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IT *. Activation and catalytic aldol condensation of ketone
with rhodium(III)-porphyrin perchlorate under neutral
and mild conditions

Y. Aoyama*, Y. Tanaka, T. Yoshida, H. Toi, and H. Ogoshi*

Department of Materials Science and Technology, Technological University of Nagaoka, Kamitomioka,
Nagaoka, Niigata 940-21 (Japan)

(Received January 16th, 1987)

Abstract

Acetone and methyl ethyl ketone undergo facile and direct metalation at the
methyl groups by a cationic (octaethylporphyrinato) rhodium (III) complex with a
non-coordinating perchlorate counteranion, (OEP)RW"(CIO,), under mild condi-
tions. Acetylacetone and ethyl acetoacetate are similarly metalated at the internal
methylene groups. The metalation of acetone is first-order with respect to both
rhodium complex and ketone, and involves the (OEP)Rh"(CIO,)-assisted, rate-de-
termining enolization of the ketone. The resulting 2-oxopropyl-rhodium derivative
undergoes facile cleavage of the C-Rh bond with electrophiles such as H* and Br,.
When cyclohexanone is used as substrate, on the other hand, (OEP)Rh"(CIO,)
catalyzes the aldol condensation of the ketone effectively, where the intermediate
cyclohexanone enolate reacts with the ketone or other carbonyl compound present
and regenerates the Rh'™ complex. An essential aspect of the present reaction is the
remarkable ability of (OEP)RK™{ClO,) to promote enolization of simple ketones by
activation with charge-separated [(OEP)RW"]" (a Lewis acid) under mild and
neutral conditions. The second-order rate constant of (OEP)Rh(CIO,)-assisted
enolization of acetone at 30°C (k,=2.6 X 10™* M~ sec™!) is 107 times as large as
that of its spontaneous enolization in water, where water is both acid and base.

Introduction

The conversion of a carbonyl compound into the corresponding enol (enolate) is
essential in many organic and biological reactions. A typical example is substitution

* For part I see ref. 1.
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at the a-position of the carbonyl group, such as in halogenation and aldol reactions
with C-C bond formation. These reactions, of which the mechanisms have been
extensively studied [2], are catalyzed by acids and bases. In the modern enolate
chemistry [3,4], enolates are usually generated by stoichiometric reactions of strong
bases [5*] as enolization reagents (not catalysts) upon carbonyl compounds possess-
ing acidic a-hydrogens. On the other hand, the biological enolization is often
catalyzed by metallo-enzymes under neutral conditions as a result of efficient
cooperation between metal ion (as a Lewis acid) and basic group (as a proton
acceptor) [6,7*]. We report here a new group of transformations of simple ketones
using Rh".-porphyrin complex with a noncoordinating counteranion. Efficient catal-
ysis in the enolization of ketone under neutral and mild conditions was shown by
this Rh'"' complex.

Ionic organic reactions are classified into two categories; acid-base (electro-
philic-nucleophilic) and oxidation-reduction (redox). Metalloporphyrins have been
repeatedly shown to catalyze redox reactions chemically [8], electrochemically [9],
and photochemically [10]). Here we clearly show that metalloporphyrins, together
with appropriate choice of metal and counteranion, catalyze typical acid-base
reactions.

Results

Direct a-metalation of ketone

In the presence of a slightly greater-than-molar amount of dissolved AgClO,,
(octaethylporphyrinato)rhodium(III) chloride ((OEP)RW"-Cl) readily reacts with
acetone under mild conditions ( < 50 °C) to give organometallic derivative I in good
yield (eq. 1), together with microprecipitates of AgCl [11*]. The product was
identified from spectral evidence [12*]. In particular, the '"H NMR spectrum

" AgCIO“ XCHZSCHZY

! " m %9
oer)rn'-c1 — % (oeP)rn''(C10,) —E—2+ (0ePIRn''-CHECHY (1)
l:X=Y=H
11X =H, Y = CH,
HI: X = COCH,, Y = H

IvV: X = COZCHZCH3, Y=H

showed a doublet and a singlet at higher magnetic fields due to the porphyrin ring
current effect. These were assigned to the CH, and CH; protons, respectively, of
the coordinated acetone moiety from their geometrical parameters and the isoshield-
ing map of organorhodium porphyrin derivatives [12a]. Coupling (J = 4 Hz) of the
CH, protons with '>Rh nucleus (I =1/2) can be taken as direct evidence for
Rh-CH, bonding. In the absence of AgClO, no reaction was detected under
otherwise identical conditions. The active species in this reaction was shown to be
the perchlorate complex, (OEP)Rh"™(CIO,), generated from the anion exchange of
(OEP)RKW-C] with AgClO,. It was independently confirmed that (OEP)Rh"(CIO,)
reacts with acetone to give I in the absence of silver salt. The metalation of methyl
ethyl ketone took place almost exclusively at the methyl position to give II.

