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Anomalous results found in the acyloin condensation do not fit into the currently acceptable mechanistic
schemes for this reaction. A new mechanism is proposed for the acyloin condensation that does not involve a-di-
ketones as intermediates. This mechanism satisfactorily accounts for the wide variety of reaction products ob-
tained in acyloin condensations conducted under different conditions.

The acyloin condensation is a particularly valuable syn-
thetic tool in the construction of large ringsia—=£ and in the
manufacture of perfumes.}? A thorough review of the liter-
ature concerning the acyloin condensation as a cyclization
method was published in 1964.2 More recently, Rithlmann
has reviewed much of the work on the acyloin condensation
conducted in the presence of trimethylchlorosilane.® Dur-
ing the preparation of an article on the acyloin condensa-
tion, a number of anomalous results were found which
were not explained by the published mechanistic schemes
for the reaction.!#25-7 The mechanism(s) for any reaction
should account for all reported results but, in the case of
the acyloin condensation, the anomalous results have not
been fitted into a coherent mechanistic scheme. This paper
presents some conclusions as to the mechanism of the acyl-
oin condensation in order to stimulate thought and experi-
mentation on this reaction. We are presently unable to
carry out any further work toward this end.

Currently Accepted Mechanistic Schemes

The currently accepted mechanism for the acyloin con-
densation involves production of the dianion 3 either (a) by
coupling of two initially formed radical anions 11225 or (b)
by two-electron reduction of an ester to a dianion 2 fol-
lowed by its addition to a second molecule of ester (Scheme
I). The diketone 4 has been presumed to be an intermedi-
ate produced by loss of alkoxide from 3. Subsequent two-
electron reduction produces the acyloin enediolate 6 via
the semidione 5.2 Neutralization of 6 gives the free acyloin
7. The overall process requires two electrons for each mole-
cule of ester reduced.

For simplicity in presentation e~ is used as the indicated reduc-
tant in the mechanistic schemata. The metal employed certainly
has some effect on the course of the reduction, partly through dif-
ferences in ease of electron release to the ester and partly through
differences in stability of intermediate salts and their degree of as-
sociation. At present, however, there are no experimental data
available on the latter effect and only inferences may be made
about the former effect (vide infra).
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Alkylation experiments on several acyloin reaction
mixtures in liquid ammonia produced ketone derivatives of
the starting esters.” This result caused speculation that the
enediolate 6 was in equilibrium with an acyl anion 8 (eq 1).

i i
6 — 9RC_ 2% RCR” + 2Br~ o
8 9

Despite the fact that others have obtained 10, the normal
product of simple enolate alkylation (eq 2),° the acyl anion

ol

6 2B, 1O, R C—Cr @
RH
10

(or an alkoxide adduct of it), has been uncritically accepted
by authors of reference works.10 Furthermore, other experi-
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mental work suggests that compounds of structure 10 may
have decomposed under the drastic work-up conditions in
use at that time,” which included base extractions in air
and atmospheric pressure distillation.}? Moreover, al-
though no data are available to substantiate or disprove it,
entropy considerations in an equilibrium between 6 and 8
in acyloin condensations of diesters should ultimately lead
to polymer and not to the cyelic products which are ob-
served.

Evidence against the Mechanism of Scheme 1

Perhaps the most compelling evidence against this mech-
anism is found in the reduction of esters in the presence of
trimethylchlorosilane. Trimethylchlorosilane is an excel-
lent trap for any alkoxides formed in the reaction. Al-
though no kinetic data are available from the literature on
the rate of reaction of MesSiCl with alkoxides, a second-
order rate constant of 102-104 1. mol™! sec™! can be esti-
mated for the rate of its reaction with alkoxide.l? If inter-
mediate 3 of Scheme I has any lifetime, it should be
trapped when the acyloin condensation is conducted in the
presence of MegSiCl. This has not been observed and
therefore it is unlikely that 3 is an intermediate.

