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Abstract: The reactions between 2,2-dimethylcyclohexanone-6-d; (3-6-d>) and lithium, sodium, and potassium in THF and in
liquid ammonia/THF at ca. =75 °C are investigated. The corresponding ketyls (3-6-d;)~-M™ are formed in high yield, are
transient, and decay, by disproportionation to give the enolate of 3-6-d> and the alcoholate of 2,2-dimethylcyclohexanol-1-d-
6-d; (4-1-d-6-d>), by dimerization to give the dialcoholates of the pinacols 5-6-d»-6’-d>, and by abstraction of a proton or a
hydrogen atom from the medium to give the alcoholate of 4-6-d5. Partitioning between these decay modes differs somewhat
for the lithium, sodium, and potassium ketyls, but is in each case unaffected when the concentration of the ketone precursor
is changed drastically. This suggests that the ion pairs [(3-6-d;)~-M*], the primary products, rapidly associate, and that the
decay reactions then proceed within an associated species, probably within the ion quadruplets [(3-6-d2)~-M™*],. The dissolv-
ing metal reductions of 3-6-d using lithium, sodium, and potassium in liquid ammonia/THF containing excess tert-butyl al-
cohol or ethanol at ca. =75 °C are investigated. Disproportionation of the ketyls strongly competes with the protonation of the
ketyls, the key step of the general mechanism proposed by House. Protonation of the enolate formed by disproportionation re-

generates the ketone, which is then rereduced.

Evaluation of the large body of published experimental
results led House to propose? that the dissolving metal reduc-
tion of saturated ketones proceeds via the main sequence: (1)
reduction, ketone — ketyl; (2) protonation, ketyl — ketyl
radical; (3) reduction, ketyl radical — a-hydroxycarbanion;
and (4) protonation, a-hydroxycarbanion — alcohol. To ac-
count for the empirical rule that the more stable diastereomeric
alcohol is often the predominant product, he proposed that
diastereomeric ketyl radicals and/or a-hydroxycarbanions
equilibrate via inversion, and that the stabilities of these py-
ramidal species parallel those of the corresponding alcohols.
Furthermore, he suggested that these species dimerize? in part,
concurrently with steps 2 and/or 3, to give the pinacolates
and/or the pinacols. He stressed that the association? of the
ketyls may be playing a crucial role, but left open its extent and
timing.

We find® that saturated ketyls with a hydrogen atom in an
a position disproportionate’ readily to give the enolates and
the alcoholates. We hypothesize that this reaction takes place
via the branched sequence (1) reduction, ketone — ketyl ion
pair; (2) association, ketyl ion pair — ketyl ion quadruplet; (3)
quasi-intramolecular decay via (a) disproportionation, ketyl
ion quadruplet — enolate + alcoholate, (b) dimerization, ketyl
ion quadruplet — pinacolates; (4) protonations, (a) enolate
— ketone, (b) alcoholate — alcohol, (c) pinacolates — pina-
cols. We suggest that this sequence is kinetically favorable and
that protonations of the ketyl ion pair and the ketyl ion qua-
druplet according to House’s general mechanism compete,
often inefficiently, with steps 2 and 3a, 3b, respectively. The
ketone which is liberated through protonation of the enolate
(4a) is reduced in turn. In the absence of a proton source, the
new reaction dominates and the enolate survives and can be
trapped. Under these conditions a third decay mode, a reaction

with the THF and the liquid ammonia, which we also ascribe
to the ketyl ion quadruplet, comes to light.

Unlabeled Substrate, Lithium, THF. We have recently
shown® that the reaction of 2,2,6,6-tetramethylcyclohexanone
(1) with metallic lithium in THF at ca. =75 °C gives the cor-
responding, persistent ketyl, 1--Li*,” in high yield. This ketyl
was characterized by its typical rigid medium ESR spectrum
and was shown to undergo characteristic chemical reactions
such as, in particular, that with water or deuterium oxide:
deuteronation produces the corresponding O-deuterated ketyl
radical, which cleanly disproportionates? to give back the ke-
tone 1, and the corresponding alcohol, 2,2,6,6-tetramethyl-
cyclohexanol, with deuterium atoms in the 1-position and in
the hydroxyl group, 2-1-d-0-d. On workup with water the
hydroxylic deuterium atom is exchanged and the alcohol with
one deuterium atom in the 1-position, 2-1-4, is isolated.

When saturated ketones such as 2,2-dimethylcyclohexanone
(3), with a hydrogen atom in an « position are treated with
lithium in the same manner, a metal-consuming reaction again
takes place, but the resulting solutions do not exhibit an ESR
signal. Hydrolysis with deuterium oxide and workup with
water again predominantly gives ca. 1:1 mixtures of the ketone
and the corresponding alcohol, but now the ketone contains ca.
one deuterium atom, in the « position, and the alcohol is un-
labeled. These results, contrasted with that for the persistent
ketyl (17.Li*), demonstrate that the lithium ketyls with an
a-hydrogen atom are formed as expected, apparently again
in high yield, that they are transient under the conditions of
their formation, and that decay mainly leads, overall, to the
formation of 1:1 enolate/alcoholate mixtures. ESR experi-
ments (see below) support the conclusion that these ketyls are
transient. Overall, the main decay reaction (— enolate/alco-
holate) seemingly brings about a transfer of the hydrogen
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atoms in the o position of ca. half the substrate molecules to
the 1 position of the other half. To study this transfer in an
unambiguous manner, it is necessary to “invert” the labeling
experiment with respect to the one with 17:Li*, i.e., to label
the substrate in the « position(s).