* Reference number with asterisk indicates a note in the list of references.
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Yields, TLC R, values, and spectral (*H NMR 4, IR ¥, UV-Visible ¢, and Mass) and analytical data for

(OEP)Rh'R

Complex
1 1 111 v
Yield ¢ (%) 82 72 88 85
R.* 0.18 0.30 0.24 0.03
8 ppm / —5.40 (d, 2H) & —527(d,2H) 8 —450 (d, 1H) & —4.50 (d, 1H) #
—2.31(s, 3H) —2.54 (q, 2H) —1.93 (s, 6H) —1.80 (s, 3H)
—1.00 (t, 3H) 0.16 (t, 3H)
0.89 (g, 2H)
»(C=0)(ecm~') 1680 1680 1600 1700, 1670
Ama/nm (log €) 387 (5.29) 386 (5.25) 387 (5.30) 394 (5.20)
511 (4.23) 511 (4.11) 511 (4.14) 516 (4.14)
544 (4.70) 543 (4.63) 544 (4.63) 548 (4.55)
m/e 693 (M™) 707 (M) 735 (M) 765 (M*)
636 (M* —R) 636 (M™ —R) 636 (M* —R) 636 (M* —R)
Anal. Found C 67.87 (67.62) 68.50 (67.98) 67.44 (67.02) 66.18 (65.96)
(calc) H 7.27(7.13) 7.55(1.27) 7.04 (7.00) 6.94 (6.98)
N 7.91 (7.91) 7.59 (1.93) 7.72 (1.62) 7.14 (7.33)

4 For CDCl; solutions. ® For KBr disks. ¢ For dichloromethane solutions. ¢ For chromatography-puri-
fied materials. © On silica gel 60 F,5, (Merck) with dichloromethane as eluant. / For alkyl ligands.
& J(Rh-H) = 4 Hz.

B-Dicarbonyl compounds such as acetylacetone and ethyl acetoacetate were met-
alated similarly to give the corresponding organometallic compounds III and IV,
respectively (eq. 1). The 'H NMR spectra indicate that the internal CH, group was
the site of metalation. The yields, TLC R; values, spectral ("H NMR, IR, UV-VIS,
and mass) and analytical data for the organorhodium complexes are summarized in
Table 1.

Kinetic measurements for the formation of I were taken in acetone,
(OEP)RW(C10,) was prepared in situ by a very rapid reaction of (OEP)RW"-CI
and AgClO, (1.6-2.6 equiv). The conversion of (OEp)Rh(CIQ,) into I followed
first-order kinetics (—d{(OEP)RW'(CIO,)]/dt =k, [(OEP)RW(CIO,)]) which
gave well-resolved spectra. A typical change in the spectrum in the range 500-580
nm is associated with this conversion. A set of isosbestic points indicates that there
is no accumulation of intermediates. The time-course of the absorbance change at
544 nm is shown in Fig. 2. The first-order plots derived therefrom give a straight
line (Fig. 2, insert) with a slope or pseudo-first-order rate constant (k) of
3.4 %107 sec™! at 30.0° C (half-life of reaction, 204 sec) and 1.9 X 10~2 sec™! at
50.0° C (half-life of reaction, 34 sec), which are independent of the initial concentra-
tions of the rhodium complex in the range 0.72 X 107 — 2.86 X 10~° M. The effect
of acetone concentration on rate was investigated by use of o-dichlorobenzene as an
inert solvent. The results are shown in Fig. 3, where k_, values are linearly
correlated with [acetone]; k., = k,[acetone]. The slope or second-order rate con-
stant (k,) is 2.6 X 107* M~ ! sec™! at 30°C and 1.4 X 107> M~ ! sec™! at 50°C.
Silver perchlorate was found to be essential for the present reaction. However, an
excess of (OEP)Rh™ in the reaction mixture gave no further rate enhancement, and
served only to inhibit the reaction; k,  values of 3.4, 3.4, 2.7, 1.5, and 1.1 x 1073
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Fig. 1. Spectral change associated with the conversion of (OEP)RW(CIO,) (1.43x10™° M) into I in
acetone at 30.0 ° C; (OEP)Rh"(CIO, ) was prepared in situ from (OEP)Rh"-Cl and AgClO, (3.74x 103
M). Time interval for spectral scan was 3 min.

sec”! were obtained for runs with 2.31, 3.75, 6.88, 11.37, and 22.30 X 10~ of
AgClO,, respectively, and [(OEP)RK"] fixed at 1.43 X 10~> M in neat acetone at
30°C.