Furthermore, diketone 4 is excluded by the following ex-
perimental data. (1) Diketones are not found when oxygen
is carefully excluded from reaction mixtures and work-up
procedures.® (2) Diketones are reduced by sodium in the
presence of MesSiCl to give mixtures which contain silylat-
ed 6 as only one of many products,15 although a-diketones
having no enolizable hydrogens reduce normally.'62 Some
diketones are not reduced at all in the absence of
Me3SiCL'7 (3) Reduction of a mixture of methyl pivalate (1
mol) and di-tert-butyl diketone (1 mol) with 2 g-atoms of
sodium (enough to reduce all the ester or all the dione but
not both) in the presence of Me3SiCl gave only trimethylsi-
lylated enediolate and diketone with no recovered ester.!®
Reduction of methyl pivalate (1 mol) with 1 g-atom of sodi-
um (enough to reduce only half the ester all the way or all
of it to dione) gave recovered ester and silylated enediolate
as the only products.18 These two experiments should show
the relative rates of reduction of ester and diketone if dike-
tone were truly an intermediate. If diketone reduced faster
or at the same rate as ester, then unreacted ester should
have been found in the first experiment; or, alternatively, if
ester is reduced faster than diketone, then diketone should
have been found in the second experiment. These data
strongly suggest that diketones 4 are not intermediates in
the acyloin condensation.

An alternative mechanism to that of Scheme I is shown
in Scheme II. Scheme II involves no diketone intermediates
but assumes stepwise loss of alkoxide from 3.

Scheme II
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This scheme can also be ruled out on the basis of experi-
ments conducted in the presence of MegSiCl. If dialkoxy
intermediate 3 is not trapped by MegSiCl, then 11 should
be trapped because it also is a molecule that should have
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some stability. However, because trimethylsilanol is a
stronger acid!8 than either methanol or ethanol (and tri-
methylsilyl oxide is therefore likely to be a better leaving
group), at least some of the final product should have the
structure shown in eq 3.

OSiMe; O 0SiMe; O
3 RO, | MesiO R(|3 !——R N RCIJ—C—R -
(J)R’ (!)R’
OR' O OR’ OSiMe;
R—(|3=CII—R - R(l?=CR @)

Me;SiCl

All data that have been found to date on reductions of
esters point to the conclusion that the acyloin condensa-
tion mechanism does not involve the formation of dialkoxy
derivative 3 and diketone 4 and therefore must not involve
the dimerization of two initially formed radical anions or
the addition of an ester dianion to a second mole of ester.
Moreover, the schemes presented above do not account for
reductions in liquid ammonia”1%-22 and in hydrocarbon sol-
vents23-25 where acids, alcohols, and other anomalous prod-
ucts are found. (References 7 and 19-25 are only a few rep-
resentative examples.)

Initial Radical Nature of the Reaction

That the initial step in the acyloin condensation involves
the addition of one electron to the ester forming the radical
anion ! does not seem arguable. What subsequently occurs
may still be open to considerable debate.

Evidence which supported the initial radical nature of
the reaction was obtained from reductions in which an ini-
tially formed radical anion could decompose to carbon
monoxide, alkoxide, and a resonance-stabilized tertiary
radical.?6 Reduction of the esters RCO;CsH; [R = 1-phen-
yleyclopentyl, 1-phenylcyclohexyl, and 2,3,4-trimethyl-3-
pentenyl] produced acyloin, RH, RR, and RCOR. The se-
quence of reactions suggested to account for these results
was

. —emo |
RCO,C.H; <> RCOCH; 2> RC: —> R + €O (4)

1 14 15

The radical 15 was presumed to dimerize to form R-R,
react with 14 to produce ketone, or abstract a hydrogen
atom from solvent to.produce RH. The acyloin was sup-
posed to be formed by dimerization of 1 or 14 followed by
reduction.

Recently, the reduction of phenylacetic esters in the
presence of MesSiCl was also explained in terms of free
radical intermediates (Scheme III).3 Bibenzyl, which is
found in reactions involving benzyl radicals, is surprisingly
absent from the reaction mixture. This suggests that the
benzyl radical might not be present at all. This point is dis-
cussed in more detail below.

Compound 23, the silylated derivative of the original
ester was also isolated. It was suggested that this product
was formed by hydrogen atom abstraction from 16 to give
the enolate corresponding to 23 which was rapidly silylat-
ed.