We had attributed® the persistence of 17-Li* to the shielding
effect exerted by the methyl groups, which blocks the dimer-
ization to give pinacolates and the reaction with the medium,
and had expected a gradual change from persistence to
transience for less and less shielded ketyls. In fact, even quite
hindered ketyls with an a-hydrogen atom turn out to be tran-
sient, largely through the new decay mode.

Labeled Substrate, Lithium, THF. We report experiments,
all carried out at ca. =75 °C, with a single, typical, deute-
rium-labeled substrate, 2,2-dimethylcyclohexanone-6-d;
(3-6- dz) which was chosen for the following reasons. It con-
tains, in a six-membered ring, the -COCD;- grouping —un-
labeled substrates of this general type have probably been used
most commonly in previous studies>—but only one such
grouping, the other o position being blocked by methyl groups.
The substrate, the corresponding alcohol, and the corre-
sponding pinacols have NMR and mass spectra which allow
ready detection of deuterium atoms in the 1 and in the (single)
a positions, and can be subjected to gas chromatography.

Exposure of THF solutions of this ketone (3-6-d, seeeq 1)
with two deuterium atoms in the 6 position (purity:%2 = 98%

0 O7Li*
reduction
D D 0
D D
3-6-d, (8-6-d,)Li*
O7Li* 0
hydrolysis
——ererree D (2)
D H
¢-(8-6-d)"Li* 3-6-d
07Li* OH
g hydrolysis g (3)
D D
¢-(4-1-d-6-d,)"Li* 4.1-d-6-d,
O Li* OH
hydrolysi
g y ysis g (4)
D D
c-(4-6-d,)7Lit 4-6-d,
O7Li* OH
hydrolysis .
) === ()
D/, D/,
c(5-6-d,-6-d, ) 2Li" 5-6-d,-6"-d,

of 3-6-d5) to metallic lithium at ca. =75 °C and subsequent
hydrolysis of the resulting solution gives as main products, in
a ca. 1:1 molar ratio, the ketone with one deuterium atom in
the 6 position, 3-6-d (see eq 2), and the 2,2-dimethylcyclo-
hexanol with one deuterium atom in the 1 position and two
deuterium atoms in the 6 position, 4-/-d-6-d (see eq 3). The
THF solutions must have contained ca. 1:1 mixtures of the
corresponding enolate, ¢-(3-6-d)~Li*,? and of the corre-
sponding alcoholate, c-(4-1-d-6-d,)~Lit,? respectively (hy-
drolyses: eq 2 and 3). Two general mechanisms for the for-
mation of the enolate/alcoholate mixtures need to be consid-
ered. The ketyl,” once formed (eq 1), either disproportionates®
directly (Scheme I), or reacts with (unreacted) substrate and
a reduction step then follows. For clarity, we explicitly intro-
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Scheme I
0~ Li* O7Li* OLi*
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2 D + D
D D D
(3-6-d,)"-Lit* c(8-6-d)"Li*  ¢-(4-1-d-6-d,)Li*

duce!© the more likely mechanism of the latter type: the ketyl
may react with the substrate to give the alcoholate and the
a-keto radical r-(3-6-d)-,” and the latter may then be reduced,
by the ketyl or the metal, to give the enolate (Scheme II). As

Scheme 11
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minor components, the hydrolysates contain, apart from small
amounts of unreacted 3-6-d; and traces of unlabeled 3, the
alcohol with a hydrogen atom in the 1 position and two deu-
terium atoms in the 6 position, 4-6-d, (see eq 4), and the pi-
nacols, with two deuterium atoms in each 6 position, 5-6-
d»-6’-d> (see eq 5). Accordingly, two other, minor decay re-
actions of the ketyl can be identified; the ketyl abstracts hy-
drogen atoms or protons from the medium to give the alcoho-
late c-(4-6-d,)~Li* (Scheme III, hydrolysis leads to 4-6-d5,

Scheme 111
O"Li* O7Li*
d reaction with H
———————————
D the medium D
D D
(3-6-d,)"-Li* c-(4-6-d,) Li*

eq 4), and dimerizes to give the pinacolates c-(5-6-d;-6'-
d,)?2Lit % (Scheme 1V, hydrolysis leads to 5-6-d,-6'-d>, eq
5).

Scheme IV
O7Li* OLi*
2 D - D>
D D/,
(38-6-d,)"-Lit c-(5-6-d,-6'-d,)*"2Li"*

Analysis, Results. Using THF as the solvent and working
at ca. =75 °C throughout, the reaction time and the concen-
tration of the substrate are varied and the reproducibility of
each set of experiments is controlled. The hydrolysates are
analyzed by gas chromatography; this gives the proportions
in which the (unseparated) mixtures of deuterium-labeled
ketones {3, 3-6-d,3-6-d,}, the (unseparated) mixtures of la-
beled alcohols {4-6-d,,4-1-d-6-d,}, and the (separable) mix-
tures of pinacols {5-6-d;-6"-d,} (the meso and the racemic
forms, purity:30:19 295% of 5-6-d,-6’-d,) are present. After
distillation, the ketones, alcohols, and pinacols are isolated by
gas chromatography. The deuterium content of the pinacols
is then controlled and the distribution of the label in the ketones
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Table 1. Reaction of 3-6-d, with Alkali Metals in THF and Liquid Ammonia/THF; Ketone and Alcohol Mixtures Obtained after