The 2-oxopropyl-thodium complex I was susceptible to attack by electrophiles
such as H* and Br,. Addition of a large excess of aqueous HCIO, or HCI to an
acetone solution of I resulted in rapid generation of (OEP)RW! (ClO,) or
(OEP)RW''-CI, suggesting that the present metalation reaction is reversible (eq. 1).
The reaction of I and Br, also took place readily to give bromoacetone [13 *]. An
important observation, on the other hand, was the lack of any carbanionic reactivity
of 1 toward carbonyl substrate. Complex I was stable in acetone or methyl ethyl
ketone and no evidence was obtained for the aldol-type reaction of I with the
solvent. Furthermore, there was no exchange of the coordinated acetone in I with
solvent acetone-dg, shown by 'H NMR spectroscopy.

Catalytic aldol condensation reaction of ketone

The reaction of (OEP)RW'(CIO,) with cyclohexanone, a representative cyclic
ketone, took place differently. Instead of being converted to the corresponding
organometallic derivative V, this ketone underwent efficient aldol condensation to
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Fig. 2. Change of absorbance at 544 nm associated with the conversion of (OEP)Rh™(CIO,) (1.43x107°
M) into 1 in acetone at 30.0° C with time; (OEP)RW'(CIO,) was prepared in situ from (OEP)RE"-C1
and AgClO, (3.74x107% M). Insert: analysis of the data according to the first-order kinetics for
disappearance of (OEP)RW(C10,) simplified as Rh.
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Fig. 3. Effect of acetone concentration on pseudo-first-order rate constant for the conversion of
(OEP)RW'(CIO,) (3.62%1075 M) into | in the presence of varying amounts of o-dichlorobenzene at
30.0° C; (OEP)RRY(CIO,) being prepared in situ from (OEP)RW!'-Cl and AgClO, (5.90%107° M).
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Fig. 4. Aldol condensation of cyclohexanone (3.0 g, 31 mmol) containing AgClO, (10 mg, 48 pmol) in the
presence (@) and absence (O) of (OEP)RW"-CI (4 mg 6 pmol) at 50 ° C under nitrogen with time.

give VI (eq. 2), where (OEP)Rh"™(CIO,) was the catalyst. Under typical conditions,

o]

<:§—Rh(OEP]
\"
0]
(OEP)RK! Yo,
2 0 (2)
-H.O
2 \"2

1.4 g (7.9 mmol) of VI was obtained by stirring a cyclohexanone solution (3.0 g) of
(OEP)RW(CI0,) which was prepared in situ from (OEP)Rh™-Cl (4 mg, 6 pmol)
and AgClO, (10 mg, 48 pmol) at 50 ° C under nitrogen for 40 h. The yield of VI was
1.3x10°% based on the rhodium porphyrin catalyst, which gives a catalytic
turnover number of 1.3 X 10°, In marked contrast, acetone afforded only a trace
amount of its aldol condensation product (mesityl oxide) under similar conditions.
The rate of formation of VI, together with that for the run without rhodium
complex is shown in Fig. 4. Spectroscopic and TLC monitoring of the reaction
showed that the rhodium porphyrin catalyst was present as (OEP)Rh'(CIO,)
during the reaction.

The initial rates (r = d[VI]/d¢) of catalyzed reactions and control runs in neat
cyclohexanone or dichlorobenzene solution at 50°C, together with the apparent
catalytic rate constants (k. r=k_[catalyst]) [14], are shown in Table 2. The
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Table 2
Initial rates () of aldol condensation of cyclohexanone at 50 °® C and catalytic rate constants (k)
(OEP)RK!-C] AgClO, Medium ° [cyclohexan- r kb
used (pmol) used (pmol) one] (M) (mM/s) s™H
6 48 CH 9.69 0.040 0.021
6 48 CH/DCB 4.67 0.020 0.011
6 48 CH/DCB 2.35 0.011 0.0061
6 96 CH 9.69 0.045 0.024
6 0 CH 9.69 0 0
] 48 CH 9.69 ~5x107¢ 3x1073
0 LiCl0, CH 9.69 0 0
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@ CH, cyclohexanone (3.16 mi). CH-DCB, cyclohexanone/o-dichlorobenzene (3.3 ml). © k = r/[catalyst},
where catalyst is the rhodium complex when present, and XClO, (X = Ag or Li) when rhodium complex
is absent.

reaction catalyzed by (OEP)Rh!'-Cl requires AgClO, as an essential component,
although simple ClO,~ salts (AgClO, and LiClO,) alone are at best only very
slightly active (see Table 2). As in the metalation of acetone, an excess amount of
ClO, ™ relative to [Rh'™] has no acceleratory effect. Furthermore, dilution of the
substrate ketone with dichlorobenzene results in the corresponding decrease in the
rate. These results suggest similarity of the rate-determining processes of cyclo-
hexanone condensation and acetone metalation.

