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Novel Decarboxylative Oxidation of a-Hydroxy-8-keto (or -3-imino) Acid
Salts of Mercury(Il)
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Mercury(Il) salts or methylmercuric salts effect oxidative decarboxylation of a-hydroxy-g3-keto (or -3-imino)car-
boxylate anions to convert the hydroxy to keto groups, with concomitant deposition of mercury(0). With certain
reactant stoichiometries, mixed hydroxy and keto products are obtained. Dimethylmercury is produced additional-
ly when methylmercuric salts are utilized as oxidant. Possible mechanisms are discussed. These results are impor-
tant in considering (1) that metals involved in organic reactions may serve dual roles (catalysis and redox) and (2)
that the production of biacetyl, which accompanies anaercbic fermentation of sugars to acetoin, probably occurs
via an intervening nonenzymatic oxidation of the enolate anion generated upon decarboxylation of acetolactic

acid.

Mercury(Il) is known to oxidize many classes of organic
compounds. The free aqueous ion is a fairly strong oxidant,
as shown by the reduction potentials given below:

Hg2* + 2¢~ — Hg° E°995 = +0.851V
2Hg2+ + 2~ — Hg22+ E°298 =+4+0.905V
Hg22+ + 2e~ — 2Hg° E®a95 = +0.796 V

However, as indicated by the reaction mechanisms suggested
in the literature (shown below), initial complexation of Hg(II)
to a nucleophilic center (>C==C< or a donor lone-pair) is
apparently a prerequisite for a kinetically observable redox
reaction:

{i) Allylic acetoxylation of olefins (mercuric acetate in hot
acetic acid)!

CR
—~ N
RCF  (CR,
R,CHCR=CR, + Hg(0OAc), — i
H 4~ _HgOAc
A0~

CR CR
2. N TN
~HOoAc RL ™" CR, RC CR,
— < vl T
AcO—Hg OAc
(ii) Oxidation of olefins to ketones (mercuric nitrate in warm
aqueous nitric acid)23

+ Hg® (1)

OjD
D,0 ~
CH.CH==CHCH, ——— CH,C—CH—Hg
! DNO, -/4
! |
Hg?* H CH,
intramolecular

|
—_— . i ° +
T.2hydride shifi CH,CCH,CH; + Hg°+ D™ (2)

0022-3263/78/1943-4700$01.00/0

(iii) a-Hydroxylation of ketones (mercuric perchlorate in
aqueous perchloric acid)*

H
0 EO 0
slow Hg?
_ ——— H
0

OH
+ Hg® (3

(iv) Oxidation of tertiary amines (mercuric acetate in hot
aqueous acetic acid)s

A
H "0Ac

R-ZC\\ +
R,CHNR, + Hg(OAc), — NR,
{igZ0Ac

—HOAc +
——— R,C==NR, OAc + Hg* ()

The above transformations likely entail two-electron redox
reactions and the experimentally observed production of
Hg(I), as of an apparent one-electron reduction, is attributable
to the mercury(Il) oxidant reacting with the initial Hg®
product to form mercury(I) compounds:

Hg° + HgX, —~ HgoXo (5)

Reported herein is the novel finding that mercury(II) effects
an oxidative decarboxylation of a-hydroxy-g8-keto (or -8-
imino)carboxylate anions (the conjugate acids of which are
not isolable,®7 vide infra). The following stoichiometries have
been demonstrated:

© 1978 American Chemical Society
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OH
QL e mose, 22 0L
N N

ZC—C00 Na* =0
+ Hg®° + €O, (+ HOAc + NaOAc¢) (6)
o OH 0 O
H,O

CH,C —C—C00™Na™ + Hg(OAc), — CH,.C—CCH,

CH,

OL ]

°C—CO0 Na*

: OH
_Ei 2NaOAc + (Nj’z\(lj_c—-o Hg
2
e @ t @
N~ 2% C=0 N

?”"CHOH

+ Hg® + CO, (+ HOAc + NaOAc) (7)

+ Hg(OAc),

+2C0, + Hg® (8

o OH

2CH,C—C-—CO0™Na” + Hg(OAc),

CH,
0 OH g
H,0 ]
- | 9NaOAc + (CH3C—(,3—C—O->5-Hg
CH,

ot
—— CH,C—CCH; + CH,C—CHCH; + 2CO, + Hg® (9)

In attempting to isolate the methylmercuric(II) salt of di-2-
pyridylhydroxyacetic acid, a white precipitate formed in cold
aqueous ethanol, but upon warming the solution to room
temperature evolution of carbon dioxide occurred with con-
comitant deposition of Hg® (eq 10 represents the experi-
mentally observed stoichiometry, including formation of
(CH3).Hg).