An alternative explanation involving benzyl anions could
explain all the results of Scheme III. Benzyl anion could at-
tack starting ester at carbony! to produce ketone, or it
could abstract a proton to give enoclate of starting ester (eq
5). A pathway by which benzyl anions can form is discussed
below.
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Unified Acyloin Condensation Mechanism

Scheme IV describes an alternative to the currently ac-
cepted acyloin condensation mechanism. This section will
describe precedents for the formation and fate of each in-
termediate and will attempt to show how the sequence can
be interrupted at many points to give the anomalous prod-
ucts which have been found. Next, the outlines of Scheme
IV will be used to describe the products of the reduction of
dimethyl dimethylmalonate?? in which a large number of
anomalous products are found. Finally, two cases will be
described which are difficult to explain by any mechanism
at all. Note that the proposed mechanism of Scheme
IV involves no ketone (either mono- or di-) and involves
discrete steps in which one electron is added at each junct-
ure.

Scheme IV
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(I) The Initially Formed Radical Anion (1). The ini-
tially formed radical anion can have three possible fates:
(1) addition to a second molecule of ester to give the first
oxy-bridged intermediate 25 (see below), (2) 8 scission to
produce a carboxylate anion and an alkyl radieal, and (3)
in the case of substituted succinic esters, fragmentation to
produce (finally) two enolate anions.

The 8 scission reaction takes place with esters which are
so hindered that they are not hydrolyzed by base. Thus,
reaction 6 probably occurs.’® Note that in this case, the
ester is so highly hindered that approach of a second ester
to form the oxy-bridged intermediate 25 cannot readily

occur,
} —— } — } + CH;
(Li-NH,)

<" C0,CH, COCH, 7 Ne=0 (®)
| o

0

The fragmentation reaction of succinic esters is exempli-
fied by two cases: eq 727 and 8.282 Three factors seem to fa-

CH,O_ OSiMe,
081Me;
(a) Na, Me,SiCl
COCH, [:@( 7
OSiMe,
(a) 24-40% CHO™  0SiMe;
b) Na-K (@) 58-40%
CO,CH, \ﬁuw 0%+ (b) 85% (7b)
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~78° CO,CH,
CH,
54%

cilitate fragmentation: (1) exceptional strain in the poten-
tial cyclic product, (2) increased reducing power of the
metal-medium, and (3) in liquid ammonia, solvation of the
initially formed radical anion. This means that there are at
least two alternate pathways that can occur before closure

O -—
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|
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to the oxy-bridged radical anion 25 (eq 9, 10). It is quite
possible that fragmentations of succini¢ esters in liquid
ammonia®® involve an apparent two-electron reduction of
the diester by a very fast addition of a second electron to
the initially formed radical anion (eq 10). The timing of the
addition is the most important step in the acyloin conden-
sation mechanism (vide infra).

(II) Oxy-Bridged Radical Anion 25. The oxy-bridged
radical anion 25 can be formed either by attack of the oxy-
gen of an ester radical anion on carbonyl carbon of an unre-
duced ester or by attack of the carbon of the radical anion
on carbonyl oxygen of unreduced ester (eq 11). The first

OR’
I OR’
NG
RC/ \C/ (1)
OR’ OR’ (I)_
~ ~ -

C=0+ C—0 25

R/ R/

mode of attack needs no further comment while the second
is found in trialkyltin hydride reductions of acid chlorides
and ketones.?® In addition, the esr spectrum of the oxy-
bridged radical anion 30 has been recently observed (eq
12).30

CH;
COCeH,

@i ‘. 0 (12)
&

COCgHs C6H5

30

Oxy-bridged radical anion 25 could have three fates: (1)
8 scission and decomposition to produce ester, carboxylate
anion, and a radical (eq 13), (2) addition of a second elec-
tron to form dianion 26, and (3) loss of alkoxide to form
radical 27. The 8 scission and fragmentation reaction may
have been observed in the case of some benzoic esters of al-
cohols such as benzyl, allyl, cinnamyl, etc.25 (vide infra).

C')R’O (,)R’ R ﬁ) OR’
RN

0 0
25
RCO,~ + RCO.R” + R (13)

(ITX) Radical 27. Discussion of the formation and fate of
dianion 26 will be passed over for the moment and instead
the fate of radical 27 will be discussed because it is here
that an earlier point concerning the timing of the addition
of the second electron becomes very important. The vari-
ous fates of radical 27 are summarized in Scheme V.