Hydrolysis
Ratio¢ % composition of
Initial metal/ Total 4-1-d-6-d>, 4-6-d>.
concn? 3-6-d;.  contact % composition® of 4-d}
Metal, Addition  in3-6.d,, g-atom/ time,4 {3-6-d>. 3-6-d, 3} 4-1-d-6-
Run medium? mode M mol min  3-6-d; 3-6-d 3 dy  4-6-dy 4-d¢
1 Lipiecesin THF 0.26 10 300 3 91 6 80 20
2 0.26 10 300 4 92 4 79 21
3 0.20 10 300 4 96 83 17
4 0.20 10 360 3 97 90 10
5 0.16 10 360 100 86 14
6 0.077 13 360 100 85 15
7 0.038 25 420 9 91 78 22
8 0.038 25 300 4 96 78 22
9 0.038 25 120 53 47 80 20
10 0.038 25 70 97 3 80 20
11 Dissolving Li in NH3/THF Normal 0.028 2 5 29 71 46 51 3
12 0.028 2 12 20 80 47 50 3
13 0.028 3 70 26 74 50 50
14 0.028 2 120 36 64 47 53
15 Solution of Liin NH;/THF Inverse” 0.028 4 90 3 97 51 49
16 Inverse! 60 16 84 46 51 3
17 Dissolving Li in NH3/THF Normal 0.028 0.3 10 85 15 45 51 4
18 0.0028 3 60 3 93 4 58 42
19 0.0028 20 270 6 94 51 46 3
20 Dissolving Na in NH3/THF Normal 0.028 2 20 5 g8 7 80 15 5
21  Solution of Na in NH3/THF Inverse* 0.028 2 20 11 89 84 8 8
22 Inverse! 4 75 7 90 3 84 12 4
23 Dissolving Na in NH;/THF Normal 0.028 0.3 75 76 24 90 10
24 0.0028 2 30 97 3 79 7 14
25 Dissolving K in NH3/THF Normal 0.028 2 20 3 93 4 81 10 9
26 0.0028 3 30 100 88 5 7

4 Runs 11-26: liquid ammonia/THF, ca. 5.8:1 by volume. ® Estimated error: runs 1-10, ca. 5%, runs 11-26, ca. 10%. ¢ Estimated error:
ca, 10%. 4 Runs 1-10: including (variable) induction period. ¢ Estimated, absolute analytical error: 2-3%. / Estimated, absolute analytical
error for 4-d5: 2-3%, in the location of the label, 4-6-d5: ca. 5%. £ Estimated, absolute analytical error for 4-d: 2-3%; the label is not located.
" Rapid addition (at once) of the substrate. ! Slow addition (ca. 30 min) of the substrate, otherwise under the conditions of the preceding

run.

and the alcohols is determined by combination of low resolution
mass spectrometry and !H NMR spectrometry. Mass spec-
trometric analysis gives the ratios of the ketones 3, {3-d}, {3-d 5},
and of the alcohols {4-d,}, {4-d 3} with high precision, but does
not readily indicate the positions at which the deuterium atoms
are located. The positional assignments are more conveniently
made by 'H NMR spectrometry, but the analytical error is
larger. '"H NMR spectrometric analysis consistently shows,
however, that the ketones and pinacols have the deuterium
label(s) in the 6 positions only, and that the alcohols have the
label(s) in the 6 and, in part, in the 1 positions only. These
distributions are in accord with the mass spectrometric data
and, moreover, are the only reasonable ones on chemical
grounds. We therefore rely on the mass spectrometric data in
the case of 3, 3-6-d, 3-6-d;, 5-6-d,-6’-d,, and 4-1-d-6-d,. In
the case of the alcohols {4-d,}, we distinguish between the
positional isomers, 4-/-d-6-d and 4-6-d;, by '"H NMR spec-
trometry using Eu(fod); shift reagent to screen the 1 and 6
positions. We find only 4-6-d5; on chemical grounds, only the
formation of this isomer is reasonable. The compositions of the
mixtures {3, 3-6-d, 3-6-d»} and {4-6-d,, 4-1-d-6-d,} so de-
termined are reported in Table I (runs 1-10). Combination of
the data in Table I with the results of the gas chromatographic
analyses leads to values for the molar ratios 3-6-d/4-1-d-6-d,
in the hydrolysates. These!? are found to be ca. 1.0 in all ex-
periments, but the analytical error is rather large.!32 Sur-
prisingly, the proportions of pinacols 5-6-d3-6’-d, are found
to be the same in every run within the analytical error, which
is, unfortunately, large. These proportions are conveniently
expressed as the ratios 5-6-d3-6'-d,/4-1-d-6-d,; these!® are
found to be 0.2-0.3.12° The material balances!? are 75-95%.
Within experimental error, the entire product composition

which reflects (eq 2-5) the decay reactions (Schemes {I, I},
IIL, IV) seems to be independent of the initial concentration
in the substrate within the range 0.26-0.038 M (6.8-fold
dilution), and of the degree of conversion (runs 9 and 10). Very
little of the label is lost in the course of each run.

Labeled Substrate, Lithium, Liquid Ammonia/THF. The
reaction between the metallic lithium and the ketone in THF
solution starts sluggishly; the rate varies from run to run, and
in the course of a run, as is normal for a two-phase reaction of
this type. This precludes systematic monitoring; also, the ac-
cessible concentration range is limited.!? With the results for
the lithium/THF system in hand, we therefore progress to a
liquid ammonia/THF medium in which both the metal and
the substrate are soluble. In this system—similar ones have
occasionally been used previously?—monitoring of the pro-
gressing decay reactions, greater dilution, and inverse addition
should all be possible. The reactions with the metals are again
carried out at ca. =75 °C, the resulting solutions are quenched
with ammonium chloride, and the ammonia is evaporated.
After hydrolytic workup the products are isolated and analyzed
as before.