The methylmercury(II) salt of acetolactic acid” was found
to decompose only slowly in hot water (eq 11).

It is well known that 3-keto acids® and 2-pyridylacetic acids®

QLT

"2"C—COONa

H,0~EtOH @(,)H

N” “™~C—(00HgCH,

~C—COOHgCH, D=0

+@

*"CHOH

+ CH,HgOAc

+ NaOAc

+ 2C0, + Hg® + CH,HgCH, (10)
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OH

CH,C—C—COONa + CH;HgOAc

CH,
o OH
mo |
~> CH,C—C—COOHgCH, + NaOAc
CH,

OH 0 0
mo ||
2CH,C— C—COOHgCH, —— CH,(—CCH,

CH,
o OH

+ CH,C—CHCH; + 2CO, + Hg® + CH.HgCH, D)

H +
e} OH 0
n =1l |
~cr,~ CR,
OH 0
_co, I
= Re =" RCCHR, (12)
CR,

(see also ref 6 concerning di-2-pyridylhydroxyacetic acid)
undergo slow spontaneous decarboxylation {eq 12). Therefore,
it is expected that the mole of acetic acid generated in eq 6 and
7 would cause decarboxylation of a second mole of substrate
if the latter were present in excess of the mercury(II) oxidant.
This was verified by the observation that each of the sodium
salts when mixed with an equivalent of acetic acid underwent
rapid decarboxylation as shown in eq 13 and 14. The observed
stoichiometries 8 and 9 are evidently then mere composites
of eq 6 and 7 with eq 13 and 14, respectively.

@TH + HOAc —> @

2 C—COONa * CHOH
+ NaOQAc + CO, (13
o OH o OH

I I
CH,C— C—COONa + HOAc — CH,C—CHCH,

CH,
4+ NaOAc + CO, (14)

In reaction 10, dimethylmercury is one of the products,
which is surprising considering that alkylmercuric cations are
weak oxidizing agents. The process by which organomercuric
salts are converted to diorganomercurials, termed “symme-
trization”, represents the unfavorable direction of an equi-
librium regarded as bimolecular electrophilic substitu-
tion:10

2RHg*(L), —=RqHg + Hg**(L)2n (15)
n=0,1,2

In order to achieve “symmetrization”, the equilibrium is
displaced to the right by removal of the Hg?* product, usually
via formation of an especially stable complex with strong li-



4702 J. Org. Chem., Vol. 43, No. 25, 1978

gands (L) (e.g., Hgl42~ or HgX-2NHj).11 Although RyHg is
readily obtained in this way when R is ary! or 8-unsaturated
alkyl, simple alkylmercuric salts are usually resistant to such
conversion.!2 However, methylmercuric salts have been re-
ported to symmetrize slowly (with such ligands as thiocy-
anate!® or phosphines!4), and it is therefore reasonable to
interpret eq 10 and 11 in terms of the slow, low-level equilib-
rium production of a mercury(II) complex (eq 16) which is
removed in this case via the redox eq 8 and 9, respective-
ly.15

Exclusive of their biasing effect on the equilibrium, strong
ligands promote the rate of symmetrization processes as
well.18 The overall transformation shown in eq 10 proceeds
much faster to completion than that in eq 11 probably because
the rate limiting step is symmetrization in each case—pyridine

@y
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2NaY + 2CH;HgOAc —> [2NaOAc + 2CH;HgY]

== CH,HgCH, + HgY, (16)
T
Y = CH,C—C—CO0" or @TH
| N" ">c—co0-
CH,

is a much better mercury ligand than is carbonyl? and thus
is likely a much better catalyst for symmetrization.