Scheme V offers another pathway for formation of acids
in hydrocarbon solvents. Such a reaction was noted in the
reduction of benzoic esters using large particle size sodi-
um.25 This result was quite puzzling until a simple calcula-
tion was carried out on surface area per unit volume for so-
dium particles of 1-mm and 1-u particle size. Comparison
of these two surfaces showed that the 1-u particle size sodi-
um had a surface area 103 times greater than'that of the 1-
mm particle size sodium. This means that in a given unit
volume, the ratio of molecules of unreacted ester to avail-
able sodium atoms in the large particle size case is 103
times greater than in the small particle size case. This indi-
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cates that there is a greater chance of electron release to
the ester (giving 25 or 27) with the large particle size sodi-
um. Once one electron is released to the ester, giving one
molecule of 25 or 27, the situation is now reversed, for the
ratio of available sodium atoms to 25 or 27 molecules is now
102 times greater with the small particle size sodium than
with the large particle size sodium. This means that the
second one-electron reduction to 26 or 27 is more favorable
in the small particle size case. These calculations suggest
that the most important step in the acyloin condensation
mechanism is the timing of the transfer of the second elec-
tron to the substrate and that this step determines to a
great extent what course the reaction will take. This tim-
ing is a function of both the reducing power of the metal-
medium and the various steric and electronic factors in the
substrate.

For reactions conducted in liquid ammonia Scheme V of-
fers one pathway for the formation of amides.” Scheme V
also provides a pathway for the formation of radicals in the
reduction of those esters where resonance-stabilized terti-
ary radicals can be formed.28 We believe that Scheme V
better accounts for the radical products (R-R and R-H)
found than the o elimination previously proposed2é (see eq
4).

(IV) Dianion 26. Dianion 26 has two possible pathways
for decomposition: (1) loss of alkoxide to give oxy-bridged
anion 28 and (2) in ammonia or at high concentrations of
starting ester,?* protonation and fragmentation to aldehyde
and ester (eq 14). Further reduction of the aldehyde would

OR’ OR’ (l)R' (I)R'
0O _ 0O
Poll, o T

_R—"R ¥eoru"CR —>
| b

o
RCHO + RO™ + RCOR" (14)

R_.

lead to alcohol if sufficient reducing agent were present.
This reaction would take place in a situation where R is
very sterically crowded and thus cannot go further to 28 =
29, because the bonding distance cannot be attained. This
is, in fact, the result obtained in the reduction of methyl
mesitoate by lithium in liquid ammonia.!®

(V) Oxy-Bridged Anion 28. The entire concept of an
oxy-bridged anion is hoary. It was first suggested by Favor-
sky3! as providing possible intermediates for the Cannizza-
ro reaction, benzilic acid rearrangement, and acyloin rear-
rangement, as well as the reaction that now bears his name.
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In ammonia, protonation of 28 could occur, leading to
amide, alcohol, and even aldehyde if insufficient reducing
agent were present (eq 15).7:20,22

|y
o
re” “c—w
- i
0
28 OR’
0
R(';/ \(ﬁR' M RCHO + RCONH, (15a)
"
0 '22%» RCH,0H  (15b)
A9, RCO,” + RCH(OR), (15¢)
B9, RCHO + RCOR’ (15d)

Further examination of transformations of 28 shows that
it can account for the reduction products of phenylacetic
esters? in a way that explains the absence of bibenzyl but
without invoking free radicals other than as transient radi-
cal-anion intermediates (eq 16). Thus, 28’ can fragment,
producing a resonance-stabilized anion and starting ester.

OR’
(Ng"

<N
CoH,CH,C ) ICIQCHQCGHS —

28’
CH:CH,CO,R + CO + CH,CH,” (16)

In the presence of Me3SiCl, the anion can be trapped to
produce benzyltrimethylsilane (20) or it can attack the
starting ester (perhaps in a “cage” reaction). Attack at car-
bonyl would produce dibenzyl ketone (22) while attack at
the benzylic hydrogen would produce enolate of the start-
ing ester which is subsequently silylated to give 23. No bi-
benzyl is predicted by this scheme. A similar fragmentation
pathway in the reactions involving tertiary benzylic or al-
lylic compounds?® also produces resonance-stabilized an-
ions which account for all products except dimer hydrocar-
bons.