The products, general trends, and material balances are
found to be the same as those observed in the first series of
experiments; data on nine experiments (runs 11-19) are given
in Table I. The product composition is again independent of
the initial concentration of the substrate, now within the range
0.028-0.0028 M (normal addition), of the degree of conversion
(run 17) and, importantly, now also of the mode of addition,
for normal, rapid inverse (run 15), and slow inverse (run 16)
addition. Again, very little of the label is lost in each run. In
the experiments at ca. 0.028 M, the ratio!® 3-6-d/4-1-d-6-d;
is again close to unity, but on dilution to ca. 0.0028 M, this ratio
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drops to ca. 0.5: the enolate is apparently not stable under the
conditions. The yield of pinacols is again approximately the
same in every run. In some respects the results nevertheless
differ characteristically from those obtained in the first series
of experiments. Both the reaction with the medium and di-
merization are more important: 4-6-d,/4-1-d-6-d'° is ca.
50:50 (previous series: ca, 20:80), and 5-6-d5-6'-d»/4-1-d-
6-d,'® is 0.6-0.8 (previous series: 0.2-0.3). When the metal
is added to ca. 0.028 M solutions (a concentration acceptable
for synthetic application, although already rather low), con-
version is initially very rapid (runs 11 and 12) and then slows
down. We believe that this is due to a phase separation: con-
version is rapid while the metal dissolves in the colorless, ho-
mogeneous?? solution, and slow by the time it is fully “dis-
solved” to give a dark blue, opaque mixture. There is no
slowdown on inverse addition or on dilution (0.0028 M, normal
addition). Monitoring is nevertheless difficult. To obtain a
product composition at the initial stages of the overall reaction,
<1 equiv of lithium is therefore used (run 17).

Labeled Substrate, Sodium or Potassium, Liquid Ammo-
nia/THF. Analogous experiments can be carried out with so-
dium and potassium in the liquid ammonia/ THF medium at
ca, =75 °C. Data for seven experiments (runs 20-26) are given
in Table 1. The products, general trends, and material balances
are the same as those found in the two series of experiments
with lithium. 3-6-d/4-1-d-6-d,'? is found to be close to unity
in all cases. In some respects the results with these metals,
which behave similarly, differ from the previous ones. The
pinacols are barely detectable (lithium in THF and in liquid
ammonia/THF gives differing, sizable amounts). Little re-
action with the medium occurs (more with lithium in liquid
ammonia/THF, little with lithium in THF). Conversions are
high (slow down with lithium in liquid ammonia/THF).
Slightly more of the label is lost to the medium: more of un-
labeled 3 and some of the alcohol(s) containing one deuterium
atom, {4-d}, are found ({4-d} is also formed, to a lesser extent,
in the runs with lithium in liquid ammonia/THF); the distri-
bution of the label in {4-d} is not determined. The results show
that the sodium ketyl, (3-6-d;)~-Nat, and the potassium ketyl,
(3-6-dy)~-K*, are formed, are transient, and that their for-
mation and decay correspond exactly to those of the lithium
ketyl, (3-6-d2)~-Li*; only the partitioning between the decay
modes differs somewhat.

Mechanism, ESR Experiments. Previous ESR studies!4 show
that saturated alkali metal ketyls have contact ion structures
and indicate qualitatively that the ion pairs, which must be the
primary products formed on reaction between the metal and
the ketones, associate? rapidly and completely to give ion
quadruplets and larger ion clusters. All the findings presented
above suggest uniquely that such association of the lithium,
sodium, and potassium ketyl ion pairs, [(3-6-d2)~-M*)], (M*
= Lit, Nat, K*),7 precedes all three decay reactions. The
simplest hypothesis is that dimerization and disproportionation
within the ion quadruplets [(3-6-d2)~-M*],,” the first species
formed on association, are so rapid that further association is
excluded. The reaction with the medium must then also be
ascribed to the ion quadruplets. We thus hypothesize that the
only reaction of the ion pairs is their extremely rapid and ef-
ficient association to give the ion quadruplets, and that these

then immediately decay, in a quasi-intramolecular fashion
(Scheme V).

That the decay, whatever its mechanism, is indeed very rapid
is indicated by ESR experiments. Solutions of the persistent
17.Li* in liquid ammonia/THF can be generated by adding
1 at ca. =75 °C to lithium solutions; when frozen (ca. 77 K),
these exhibit a rigid medium ESR spectrum due to [17-Li*],,
which is identical with that found for THF solutions.® “Ti-
tration”, either of the blue lithium solutions or of the light
red-brown solutions of 17-Li*, with solutions of 3, causes the
ESR signals of the solvated electrons and of [(17-Lit+)]; (rigid
medium spectrum), respectively, to disappear as quickly as the
solutions can be mixed at ca. =75 °C. Neither in these exper-
iments, nor in analogous, more “difficult” ones in THF, can
signals due to 37-Li* be detected.