The requirement of the 8-keto or 3-imino group for reaction
is appreciated in view of the inertness of mercuric benzilate

Scheme I

2 "CHOH
1
+H* -H"
—AcOHg" | +AcOHg'

+ Hg° (20
2 C=0
-CO,
—_—
CH,__-CHCH,
¢\
1 OH
0
4
+H" |
—AcOHg' | +AcOHg'
cH, QHCH CH\; \/CH:‘
: - CO; a
w_
W 0 _0H
O_,’—‘Hg\/or \Hg
/ Y‘OA ~HOAc¢
AcO ¢
5 0
—HOAc
ﬂ | ~HOAC CH&% + Hg° (21)
CH, ' CH,
c © 0 CH CH 0
)%/ . 5 4 /
a1 i H
O.f‘ Hg\o Ojf
‘& IAY
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to undergo oxidative decarboxylation (8 >C=C< instead of
8 >C==0:: or 8 >C=N-):

Ph,C(OH)COO- + Hg2* — no reaction a7

This inertness is especially noteworthy since benzilate is ox-
idatively decarboxylated by strong single-electron oxidants
(CelV,18 MnlIL19 YV 20 gnd CrV1 21), The latter reactants are
believed to proceed via intermediate formation of a “benzylic”
radical {ox = high oxidation and red = reduced states):

PhyC(OH)COOMex — PhoCOH + COy + Mred  (18)
PhyCOH + Mex — PhyC=0 + H* + Mred  (19)

A mechanism for eq 8 and 7 that is consistent with the above
results and information is a mercury(Il)-catalyzed decar-
boxylation followed immediately by two-electron (inner-
sphere) redox {Scheme I). Chelation of the 3-keto (or 3-imino)
group to mercury provides an electron sink for the decar-
boxylation. The loss of acetic acid could presumably occur
prior to redox or concurrent with redox. Intermediates 2 and
5 are the metal enolates (conjugate bases) of the 3-keto (or
B-imino) alcohols 1 and 4. Additional experiments demon-
strated that these alcohols are resistant to oxidation by mer-
cury(II). Thus, once formed, the enolates 2 and 5 must de-
compose to products, preclusive of the establishment of the
1-2 and 4-5 (protonation) equilibria. Independent generation
of the enolate 5 by adding Hg(OAc); to a premixture of acetoin
(4) with one equivalent of NaOH led to the deposition of Hg®.
Although the similar experiment performed with di-2-pyri-
dylmethanol (1) does not produce Hg®,22 this is apparently
due to the failure therein in generating the enolate 2; it was
shown that the “benzylic” proton of 1 did not exchange in D;O
with up to two added equivalents of NaOH.

Although it would be unusual, concerted decarboxylation
redox cannot be eliminated here. That the enolate from 4 (and
presumably from 1 also, if it could be’independently formed)
can reduce mercury(Il) does not guarantee that it is an in-
termediate along the title reaction pathway.

The present case features a metal which serves as a catalyst
for decarboxylation of a substrate to an intermediate and then
as a reactant in subsequent oxidation of that intermediate.
Dual roles of metals in organic reactions have been reported
previously, but may be a common and synthetically useful
phenomenon.

Of further interest is that the title reaction occurs under
physiological conditions (pH ~7 and ambient temperature)
with biologically important compounds: Two pertinent sub-
strates, acetolactate (see eq 7, 9, 11, 14, and 21) and the ho-
mologous a-aceto-a-hydroxybutyrate, are crucial interme-
diates in the biosynthesis of valine and isoleucine, respec-
tively.»3 Acetolactate is also a major intermediate in the an-
aerobic fermentation of sugars, formed by the condensation
of “active” acetaldehyde with pyruvate.2¢ Subsequent enzy-
matic decarboxylation leads to acetoin and varying amounts
of biacetyl (eq 22). That the biacetyl is formed during decar-
boxylation is shown by the inability of cell-free enzymes to
oxidize acetoin to biacetyl.25 Apparently, biacetyl formation
is dependent only on the reducing potential of the fermenta-

sugars
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tion medium.26 Many bacterial, plant, or animal tissues can
condense “active” acetaldehyde with acetaldehyde directly,
forming acetoin uncontaminated by biacetyl (eq 22).27 In
general, those cell-free extracts which do not form biacetyl also
do not decarboxylate acetolactate.?® Qur results demonstrate
that biacetyl formation may be the result of diversion from
the normal pathway leading to acetoin via oxidation of the
precursor enolate anion:

O OH O

|| H,0 |

0 OH
|| |
CH.C=CCH; | —— CH,C—CHCH,

CHC—CCo0~ —£2%
(l? h) (23)
%, CHC—CCH,

Experimental Section

OH
|
CH,

General. All reactions involving mercury compounds were carried
out with protection from light. Methylmercuric nitrate and acetate
were obtained by treating methylmercuric iodide (from CH3MgI and
HgBro) with silver nitrate and acetate, respectively. The nitrate was
purified by recrystallization from methanol and the acetate from
carbon tetrachloride.