The steps involving the conversion of 28 to 29 parallel
very closely, in reverse, the pathways suggested for cleav-
age of benzils by cyanide ion (eq 17)32 or by methylsulfinyl
carbanion.33 The anion 31 is comparable to 29 while 32 is

ﬁﬁ) 0- O
CH;CCCH; + CN™ = CH,C—C—CH, ==

CN
CN 0
0 ” +ROH

CH; == CH,C /CCGHs _—

CGH5?/

CN 0~
31

~0
32
CHCOR + CHCHO (7)

comparable to 28, Furthermore, an intermediate very much
like 29 was proposed to account for products from the pera-
cid oxidation of 8-diketones.?4 A very similar structure is
also found in the hydrate of 1,2-cyclohexanedione which is
formulated as a dihydroxyepoxycyclohexane.35

Malonic esters undergo a reaction in which the elements
of carbon monoxide and alkoxide are lost to give the substi-
tuted acetic ester (eq 18).2236 Note that the closure of 28”
to the epoxide derivative would produce a 2-oxabicyclo-
[1.1.0]butane. An alternate pathway open to 28” is expul-
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k.l
COR _ : © 0"
e” pd
R, — > Rc. 0 > R, 0) —>R,0=C
Scor RO Y ~ o
0 0
28" (18)

sion of carbon monoxide and formation of ester enolate,
which is the result observed in hydrocarbon solvents at
room temperature and above. This result fits with the pre-
viously stated concept that most of the anomalous products
of the acyloin condensation can be explained most readily
as results of anionic reactions.

(VI) Epoxide 29. The formation of epoxy intermediate
29 was just discussed. The reduction of epoxides by alkali.
metals in both hydrocarbon solvents and liquid ammonia
has been carefully investigated.3” Thus conversion of 29 to
semidione 5 and subsequent reduction to endiolate 6 is eas-
ily understood. However, if MesSiCl is present, 29 should
have sufficient lifetime to be silylated before reduction to a
silylated semidione. Silylated 29 is a nearly symmetrical in-
termediate and reduction could occur in either of two di-
rections (eq 19). No mixed silylated-alkylated enediolates

OR’ OR’ OR’
R Ol Mesia R 6 ¢ BR—C—0"
/O I 0 — I +
R——(|3 — l R—C—O0SiMe,
0~ OSiMe,
29 R 0' R OR’
R—C—OR’ o >~ L
| — | + —
R—C—O0 C C—0O°
| R~ 0SiMe, R
%‘LMQS _
R\ /O R\ /OR
C C
|| + i (19)
C C—0~
R OSiMe, R

are found. The ring opening of silylated 29 in one direction
only may be rationalized in the following way. Comparison
of tert-butyl methyl ether with trimethylsilyl methyl ether
by nmr shows that the oxygen of the trimethylsilyl methyl
ether is more electronegative than that in tert-butyl meth-
yl ether.38 The reason for this is participation of the vacant
silicon d orbitals in delocalizing the lone pairs on oxygen to
a certain extent. Thus, inductively, the carbon next to the
silyloxy group in silylated 29 can more readily accept an
electron than the carbon next to the alkoxy group.

One other intermediate could be involved in the equilibrium 28
= 29 of Scheme IV. This is intermediate 11 of Scheme II (eq 20).
For the reasons stated previously under Scheme II it is felt that 11
is not involved in the acyloin condensation mechanism because no
mixed silyloxy-alkoxy alkenes are found when the reaction is
conducted in the presence of MesSiCL

OR 0
| ol —
R—g/ Se—r <
28
OR’ 0 0
0 Lo
R—C cI—R = R—(I:——c—R (20)
0~ OR/
29 1
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Scheme VI
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One final piece of evidence is now offered which strongly
implies that the mechanism for the acyloin condensation is
not the “classical” one of Scheme I. Figure 1A is a plot of
yield vs. ring size for the acyloin condensation, the Dieck-
mann condensation, and the Thorpe-Ziegler condensa-
tion.?® Note that the rapid drop in yield for the acyloin
condensation falls at the eight-membered ring while in
both the Dieckmann and the Thorpe-Ziegler reactions, the
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drop is at the nine-membered ring. Entropy considerations
should govern the formation of a given size ring, no matter
how it was formed. Figure IB is a plot of the size of the first
formed intermediate vs. yield for all three condensation
reactions. Note that in the “unified” mechanism discussed
above, the oxy-bridged intermediates are one member larg-
er than the ring size of the final product. The plots of inter-
mediate size vs. yield correspond well for all three cases.