As concerns dimerization, Scheme V is a refinement of
Scheme 1V, the association, ketyl ion pair [(3-6-d3)~-M*],
— ketyl ion quadruplet [(3-6-d;)~-M*],, now being taken into
account, and the mechanistic analysis can be terminated at this
level. As regards disproportionation, Scheme V is also a re-
finement of Scheme I, association and disproportionation now
being linked kinetically. Scheme II'! (cf. ref 10) involving the
ion pairs [(3-6-d3)"-M*], (and the related scheme involving
the ion quadruplets [(3-6-d;)~-M*],) can thus be neglected.
Mechanistically, disproportionation® within the ion quadru-
plets (Scheme V) may either involve direct abstraction of a
deuterium atom!? or prior electron transfer (‘‘disproportion-
ation”?) to give a ketone-ketone dianion pair and subsequent
transfer of a deuteron, or a blend of both modes. As concerns
the reaction with the medium, Scheme V (purposely left in-
complete concerning the stoichiometry) supplants Scheme III.
Dual mechanisms, analogous to those discussed for dispro-
portionation, can be postulated for the reaction of the ion
quadruplets with solvent molecules in the contacting solvent
shell. Since the reaction with the medium apparently comes
only into play after association, it can be speculated that the
electron transfer/deprotonation mode is operating: otherwise,
it is difficult to see why direct hydrogen atom abstraction does
not already set in before association. By inference it can per-
haps be speculated that the analogous mode also operates in
the case of disproportionation. Partitioning between the three
decay modes depends on the nature of the bridging metal ions
and of the solvation shell, as one would expect.

Overall Primary Kinetic Isotope Effect. We have an addi-
tional piece of evidence which could, in principle, shed light
on the mechanism of the disproportionation: an overall primary
kinetic isotope effect k11/kp of ca. 2.7 is found when the lith-
ium ketyl with one deuterium atom in the 6 position, (3-6-
d)~.Li*, generated in THF at ca. =75 °C, disproportionates.
The substrate is itself obtained (=98% of 3-6-d%2) by reduc-
tion, disproportionation, and hydrolysis (runs 1-10). The run
with 3-6-d (ca. 0.16 M initial concentration) gives the ketone
mixture®? {74% of 3-6-d,, 26% of 3} and the alcohol mixture®?
{27% of 4-1-d-6-d, 73% of 4-6-d}. The analyses are, in prin-
ciple, done as before (see below). The ratios 3-6-d/3 and 4-
6-d/4-1-d-6-d are approximate values for ky/kp and are in
good agreement. 4-6-d/4-1-d-6-d is the more reliable value
(small amounts of 3-6-d may not have reacted); we neglect the
reaction with the medium. The disproportionation of 3~-Li*
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Table 11, Dissolving Metal Reduction of 3-6-d; with Alkali Metals; Alcohol Mixtures Obtained

Ratio metal/ Ratio proton % composition® of
3-6-d,, source/3-6-d, {4-1-d-6-dy. 4-6-d;, 4-6-d}
Run Metal Medium g-atoms/mol mol/mol 4-1-d-6-dy* 4-6-d¢ 4-6-d9
27 Li NH;/THF/tert-butyl alcohol® 35 50 28 51 21
28 Li 35 50 28 58 14
29 Li NH;/THF/ethanol“ 40 50 19 76 15
30 Na 20 50 36 21 43
31 K NH;/THF/tert-butyl alcohol @ 18 50 25 52 20

@ Runs 27-29, ca. 5.8:1:0.9; runs 30, 31, ca. 5.8:1:0.3 by volume. ¢ Run 31: in addition, 3% of 4. ¢ Estimated, absolute, analytical error; 2-3%,
4 Estimated, absolute, analytical error for {4-d,} and {4-d}: 2-3%, in the location of the label, 4-6-d3, 4-6-d: 5-10%.

must thus be more rapid than that of (3-6-d,)~-Li*. According
to Scheme V, the dimerization and the reaction with the me-
dium should therefore be less important for 37-Li* than for
(3-6-dy)~-Li*. This can be verified for the case of the dimer-
ization and we indeed find more of the pinacols in runs with
3. (We give this qualitative result, but do not further describe
experiments with 3, since they do not provide direct informa-
tion about the reaction with the medium.)

Labeled Substrate, Lithium or Sodium or Potassium, Liquid
Ammonia/ THF/ tert-Butyl Alcohol or Ethanol. With results
for two nonacidic media, an aprotic and a protic one, in hand
we can progress to liquid ammonia based, acidic media of the
type most commonly used in synthetic practice.2 For consis-
tency, we continue to work at ca. =75 °C (in practice, reduc-
tions are carried out at ca. ~75 °C or at =33 °C). The metals
are added in excess to ca. 0.025 M solutions of the substrate
in liquid ammonia/THF containing excess tert-butyl alcohol
or ethanol (normal addition), the mixtures are stirred until the
metal is consumed, and they are then hydrolyzed. Mixtures
of deuterium-labeled alcohols and, in the experiments with
lithium, the (labeled) pinacols are obtained. The material
balances'? are 80-90%.

Analysis, Results. The distribution of the label in the alcohol
mixtures is determined as in the previous runs by combination
of mass and 'H NMR spectrometry. The analyses are more
difficult, however, because we now find sizable amounts of the
trideuterated ({4-d3}), dideuterated ({4-d,}), and monodeut-
erated alcohols ({4-d}). We have to rely on 'H NMR spec-
trometry using Eu(fod); shift reagent to identify both the
positional isomers {4-d3}, 4-1-d-6-d and 4-6-d,, and the pos-
itional isomers {4-d}, 4-1-d and 4-6-d, in the presence of the
trideuterated alcohol 4-/-d-6-d,. Furthermore, geometrical
isomerism can arise in the case of 4-1-d-6-d and 4-6-d: the
analysis does not distinguish between geometrical isomers. A
single positional isomer with two deuterium atoms, 4-6-d5, and
a single type of positional isomer with one deuterium atom,
4-6-d (we assume that we have a mixture of gemometrical
isomers), are found, but the analytical error is large. The data
are collected in Table II.