NMR spectra were recorded using a Varian T-60 spectrometer and
sample resonances are reported with respect to internal solvent ref-
erences;: CHCI; at 6 7.38 and CH,Cl; at 6 5.34.

Unless indicated otherwise, all experiments were performed at
ambient temperature (about 22 °C).

Reactions of Sodium Di-2-pyridylhydroxyacetate (7) (see ref
6). (A) With CH3HgOAc or CH3HgNOs. Mercurial (1 mmol) and
1.1 mmol of 7 were stirred together in 1.5 mL of D20 and 1.5 mL of
CDCls. At low temperature the fluffy white solid formed persisted,
but blackening occurred within a couple minutes at room tempera-
ture. After being stirred overnight the black particulate mercury had
collected into a small metallic drop. This was collected by filtration,
washed with a little ether, and weighed, yield 85-95% theoretical (0.5
mmol, see eq 10). NMR spectra were obtained for the two layers of
the filtrate. The spectrum of the CDCl; layer indicated the presence
of dipyridyl ketone (by comparison to a spectrum obtained on com-
mercially available material) and dimethylmercury (singlet at 6 0.27
with characteristic (J = 103 Hz) 1H-199Hg satellites).

(B) With 1 Equiv of Mercuric Acetate. Mercuric acetate (1
mmol) and 1.03 mmol of 7 were stirred into 2 mL of D20 and 2 mL of
CH,Cly. Immediate blackening occurred concomitant with evolution
of a gas. After several hours the mixture was filtered. The NMR
spectrum of the CHyCly laver showed only dipyridyl ketone (Hjy
doublet at 4 8.69).

(C) With 0.5 Equiv of Mercuric Acetate (or Sulfate). The
mercury salt {1 mmol) and 2.1 mmol of 7 were stirred together in 2 mLL
of D20 and 2 mL of CHyCly. Immediate blackening occurred (with
gas evolution). After several hours a ball of mercury formed which was
collected by filtration, yield 90-95% theoretical (1 mmol, see eq 8).
NMR of the CHsCly layer showed the presence of two substituted
pyridine compounds (Hs doublets at 6 8.69 and 8.51). Bubbling oxygen
through the solution overnight caused nearly complete disappearance
of the upfield doublet and resolution of the entire pattern of pyridine
resonances to that of dipyridyl ketone. This is consistent with initial
equimolar production of dipyridylmethanol.

(d) With 1 Equiv of HOAc. Acetic acid (2 mmol) and 2 mmol of
7 were stirred together into 2 mL of D20 and 3 mL of CHyCls. Im-
mediate effervescence and warming occurred. After stirring for several
hours, the NMR spectrum of the CH2Cls layer showed the presence
of a (single) substituted pyridine (only one Hs doublet at 6 8.51; the
methine hydrogen appears at § 5.97). Superimposing this spectrum

i 0O OH 0 OH 0O 0
fermentationl CH,CCOOH decarboxylase ” I
CH,C—CCOOH —————— CH,C—CHCH, + CH.C—CCH,
(H,CHOH (92)
| CH, 0 0 OH
TPP CH.CH |
“active” CH,C—CHCH,

acetaldehyde

TPP = thiamine pyrophosphate
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on the spectrum from the previous experiment (3) showed complete
matching of all resonances not belonging to dipyridy! ketone.

To the D20-CH,Cl; mixture (evidently containing dipyridyl-
methanol) was added 1 mmol of Hg(OAc)s. The resulting solution
remained clear and homogeneous {two layers) for several days. NMR
spectra of the respective layers indicated that dipyridylmethanol is
extracted into the aqueous layer (presumably via complexing to
mercuric ion).

In another experiment, 2 mmol each of 7 and HOAc were stirred
into a little HoO/CH3Cl,. The CHoCly, layer was separated off, washed
with D0, and added to 0.4 mL of D20 and this mixture was concen-
trated in vacuo to about 0.4 mL. Solid NaOH (2 mmol) was added and
stirred to solution. NMR spectra taken the next day indicated that
about 26% oxidation of the alcohol to the ketone had occurred (based
on integration of the pyridine Hs doublets), but no integrational
discrepancy for the methine hydrogen (6 5.97) (i'e., no deuterium
exchange) could be seen for the remaining (74%) alcohol.

