on metal and nonmetallic surfaces. This can
be done in two ways. Glass and metallic surfaces may be coated by passing vapors of
triisobutylaluminum over such surfaces while heating them to about 250°C. This must
be done at reduced pressures because the triisobutylaluminum cannot be distilled suec-
cessfully above 10 mm. The same result is produced by first making diisobutylaluminum
hydride, into which the object to be coated is dipped, and subsequently heating to
about 250°C. In either case, aluminum is deposited, and isobutylene and hydrogen
are formed and must be swept away. This decomposition can be used to prepare
very pure aluminum by first treating finely divided, activated aluminum which is
relatively impure with isobutylene and hydrogen to form the alkyl. Then the alkyl is
decomposed to form very pure aluminum (11).

Reaction with Active Hydrogen

Another typical reaction of aluminum alkyls and all metal alkyls is their action
with active hydrogen such as that contained in water, acids, and alcohols.

AIR; 4+ 3HX — AIX; + 3RH (7
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In this case a saturated hydrocarbon is formed, and the aluminum appears as aluminum
alcoholate, aluminum hydroxide, or an aluminum salt.

This reaction could be used to convert olefins to saturated hydrocarbons, but it
is not a commercially attractive substitute for hydrogenation. As it is responsible
for most of the losses of aluminum alkyls in ordinary chemical manipulations, it
necessitates careful purification of olefins and other reagents which are used in con-
nection with aluminum alkyl reactions.

Oxidation

A characteristic reaction of aluminum alkyls is the formation of aluminum
alcoholates on treatment with oxygen (14).

AlR; + 1.50, — AI(OR); (8)

This reaction shows promise as a process for producing primary alcohols from com-
mercially available terminal olefins. It is necessary only to make the appropriate
aluminum alkyl, oxidize it to the alkoxide, and then hydrolyze this to aluminum
hydroxide and the corresponding alcohol, which is always primary.

Olefin Displacement

A general reaction of aluminum alkyls is the reaction in which one olefin can dis-
place another to produce a new alkyl and an olefin. This reaction enables one to
prepare easily any aluminum alkyl from the appropriate olefin and triisobutylalu-
minum (14), the most easily prepared aluminum alkyl.

/CH;, /R
Al| CH.CH 4 30H—c  A1e,
CH3 3 R’
R
/
Al| CH,CH| | +3CH~C(CH): (9)
\
R/ 5

where R and R’ can be either hydrogen or another alkyl radical.

This reaction may have commercial application in preparing alcohols from certain
petroleum refinery olefin streams. If triisobutylaluminum reacts with the alpha olefins
in the refinery stream at about 100° to 120°C., a new aluminum alkyl and isobutylene
are produced. The unreacted olefins or hydrocarbons can be distilled, and the re-
maining aluminum alkyl is oxidized and hydrolyzed to produce an alcohol and alu-
minum hydroxide. In an alternative method, the olefin reacts with hydrogen and
suitably activated aluminum to produce the alkyl, which can then be converted to an
alcohol. Thus, 2-phenylethyl aleohol could be prepared from styrene, a primary
alcoho] from triisobutylene, or a primary terpene alecohol from limonene (14).

Reducing Properties

Aluminum alkyls, particularly triisobutylaluminum and diisobutylaluminum hy-
dride, are very good reducing agents for carbonyl groups in aldehydes, ketones, and
esters. Alcohols are formed, and the aluminum alkyl appears to act like lithium alu-
minum hydride except that the total reducing capacity is not always utilized.
Although this reagent may be less efficient than lithium aluminum hydride on a molar
basis, the low cost of triisobutylaluminum more than compensates for this inefficiency

(14).
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Use as a Grignard Reagent

Ordinarily, the use of an aluminum alkyl compound as a Grignard reagent with
carbonyl groups results in reduction. In certain cases Grignard-like addition takes
place, but only one of the aluminum alkyl bonds is involved. The formation of the
first Ro,Al—O— bond seems to inactivate the other two bonds (14).

Reactions with Halogens and Sulfur Dioxide

Halogens react with trialkyl aluminum compounds to produce an aluminum
salt and a primary halide (10):

AlR; 4+ 3X; — AlX; + 3RX (10)
Sulfur dioxide adds aluminum alkyls to form salts of sulfinic acids (10):
AlR; + 3S0, — Al(SO:R); (11)

Reaction with Metal Salts

Salts of metals which can form stable metal alkyls react with aluminum alkyls
to produce the expected metal alkyl and an aluminum salt (10):

2AIR; + 3CdCl, — 2AICL + 3CdR, (12)
AIR; + 2HgCl, — AICl; + HgR, + HgRCl (13)
AIR; 4+ BF; — AlF; + BR; (14)
zAIR; + z8iF, — SiF;R + SiF;R, + SiFR; + SiRs + AlF; (15)

The last reaction can be controlled to produce largely SiFoR, and SiF3R which may
have some application to silicon chemistry. Hydrolysis would yield SiR,(OH), and
SiR(OH)j, which could be condensed to silicones. This process has been developed by
Kali-Chemie A.-G. in Germany (5).

Formation of Complex Salts

Another characteristic reaction of aluminum alkyls is the formation of complex
salts with a variety of organic and inorganic compounds (2). The following are ex-
amples of such complexes:

(C.Hs)20 - Al(CoHs)s (CHj):N - CeHyy - AI(CyHi5)s
CH,—CH,

O-Al(C.Hs)s CsHN - Al(CoHs)s
CH,—CH,
(CHs):NCHs - AI(C,Hs)s Quinoline - AI(C.H;)s

Very little is known about the properties of such complexes as catalysts or as reagents.
Of greater interest are those complexes formed with alkali metal salts (14).