We interpret as follows. The ketyl ion pairs [(3-6-d3)~-
M],, and perhaps the ion quadruplets [(3-6-d,)~-M*],, are
protonated in part by the proton source. House’s general
mechanism then continues to operate. These sequences lead
to 4-6-d,. The reactions with the THF and the liquid ammonia
probably also occur and also lead to 4-6-d,. Disproportionation
and dimerization within the ion quadruplets persist. Dispro-
portionation and subsequent protonations lead to 4-/-d-6-d-
and the monodeuterated ketone 3-6-d. The latter is reduced
in turn, but House’s general mechanism appears to be domi-
nant at this stage: it leads to 4-6-d, while disproportionation
should give at least some 4-/-d-6-d and, eventually, perhaps
some 4-/-d. Only 4-6-d is found, although the analytical error
is large. That disproportionation and dimerization are indeed
jointly blocked at this stage, in accord with Scheme V, can be
checked in the experiments with lithium. Only the tetradeut-
erated pinacols 5-6-d,-6’-d; (purity:8b 295% of 5-6-d5-6"-d>)

are formed!!? Also, the ratio 5-6-d,-6'-d»/4-1-d-6-d; is found
to be of the same magnitude as in the experiments in the
nonacidic liquid ammonia/THF medium. That House’s
mechanism is dominant at this stage, via protonation of the
ketyl ion pairs [(3-6-d)™-M*]|, must be due to a slow libera-
tion of the precursor (3-6-d) through protonation of the eno-
late. The data also show that, within the analytical error, the
entire set of parallel and consecutive reactions takes place
without loss of the deuterium label to the acidic, protic medium
(cf. ref 10)!

Concluding Remarks

Experiments in which the substrates and/or the temperature
are varied confirm that the disproportionation of saturated
alkali metal ketyls generated under the usual experimental
conditions is a general phenomenon; these studies will be re-
ported at a later date. The usual experimental procedure is to
add the metal to a solution containing the substrate and the
proton source, usually a relatively weak and often a sterically
hindered one, in order to minimize the reaction of the metal
with the proton source, hence the term “dissolving metal re-
duction”. These conditions tend to favor the association of the
ketyls, and therefore, in terms of Scheme V, disproportionation,
dimerization, and the reaction with nonacidic solvent mole-
cules. We are now trying to find conditions which exclude as-
sociation. House’s mechanism, through protonation of the
nascent ketyl ion pairs, should then operate exclusively, and
alcohols would probably be the only products. The stereo-
chemical course of such reductions could then be investigated.
We think it likely that disproportionation has intervened to
some extent in all previous studies.

Experimental Section

1. Apparatus. The reactions with the alkali metals were carried out
in Schlenk tubes!6 under argon, with magnetic stirring using a Tef-
lon-coated bar. Extracts were concentrated by distilling off the solvents
through an efficient glass spiral column. A small short-path distillation
apparatus was used for distillations. Gas chromatography (GC) was
performed on a Perkin-Elmer 881 instrument using regular Carbowax
20M15 columns.

2. Spectrometry. NMR spectra (NMR) were measured in CDCl3
on a Fourier transform Bruker HX90 instrument and are given in
parts per million (8) downfield from Me,Si as an internal standard;
the multiplicities of the signals (s for singlet, m for multiplet) and the
number of protons are given in brackets. Tris(1,1,1,2,2,3,3-hep-
tafluoro-7,7-dimethyl-4,6-octadionato-do)europium (111) (Eu(fod)s)
was used as shift reagent. Mass spectra (MS) were determined on an
Atlas CH4 instrument (ca. 70eV). The molecular ions (M*:) and
fragments (m/e) with intensities down to 12-15% of the base peak are
listed; the relative intensities are given in brackets. ESR spectra (ESR)
were measured on a Varian E9 instrument using 100-kHz field
modulation.

3. Alkali Metals. Alkali metals with the following specifications
were used: lithium (Metallgesellschaft), 99.4-99.8% Li, 0.1-0.5% Na,
0.08% K, 0.01% Fe; sodium (Degussa), ca. 99.6% Na, ca. 0.04-0.06%
Ca; potassium (Fluka) 98% K, 0.4% Ca, Na.

4. Solvents. THF was distilled from LiAlH4 and stored over Na
wire. Ammonia was distilled from NaNH; into the reaction vessel.
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1t was necessary to add ca. 1 vol of THF per ca. 5.8 vol of liquid am-
monia to obtain homogenous?° ca. 0.028 M solutions of 3-6-d- at ca.
—75°C. This ca. 5.8:1 mixture was used throughout.

5. Substrate. 2,2-Dimethylcyclohexanone (3) was made by meth-
ylation of cyclohexanone with methyl chloride and KOH!? on a pilot
plant scale. A fraction obtained by fractionation using a Sulzer col-
umn, bp 73 °C (30 mm), containing ca. 95% of 3 and ca. 5% of the
2,6-dimethylcyclohexanones (6) was converted into the corresponding,
fully deuterated mixture of 3-6-d; (purity:® >98%) and 6-1-d-6-d
(purity:32 >98%) using a standard exchange technique,'8 followed
by washing with water, drying (MgSQy), and distillation. This sample
was used in all experiments. The presence of 6-1-d-6-d does not affect
our results and conclusions in any way.