Synthesis of Ethyl 2-Methyl-3-oxobutanoate. Sodium ethoxide
(0.5 mol) was stirred into 300 mL of absolute ethanol under nitrogen.
Ethyl acetoacetate (MCB) (0.5 mol) was added and the resulting so-
lution was stirred for 15 min and then brought to reflux. Methyl iodide
{0.55 mol), freshly distilled from P05, in 30 mL of absolute ethanol
was added dropwise to the mechanically stirred solution. After ad-
dition was complete, the mixture was stirred at reflux for several
hours. The mixture was cooled to 0 °C and suction filtered (to remove
Nal). The filtrate was concentrated by rotary evaporation. Vacuum
distillation of the residue afforded a constant boiling fraction at 53
°C and 5 mm Hg.

Synthesis of Ethyl 2-Acetoxy-2-methyl-3-oxobutanoate (8).
The lead tetraacetate method of Krampitz (see ref 7) was used without
modification. Vacuum distillation afforded a constant boiling fraction
at 75 °C and 0.2 mm Hg.

Reactions of Sodium Acetolactate (9) (see ref 7). (A) With
CH;3HgOAc. (CH3HgNO; was actually used but standard solutions
of the anion 9 contain 1 equiv of acetate ion.) Methylmercuric nitrate
(2.52 mmol) was added to a solution of 2.52 mmol of sodium aceto-
lactate (generated from 2.52 mmol of 8 and 15.7 mL of 0.321 M NaOH)
and the resulting clear homogenate was stirred for 24 h at room
temperature. A small ball of mercury had deposited at this time.
Approximately 0.4 mL of volatiles was collected by slow fractional
distillation at 1 atm. The distillate consisted of two layers. The upper
layer proved to be EtOH (by NMR), generated from the saponifica-
tion of 8. NMR of the lower (yellow) layer (diluted with a little
CH.Cl,) showed a singlet at § 2.26 (consistent with biacetyl, vide infra)
and a singlet at 6 0.27 (consistent with dimethylmercury; 1H-199Hg
satellites, J = 103 Hz). The mercury droplet obtained from the cooled
distillation pot corresponded to 83% of the theoretical yield (1.26
mmol, see eq 11).

(B) With 1 Equiv of Hg(OAc)2. Mercuric acetate (1.26 mmol) was
added to a solution of 1.26 mmol of sodium acetolactate (from 8 and
aqueous NaOH) and stirred overnight. At that time a small ball of
mercury was present. A few drops of a yellow oil (bp 75 °C) was col-
lected by slow fractional distillation. It possessed the characteristic
odor of biacetyl and NMR showed the expected singlet at § 2.26 (as
well as resonances due to EtOH from saponification of 8).

(C) With 0.5 Equiv of Hg(OAc),. Mercuric acetate (0.68 mmol)
was added to a solution of 1.36 mmol of sodium acetolactate (from 8
and aqueous NaOH) and stirred for 24 h. A few drops of volatiles were
collected by fractional distillation and shown to be (NMR) mainly
biacetyl (6 2.26, and having characteristic odor) and ethanol. The
distillation pot was cooled and filtered to remove the mercury ball
(yield 0.52 mmol, 76% of theoretical, see eq 9). The filtrate was satu-
rated with KOAc and extracted several times with ether. The ether
extract was added to 0.5 mL of D>O and the mixture was rotovapped
to remove ether. NMR of the residue displayed a singlet at 6 2.20 and
a doublet at §1.33 with equal integration and was identical with the
NMR spectrum of commercial acetoin {85% in water). The methine
quartet was obscured in both cases by the water peak.

(D) With 1 Equiv of HOAc. Acetic acid (2.1 mmol) was added to
a solution of 2.2 mmol of sodium acetolactate (from 8 and agueous
NaOH) and stirred for 30 min. The aqueous layer was saturated with
NaCl and extracted several times with ether. Rotary evaporation left
a residue which displayed an NMR spectrum identical with that of
commercial acetoin (85% in water) (as well as resonances due to eth-
anol).