Reduction of Dimethyl Dimethylmalonate

The variety of products issuing from the reduction of dimethyl
dimethylmalonate by sodium in liquid ammonia?? offers an exam-
ple in which the generality of the “unified” acyloin mechanism can
explain all products. Scheme VI gives pathways to these products
in terms of intermediates 25-29 of Scheme IV. In these reactions,
MesSiCl was added at the end of the reduction to facilitate isola-
tion of the products.?2

Table I is a compilation of the yields of the various products as
the reaction conditions were changed. Examination of this table
shows that there are probably two independent groups of products.
The yields of 40 and 42 are nearly independent of all changes in
conditions, while those of 33, 35, and 36 change as the temperature
is lowered from —34 to —78°. Note also that at —~34° the total yield
of 33, 35, and 36 is 56% while at —78° the yield of 33 is 57% and 35
and 36 completely disappear. This suggests that 33, 35, and 36
arise from a common intermediate.

Scheme VI is consistent with this view. Compound 33 is formed
by fragmentation of intermediate 28a, as shown in eq 18. Com-
pounds 35 and 36 are formed from 34, an ammonolysis product of
28a. If dianion 34 decomposes with loss of carbon monoxide and
methoxide, the precursor to 35 is formed. On the other hand, if 34
is protonated before decomposition, then a pathway to 36 is now
opened. The disappearance of 35 and 36 as the temperature is low-
ered suggests that the ammonolysis of 28a (to 34) is much slower
at —78° and that at —78° 28a can fragment or be reduced further.
This is consistent with the expectation of a lower activation energy
for fragmentation or reduction of 28a than for its ammonolysis.

The independence of the yield of 40 and 42 from all changes in
conditions also suggests a common precursor, intermediate 39. In-
termediate 39 is formed in preference to a cyclopropene semidione.
Instead, 37 undergoes further reduction and protonation to give
39a = 39b. Reduction of 39a to the cis-cyclopropanediolate pre-
cursor of 40 is easily explained in terms of the known metal-amine
reduction of epoxides which proceeds with inversion of configura-
tion at carbon,37b:

The pathway from 39b to the silylated diol 42 involves the cyclic
hemiacetal 41, produced by reduction of 2,2-dimethylpropiolac-
tone (40). The suggestion of the hemiacetal 41 is particularly plau-
sible because a cyclic hemiacetal has been identified among the
products of an acyloin condensation conducted in liquid ammo-
nia.2® Diols have also been found in other acyloin condensa-
tions.23:24

Ammonolysis of 40 could also produce the amide alcohol 36.
However, if this were the major pathway to 36, then a concomitant
rise in the yield of 42 should be noted as the temperature is low-
ered. Since 42 is found in such small yields (3—4%), any contribu-
tion by this pathway to the overall yield of 36 must be negligible.

A cyclopropanone derivative 39¢ is also possible in the equilibria
represented by 39a-c. Because of the known propensity of cyclo-

39b 39a 0
39¢

propanones to react with nucleophiles,*® 39¢ would be rapidly
trapped by the adjacent oxy anion to form hemiketal 39a. Attack
of ammonia (or amide) on 39¢ could lead to 36 (eq 21) but again a

0]
NH.
>{_ s e S >%/: —

0" C\n,
CONH, |, _y

> S s36 (20

CH,0H @ MesiC!
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Figure 1. Dependence of yield of various cyclization processes on product ring size (A) and on the size of the hypothetical first formed cy-
clic intermediate (B) [adapted from J. Sicher, Progr. Stereochem., 3, 215 (1962)|.

decrease in yield of 36 with decreasing temperature should pro-
duce a rise in the yield of 40 and 42 if eq 21 described the major
pathway to 36. Furthermore, reduction of 39¢ should produce a
trans-cyclopropanediolate on the grounds of greater charge sepa-
ration in this molecule over that in the cis-cyclopropanediolate (eq
22). These complications make any substantial contribution of 39¢
very unlikely as no products derived from it are found.

The proposed intermediacy of the 2-oxabicyclo[1.1.0]butane in-
termediates 29a and 39a leads to predictions of a variety of prod-
ucts via a combination of thermal rearrangements4! and reduc-
tions. One such rearrangement is shown in eq 23. Compound 44
has been tentatively identified in these reactions.