6. Runs in THF (Runs 1-10). Experiments were carried out with 1-3
mmol of substrate. Lithium rods were hammered flat (1-2 mm) and
a single piece was cut to the desired weight. The strip was weighed in
the air and then etched to brilliance in methanol and rinsed and cut
into pieces (ca. 5 X 3 mm) in THF. The THF-wet pieces were dropped
into stirred, cooled (ca. —75 °C) ca. 0.26-0.028 M solutions of 3-6-d>
in THF. Vigorous stirring at ca. =75 °C for 70-420 min gave ho-
mogenous,20 colorless solutions. Stirring was discontinued, a layer of
pentane was added on top of the THF solutions, and the mixture was
cooled to ca. —75 °C. The remaining lithium, now floating on the
pentane layer, was removed, and water was added with renewed
stirring. The phases were separated and the aqueous phase was ex-
tracted with ether. The combined organic phases were dried (MgSO.)
and concentrated. The concentrate was analyzed by GC and distilled
and sublimed. Fraction 1, bp ca. 65 °C (12 mm), contained the (liquid)
alcohols and ketones. Fraction 11, subliming (0.01 mm) at ca. 160 °C
(bath temperature), contained the crystalline pinacols as a ca. 1:2
mixture, mp 92-94 °C (uncorrected). The stereochemistries of the
pinacols were not assigned.

7.Runs in Liquid Ammonia/ THF (Runs 11-26). Experiments were
carried out with 1-3 mmol of substrate. Single pieces of the alkali
metals were cut to the desired weight; lithium and sodium were
weighed in the air, potassium in ligroin. Normal addition. The weighed
pieces were added to stirred, cooled (ca. =75 °C) ca. 0.028-0.0028
M solutions of 3-6-d; in liquid ammonia/THF. Initially, the stirred,
dissolving metal pieces left a blue trail of dissolved, quickly reacting
metal. For 2-3 min the solutions stayed clear, then a colorless pre-
cipitate was formed. Finally, on complete “dissolution” of the metal
pieces, dark-blue, opaque mixtures were obtained (provided the metal
had been added in excess). Inverse addition. The metals were first
dissolved in the liquid ammonia/THF medium. To the resulting
dark-blue, opaque mixtures the substrate was then added in a small
amount of THF, either at once (rapid inverse addition) or dropwise
(slow inverse addition). The overall ratio substrate/solvent mixture
was the same as that in the runs involving normal addition. After
stirring the blue mixtures at ca. =75 °C for 5-270 min, excess solid
NH4Cl was added with stirring to consume excess metal (the blue
color immediately disappeared), ether was added, and the ammonia
was evaporated. The NH4Cl presumably liberates the alcohols and
ketones into the organic phase. Subsequent workup was done as de-
scribed in section 6.

8. Runs in Liquid Ammonia/THF Centaining tert-Butyl Alcohol
or Ethanol (runs 27-31), Experiments were carried out with 1-5 mmol
of substrate. The procedure corresponded to that described in section
7, for normal addition, except that zerz-butyl alcohol or ethanol was
initially added to the liquid ammonia/THF medium, and that the
mixtures were stirred until the blue color had disappeared (4-5 h).

9. Analyses. Analytical samples of the ketones, alcohols, and pi-
nacols (unlabeled compounds, uniformly labeled compounds, or
mixtures of differently labeled compounds) were purified by GC;
purity = 98%. In the GC analyses, corrections for response factors
were made. In the determination of the distribution of the deuterium
label in the ketones and alcohols, the M*- peaks were used for evalu-
ation; for mixtures, corrections for the normal isotopic peaks were
made. In the case of the pinacols, the (M/2)*. peak was used for
evaluation.

10. Authentic, Pure Samples. Pure samples of 4-6-d, and 4-1-d-6-d
for spectral comparison were made by LiAlH, and LiAlD, reduction,
respectively, using standard techniques.

11. Spectra. 3: NMR 6 1.13 (s, 6), 1.5-2.0 (m, 6), 2.2-2.6 (m, 2);
MS M+*. 126 (26), m/e 83 (15), 82 (100), 69 (40), 56 (43), 55 (46),
42 (15), 41 (46).

3-6-d (purity:328 298%): NMR 6 1.13 (s, 6), 1.5-2.0 (m, 6), 2.2-2.6
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(m, 1); MS M+.127 (25), m/e 82 (100), 69 (41), 56 (49), 55 (35), 43
(11), 42 (21), 41 (41).

3-6-d, (purity:®2 >298%): NMR 6 1.13 (s, 6), 1.5-2.0 (m, 6); MS
M+ 128 (27), m/e 82 (100), 70 (15), 69 (43), 57 (17), 56 (44), 55
(29), 43 (13),42 (19), 41 (38).

4: NMR 6 0.89 (s, 3), 099 (s, 3), 1.1-1.9 (m, 9), 3.1-3.5 (m, 1); MS
M+. 128 (9), m/e 95 (43), 82 (100), 69 (41), 67 (26), 57 (47), 56 (29),
55 (29).

4-6-d, (purity:32 >98%): NMR 6 0.89 (s, 3), 0.99 (s, 3), 1.1-1.9
(m,7), 3.32 (s, broadened, 1); MS M*. 130 (14), m/e 97 (38), 83 (24),
82 (100), 69 (54), 68 (17), 67 (15), 58 (40), 57 (22), 56 (38), 55
(18).

4-/-d-6-d, (purity:82 298%): NMR & 0.89 (s, 3), 0.99 (s, 3),
1.1-1.9 (m, 7); MS M*. 131 (26), m/e 113 (17), 98 (45), 97 (16), 84
(17), 83 (72), 82 (100), 70 (28), 69 (66), 68 (20), 67 (13), 59 (35),
58 (22), 57 (24), 56 (53), 55 (19).