Reaction of the Enolate Anion of Acetoin with Hg(OAc)..
Commercial acetoin (5 mmol, 0.5183 g of 85% aqueous solution) and
5 mmol of NaOH were stirred to homogeneity in 2 mL of H,0. Mer-
curic acetate (5 mmol) dissolved in 2 mL of HyO was added. Imme-
diate blackening occurred (with transient appearance of yellow HgO).
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Stirring for 20 h left a clear solution, possessing the strong charac-
teristic odor of biacetyl, and a ball of mercury.

Attempted Reaction of Sodium Benzilate with Hg(OAc),.
Sodium benzilate was prepared by mixing equimolar quantities of
benzilic acid and NaOH in methano! and evaporating, in vacuo, to
dryness. The salt was purified by precipitation from methylene
chloride/petroleum ether. Mercuric acetate (0.5 mmol) and sodium
benzilate (1.05 mmol) were stirred into 2 mL of Dy0 plus 2 mL of
CH,Cl,. No visible reaction occurred for several days. NMR spectra
obtained for each layer indicated that mercuric benzilate is parti-
tioned into the organic layer.
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Silver p-tert-butylbenzoate decomposes at 300 °C to products that retain the tert-butyl group intact. Among
these products are five isomeric di-tert-butylbiphenyls, evidently resulting by isomerization of the first-formed
p-tert-butylphenyl radical. With labeled benzophenone and benzene, the silver salt gives products in which much
protium-deuterium exchange has occurred. The photolyzed silver salt arylates 1,2,4-trichlorobenzene; thermal de-
composition in benzonitrile yields triphenyltriazine in addition to the radical arylation product.

We discovered that silver carboxylates decompose at
200-400 °C according to eq 1. We have described the forma-

0
I
R—C—O0Ag — Ag'+ R—C—0- — Ag'+R-+00, (D)

tion and reactions of mono- and polyradicals from silver ar-
enecarboxylates in a previous publication.! More recently, we
wished to find if a thermally labile group such as tert-butyl
could survive the elevated temperatures at which silver salts
decompose. Accordingly, we pyrolyzed 8.55 g (30 mmol) of
silver p-tert-butylbenzoate (294 °C dec) at 300 °C under ni-
trogen and obtained 4.2 g of a distillate composed of the
products listed in Table I. All products apparently retained
the tert-butylphenyl group intact.

In addition to demonstrating the survival of the tert-butyl
groups at the pyrolysis temperature, analyses of the products
presented two other points of interest.

The presence in a single spectrum of tert-butylbenzene and
of biphenyl, terphenyl, and quaterphenyl with a tert-butyl
group on each ring offered a clear illustration of the effect of
molecular size on a favored decomposition in the mass spec-
trum. All tert-butylarenes have a marked tendency to lose
CHj under electron impact. In a small molecule such as tert-
butylbenzene, the intensity ratio of [M+ — CH3)/[M*] in 70
eV spectra usually is about 4 or 5:1. With increase of molecular
size, this ratio tends to drop, presumably because of the in-
creased number of degrees of freedom. The ratios are shown
in Table IL

Directly coupled gas chromatography/mass spectrometry
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Table 1. Products from Silver p-tert-Butylbenzoate

at 300 °C
relative
product concentration?®
tert-butylbenzene 38.6
tert-butylbenzoic acid 4.5
di-tert-butylbiphenyl 30.1
di-tert-butylbenzocoumarin 2.2
tri-tert- butylterphenyl 5.6
tetra-tert-butylquaterphenyl 0.7

a Percent of total ions in the low-voltage (7.5 eV nominal) mass
spectrum.

revealed the presence of five isomeric di-tert- butylbiphenyls,
whose partial spectra are shown in Table III. The high in-
tensity at m/z 195 for (M ~ CH; — C4Hg)* ions in isomers 1
and 2 suggested that these contained two and one tert-butyl
groups, respectively, ortho to the second ring and that isomers
3, 4, and 5 contained no tert-butyl group ortho to the second
ring. The absence of ortho substitutions in 3, 4, and 5 was
confirmed by synthesis of authentic 3,3'- and 4,4’-di-tert-
butylbipheny! and of a mixture containing known amounts
of the 3,3, 3,4/, and 4,4’ isomers; this allows firm identification
by retention time of isomers 3, 4, and 5, respectively, as the
3,3’-, 3,4-, and 4,4'-di-tert-butylbiphenyls. The relative
amount of each isomer formed from silver tert-butylbenzoate,
as determined by gas chromatography, is shown in Table
IV.

One might expect 3,4’-di-tert-butylbiphenyl to be the
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