When the reduction of dimethyl dimethylmalonate in liquid am-
monia is conducted in the presence of methanol 43 is produced on
subsequent treatment with Me3SiCl. This is easily accounted for

~>—CH,08iMe,
43

by methanolysis of the enolate precursor of 33 and subsequent
Bouveault-Blanc4! reduction to the alcoholate of 43. In fact, it is
likely that the mechanism of the Bouveault-Blanc reduction is a
variant of the acyloin condensation mechanism (see eq 15d).
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NH. -0 (22)
0 H
(o o~ 0
><§O . NH, (1)2e NH,
CHO CHO (2) MesicCl

0

CH,0SiMe, (23
44

Scheme VI did not include an exposition of the fate of a possible
dianion intermediate (26a) resulting from reduction of 25a. It is
not likely that 26a is in the pathway for this reduction. Scheme VII
summarizes the possible fates for 26a, in which the intermediacy of
aldehyde ester 45 is predicted. However, reduction of 45 under the

Scheme VII
NH, “Me0™ CHO
25a —
COzMe
0 OMe "0 OMe

XK %EO“X? %?

9a

45 < /

36 + 40 + 42

CHO (1) s-, N, CH,0SiMe
>< (1) 4e ,I\lIHa >< 2 3
CHO (2) MeSiCl CHzO SiMeg

46 42

acyloin reaction conditions produced a mixture which consisted of
35 (6%), 40 (25%), 42 (25%), and 43 (45%).22 These results suggest
that any pathway for the reduction of the diester that goes through
26a must be negligible. The production of 43 from 46 could involve
a type of internal Cannizzaro reaction (eq 24).

- C -
><CHO e ><V\H . >< } (1) -CO
CHO C—H CH,0 @ e NH;
46 (i (3) MeSiCl
0
>—CHZOSiMe3 (24)
43

Results Difficult to Explain

The simultaneous reduction of a mixture of two different
long-chain diesters gives very peculiar results.*® When di-
methyl nonanedioate is reduced alone, the yield of acyloin
is 16%. In the presence of an equimolar amount of another
long-chain diester, a yield of nine-membered acyloin of
52-62% is obtained!*3

Table II presents a comparison of some results obtained
in both the Dieckmann and acyloin condensations. Note
that the Dieckmann cyclization is worthless for monomer

Bloomfield, Owsley, Ainsworth, and Robertson

Scheme VIII
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N N
CO.R COR CO,R
c‘)R ?R (|)R (l)R
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in the Co-Cy, range but that cyclic dimer is produced. In
the acyloin condensation with added Me;SiCl, the yield for
all ring sizes ranges from fair to excellent.* Related data are
plotted in Figure 1A and B.

Compare the two cases in Table II in which the acyloin
condensation was carried out in the presence of Me;3SiCl
under both normal and high-dilution conditions. Under
normal conditions, the yield of dimer is considerable. The
mixed-ester reactions*® were carried out without added
Me3SiCl under normal conditions. Under high-dilution
conditions, the reaction becomes monomolecular and the
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TableI _
Yields of Various Products from the Reduction of Dimethyl
Dimethylmalonate by Sodium in Liquid Ammonia22

__CH,0SiMe, iMe, H,0SiMe,
%%;ea >—CONHSiMe, ><§ONHSi Me, ><:(;“;).MP H,08iMe, .
Conditions 33 35 36 40 42
(1) Na—-NH,, ether, —34° 6 25 25 25 3
(2) Me,SicCl
(1) Na-NH;, ether, ~78° 57 25 3
(2) Me;SiCl
(1) K-NH,, ether, —78° 38 7 25 5
(2) Me,SiCl
(1) Na-NH,, CH,OH, ether, —34° 10 22 3
(2) Me,SiCl
also >—CH,08iMe; (43) (55%)
Table I1
Comparison of Yields (%) for Cyclization of RO;C(CH;),CO2R under Various Conditions
Acyloin
Nn:g isiﬁil Dieckmann®? Ref 43¢ Ref 43¢ Me3SiCl (A)e Me3SiCl (B)f
8 15 (dimer = 11) 72—-85
9 0 (dimer = 28) 5 5 (16) 22 (dimer = 62) 68
10 0 (dimer = 12) 52 69 (52) 53 (dimer = 20) 58-69
22 (dimer = 73)
11 0.5 (dimer = 23) 60 62 (69) 48
12 0.5 (dimer = 16) 57 84 (72) 68
13 24 (dimer = 19) 62 52 (64) 84
14 32 (dimer = 2) 58 87 (84) 67