5a: NMR 6 1.12 (s, 6), 1.25 (s, 6), 1.3-2.2 (m, 18); MS M+. 254
(2), mfe 127 (100), 110 (43), 109 (84), 95 (18), 83 (24), 82 (59), 69
(34), 67 (29), 59 (30), 56 (18), 55 (49).

5b: NMR 6 1.17 (s, 6), 1.24 (s, 6), 1.3-2.2 (m, 18); MS very similar
to that of 5a.

5-6-dy-6’-d> (a) (purity:3® 295%): NMR 6 1.12 (s, 6), 1.25 (s, 6),
1.3-1.9 (m, 14); MS M*. 258 (2), m/e 129 (100), 112 (36), 111 (61),
97 (12),85(13),82(59), 70 (16), 69 (46), 67 (14), 59 (35), 57 (21),
56 (34), 55 (21).

5-6-d-6'-d> (b) (purity:3b 295%): NMR 8 1.16 (s, 6), 1.23 (s, 6),
1.3-1.9(m, 14); MS very similar to that of 5-6-d»-6"-d; (a).

12. ESR Experiments. (a) A solution of lithium in liquid ammo-
nia/THF was prepared in a Schlenk tube as described in section 7 and
a fraction was transferred at ca. —75 °C into a sealed-on ESR tube.
1in a small amount of THF was added with a syringe to the solution
in the ESR tube until the blue color had disappeared. The light red-
brown solution so obtained was frozen to ca. 77 K and then exhibited
an ESR spectrum which was identical with that previously observed®
for frozen THF solutions containing [1~-Li*],. (b) 3in a small amount
of THF was added at ca. —75 °C to the lithium solution until the blue
color had disappeared. The colorless solution so obtained was frozen
to ca. 77 K and then did not exhibit an ESR signal. (¢) 3 in a small
amount of THF was added at ca. =75 °C to the lithium solution, but
not enough to consume all the lithium, The blue solution so obtained
was frozen to ca. 77 K and then only exhibited the central ESR signal
due to solvated electrons. Subsequent addition of 1 in a small amount
of THF to this solution at ca. =75 °C gave a light red-brown solution
which, frozen to ca. 77 K, again exhibited the spectrum of [1~-Li*],.
(d) 3in a small amount of THF was added at ca. =75 °C to a solution
of 17-Li* prepared as in a. On complete mixing and subsequent
freezing to ca. 77 K, no ESR signal was observed. On gradual mixing
and intermittent freezing the signals due to [17-Li*]; gradually dis-
appeared.
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Abstract: Mono-, bis-, and tris(p-/V,NV-diisopropylamino)triphenylcyclopropenium ions have been synthesized as their perchlo-
rate or tetrafluoroborate salts (4-6) by reacting N,/N-diisopropylaniline with the appropriate chlorocyclopropenium ion,
(Ph,C3Cls_,*, n = 0-2). These substances are bright yellow dyes which absorb at much shorter wavelengths than the corre-
sponding triphenylmethane dyes (Amax 4, 411 nm; 5, 438; 6, 447). Measurements of the pKg™* values, '3C chemical shifts, and
reduction potentials reveal that these ions are much more stabilized than the triarylmethyl analogues, in agreement with re-

sults of Hiickel MO calculations.

The triphenylmethane dyes, consisting of triphenylmethyl
cations substituted with strongly electron-donating amino
groups, are a well-known and important class of synthetic
coloring matters.! Two of the most useful are malachite green
(1) and crystal violet (2), in which triarylmethy! cations con-
tain two and three p-dimethylamino groups, respectively. In
an early theoretical paper Dewar used simple Hiickel molec-
ular orbital theory to calculate the wavelengths of the lowest
energy electronic absorption band for these and other basic
dyes, with remarkable success.?

The series of triarylcyclopropenium ions with p-dialk-
ylamino substituents (4-6) can be considered as analogues of
the triphenylmethane dyes, in which the central carbon atom
is replaced by a three-membered ring, giving a larger and more
nearly planar? conjugated system. Therefore it seemed quite
interesting to prepare this series of compounds and compare
their properties with those of the classical triphenylmethane
dyes.

Syntheses of p-Amino-Substituted Triphenylcyclopropenium
Ions (4-6). The syntheses of triphenylcyclopropenium ions with
mono-*? and bis(dimethylamino)4® substituents have been
reported previously. However, the methods used in these syn-
theses are not applicable for the entire series of cations with
one to three p-dialkylamino substituents. We found that these
species were prepared in a simple and straightforward manner
starting from the trichlorocyclopropenium ion, C3Cl3+.3

R R’ R’ X
3 H H H clo,
4  iPr,N H H clo,
5  i-Pr,N i-Pr,N H clo,
6  iPr,N iPr,N i-Pr,N BF,

For the synthesis of the mono- or bisamino compounds, 1
or 2 molar equiv of /V,/V-diisopropylaniline was allowed to
react with diphenylchlorocyclopropenium or phenyldichlo-
rocyclopropenium ions which had been prepared in situ from
C;3Cl3*AICI,™ and 2 or | molar equiv of benzene in chloro-
form. After hydrolysis, the crude chloride salts of the corre-
sponding triarylcyclopropenium ions were converted to and
analyzed as the perchlorate salts (4 and 5).

The use of AICl; for the generation of chlorocyclopropenium
ions is known to have wide applicability.¢ However, we found
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