Al(C:H;)s + NaF — NaF-Al(C.Hs); (16)
2A1(C:H;); + NaF — NaF-2A1(C.H;)s a7

The 1 to 1 complex melts at 74°C., whereas the 1 to 2 complex is liquid at room
temperature and conducts electricity well. Practically all of the aluminum alkyls form
such complex salts with sodium fluoride and potassium fluoride.

These complex salts of aluminum alkyls appear to have an interesting future as
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electrolytes for use in the electroplating of metal objects with aluminum (9). Up
to now, no practical process for electroplating aluminum is known. A process based
on molten inorganic salts has worked fairly well on a laboratory scale, but some dif-
ficult engineering problems need solving before large-scale operation is possible. The
sodium fluoride-aluminum alkyl complex salts are essentially molten salt electrolytes
which are liquid below 100°C. As it is possible to plate aluminum on copper wire
(9), developments are in progress to extend this process to the coating of thin sheet
steel such as is used in making containers.

Another potential use for these salts from triethylaluminum is in the synthesis of
tetraethyllead. The complex salt is used as an electrolyte with a lead anode and an
aluminum cathode. Passage of current through the cell forms tetracthyllead, which
drips off the anode, and pure aluminum, depositing at the cathode in a finely divided
form (14).

NaF-Al(C.H;s); + 34Pb — 34Pb{Cyi;), + Al + NaF (18)

Triethylaluminum must be added to replenish the bath as the reaction progresses.
Considering the methods available for making triethylaluminum, tetraethyllead is
made essentialiy from ethylene, hydrogen, and lead metal. This process is being
studied to determine its value in comparison with the present commercial process.

Reaction with Metals and Hydrogen

A recent patent describes the preparation of other metal alkyls from an aluminum
trialkyl, a metal, and hydrogen. Thus with lead and hydrogen, triethylaluminum
produces tetraethvliead and aluminum hydride (1).

4A1C1G)s + 6H, + 3Pb — 4AlH; 4 3Pb(C.Hs), (19)

Adding ethylene to the aluminum hydride will reform triethylaluminum which can
be re-used.

Growth Reaction

Aluminum trialkyl compounds, except those made from isobutylene or similar
olefins, can add ethylene to form higher alkyls or grow. This is an important re-
action of aluminum alkyls. Control of the reaction conditions enables preparation of
higher aluminum alkyls which can be used to produce saturated hydrocarbons, olefins,
or alcohols.

If ethylene is passed into triethylaluminum at a temperature of about 200°C. at
atmospheric pressure, 1-butene is formed together with very small amounts of 1-hexene
and l-octene (14, 16):

00°C.

2
xCHz=CH2 71(—02—{;) CH[:CH—CQI’L, "!‘ CI{2=CI’I—C4I{9 + CHZZCH—CGHN (20)
5)3

Actually the primary products are the corresponding alkyls and the over-all reaction is:
Al(C:ls); + 3CH,—CH, — Al(CH,CH,CH.CHs,); (21
then,

200°C.
Al(CI‘IQCHch:(/Hs)s + 3CH2:CH2 —_— CIIQ=CH—C21‘I5 + Al(Csz)s (22)

The nature of the product is determined by the pressure of ethylene, the time of
contact, and the temperature. Under the conditions cited above, only relatively low
molecular weight olefins are formed. Ocecasionally, small amounts of olefins are
formed where the double bond has moved toward the center of the molecule. This
can be minimized by using short contact times and small amounts of phenylacetylene
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(ethynylbenzene) to inhibit the migration. The optimum conditions for producing
1-butene by this process involve passing ethylene at 40 atmospheres into triethyl-
aluminum at 100° to 110°C. containing a small amount of colloidal nickel and 0.5,
of phenylacetylene (13).
If propylene is used instead of ethylene, the propylene dimer is formed exclusively
and quantitatively:
2CH,—=CHCH,; ———)T:)g S CHg—(IJ—-Cst (23)
2 5)3
CH;

At first the small amount of ethylene is displaced by the incoming propylene and
swept out of the system leaving tripropylaluminum which is the real catalyst. Higher
polymers of propylene are not formed. Apparently, aluminum alkyls in which the
second carbon from the metal has a branch cannot add other olefins, even ethylene.
Instead, if the temperature is high enough, they react by splitting out the branched
olefin. If another olefin is present which can form an unbranched alkyl, a new alkyl is
formed. With propylene, 2-methyl-1-pentene is split out and tripropylaluminum is
formed which again reacts with more propylene. This process can be applied to
1-butene, 1-pentene, and others with almost equal results.

Codimerization of different olefins is possible but usually results in a mixture of
all possible products.

Ziegler’s work on the dimerization reaction resulted in a process for synthesizing
p-xylene from ethylene. The reactions involved are (6):

40 atm. 110°C.

2CH,—CH, s CH,—CHCH,CH, (24)
Al(CeHs)3+ Ni+0.59% CsHs—C=CH
C.
2CH,—CHCH,CH, —?;;H)) CHz_(I‘CHZCchHZCHs (25)
2115)3
GH,

500°C.
CH,=CCH,CH,CH,CHj; o 559, p-xylene + 269, o-xylene + 199, ethylbenzene  (26)
T2VU3
C.H;

The product of the first step is substantially pure 1-butene and excess ethylene.
From the second step, only 2-ethyl-1-hexene and unchanged 1-butene are obtained.
The aromatization reaction uses a conventional chromite catalyst. The final product
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