aTaken from Table Il in J. P. Schaefer and J. J. Bloomfield, Org. React., 15 (1967). ? Note that for the Dieckmann reaction the value of
n to obtain a given size ring must be 1 larger than in the acyloin condensation. ¢ Yield of Cq cycle when 0.01 mol of Cg diester is cyclized with
0.01 mol of the diester for which n = N — 2. @ Yield of Cx cycle when 0.01 mol of Cy is cyclized with 0.01 mol of Ce diester. The number in
parentheses is the yield when no other ester is present. ¢ Reference 3, ester added fairly rapidly. / Reference 44, ester slowly added via high-

dilution cycle.

Table 111
Esters Which Are Not Reduced

Reduced C.H,0,0C0,CH,

iozcr{;‘
0.CH,
:COZCH;
CO,CH,

Not reduced/ CH{0,0CO,CH,*

b COCH,?
O.CH; o COCH/
0,CH OLH,
i CO,CH,
oL CO,CHy’
32
O.CH,
COCH, Co.CH,
COCH
COCH,

a Reference 36b. ¢ Reference 44, © Reference 45. ¢ Reference 27. ¢ Reference 46,/ Reference 47. € Reference 48.

yield of monomer goes up, although reaction rates are slow.
[The relative rates in parentheses are Cy (16), C1o (6), C11
(66), 012 (2), and C14 (1.7).43]

Study of Table II provides a clue to what might occur
when two long-chain esters are reduced simultaneously.43
The relative rate studies show that the Cy diester is re-
duced at a much faster rate than the other esters studied.
Therefore, could the initially formed radical anion from the
Cy diester be trapped by a higher carbon numbered diester
to produce an intermediate bimolecular product which de-
composes to two monomolecular products? Scheme VIII
offers a very speculative suggestion. Note that in interme-
diates 47 and 48, the ends of the Cg diester are now held in
a 14-membered ring, and the C, diester is held in a C, 43
size ring (the size of the intermediate in the unimolecular

acyloin condensation). If n + 2 = 9, then a 10-membered
ring is formed which results in no net gain in ring size and
dimer is formed. With n + 2 > 9, then going to such struc-
tures as 47 and 48 might be favored, opening a pathway to
higher yields of the Cg monomolecular acyloin.

In Table 111 are collected a number of other anomalies in
the acyloin condensation. For these examples there can be
no mechanism because the diesters are not reduced at all!
For comparison some diesters are included which are re-
duced and have structures similar to those of the diesters
which are not reduced. (Not.all the known examples of
nonreduction are recorded in Table III. For more complete
listing see ref 4.)

This paper has presented a number of conclusions about
the acyloin condensation mechanism which are at variance
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with the generally accepted mechanism of the reaction. It
is hoped that further discussion and experimentation will
result which will either prove or disprove these conclusions.
Furthermore, because of the importance of the acyloin
reaction as a synthetic tool in organic chemistry, more work
is needed to describe (1) adsorption and desorption of or-
ganic molecules on alkali metal surfaces and (2) steric, con-
formational, and electronic effects on the electron transfer
to esters.
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A simple systerh for the designation of chemical reaction mechanisms is suggested. The new system represents
each bond-making and bond-breaking step in symbolic form and requires only two symbols plus atomic symbols
for the elements to represent all heterolytie and homolytic reactions including electron-transfer reactions. Minor
modification of the system allows the designation of ion-paired intermediates and caged radical pairs. An ap-
proach.tp the designation of photochemical reaction mechanisms is also suggested. The new system can serve as a
digital.code which, when applied to a set of reagents, will generate both mechanism and products. Its application

to information retrieval is anticipated.

In the past 30 years chemistry has become increasingly
mechanistic. The term mechanism has many peripherally
different definitions but basically means a description of
the sequence of bond-making and bond-breaking steps oc-
curring as a set of starting molecules, atoms, or ions is con-
verted to a new set. When mechanisms are grouped.for
classification, extramechanistic information is included to

indicate the outcome of the reaction, i.e., substitution,
elimination, or addition. This procedure gives more infor-
mation than would be available from the purely mechanis-
tic part of the classification symbols, but it still leaves im-
portant parts of the known details of the mechanism to be
associated with the symbols by memorization.

As an example, consider the classification SN2. The most