The organometallic compound V was prepared by the standard procedure [12* a]
utilizing nucleophilic reaction of [(OEP)RK]~ with 2-bromocyclohexanone. Like the
corresponding acetone derivative I, the authentic sample of V thus obtained showed
little or no aldol reactivity, if any, toward cyclohexanone in the absence or presence
of AgClO,, although in its presence V as well as I underwent slow reversion to
(OEP)RW!(CI0,). These facts indicate that the enolate complex and not V under-
goes aldol condensation. The enolate intermediate could also be captured by other
carbonyl compounds such as benzaldehyde present in the reaction mixture, leading
to a cross-condensation (eq. 3). Similarly, when the reaction was carried out in a
9:1 mixture of acetone and cyclohexanone with (OEP)RK!-Cl (10 mg, 15 pmol)
and AgClO, (13 mg, 63 pmol), I and all four condensation products were obtained;
VI and VII (derived from cyclohexanone enolate), VIII and IX (from acetone
enolate) in a ratio of 1:0.93:1.8:2.2 (eq. 4).

n 0
(oeryrn'Y(c10,) H H
Oror Qpom =20, QAR
-2H,0
) oer)rn''(ci0,)
o+ C|-|3<‘ECH3
H,0

)
CH 0 CH
RRVIEN < 3+ cH 8CH + cH8ch=c? 3 (1)
~ 3 2 3 N\
CH CH
3 3
Vil VI IX

Finally, a reaction was carried out to shed light on the steric effects pertaining to
I and V. The competitive alkylation of [(OEP)Rh ]~ with a mixture of 1-bromopro-
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pane and bromocyclohexane (1:42) in methanol afforded n-propyl-rhodium com-
plex almost exclusively. This result, in view of the accuracy of 'H NMR spec-
troscopy, indicates that the open-chain bromide is at least 103-times more reactive
than the cyclic bromide.

Discussion

The organo-transition-metal species having a-metallocarbonyl moiety or
tautomeric oxo-m-allylmetal complexes are potential intermediates in synthetic
reactions [15,16] and are important in the biological dehydration or 1,2-diols
catalyzed by vitamin B,,-dependent dehydrases [17]. The synthetic procedures for
these compounds require pre-activation of carbonyl substrates, usually by
nucleophilic reaction of low-valent metal centers with a-haloketones (eq. 5) [15]. An
alternative general method involves the electrophilic interaction of M™ complexes
(M = Co and Rh) with alkyl [18,19] or silyl enol ethers [16] as activated ketone
derivatives (eq. 6). The direct metalation of ketone, on the other hand, is rather rare

- .9
M+ -CH-- ——= M-CH-€- (5)
mo g, ROH . OR W 0O
M 4 -C=CH- ——= M-CH-C- — M-CH-C- (6)
OR OR'

[20*]; one example is the slow metalation of ketone with cobalt(III) complexes with
at least one strongly basic axial ligand or under basic conditions [21], i.e., under
conditions that allow base-promoted enolization of ketone. The metalation reaction
shown in eq. 1 seems to be the first example of direct, electrophilic a-metalation of
ketone under neutral and mild conditions [20*]. The general mechanism of a-sub-
stitution reactions of ketone including aldol condensation, involves acid- or base-
catalyzed enolization of ketone followed by capture of the thus-formed enol
(enolate) by electrophiles. Contrary to the case of S-dicarbonyl compounds [22*],
monoketones have a very low enol content and show very small rates for sponta-
neous enolization. Acetone has an enol content of 1.5 X 10~ %% [23] and the rate of
enolization (in water at 25°C) of 2.8 X 10~® min~! (compared with the corre-
sponding values of 1.0 and 0.072 min~! for acetylacetone and ethyl acetoacetate,
respectively) [24]. Thus, an essential point of the present reaction is the remarkable
ability of (OEP)Rh™(CIO,) to promote enolization of simple ketones as shown in
Scheme 1, where the formation of acetone enolate (XI) is rate-determining since no
accumulation of intermediate is observed. This enolization seems to follow the
general mechanism of “acid”-catalyzed enolization of carbonyl compounds: coordi-
nation of Rh™! center to the carbonyl group to form the adduct (X), followed by
removal of a proton from X by some basic species (Scheme 1). The role of the
non-coordinating C10,~ counteranion is to generate charge-separated [(OEP)Rh'™)*
complex with the highly electrophilic Rh'™ center with vacant coordination sites
[12*e,f]. On the other hand, the identity of actual base is not so clear, a possible
candidate is ClO,~ anion, which however, is a very weak base; the substrate ketone
is probably more basic. The metalation of acetone is first-order with respect to both
(OEP)RH(CIO,) and acetone. A mechanism consistent with this involves rapid
(but less-favored) (KJ[acetone) <1, K=k;/k,) pre-equilibrium formation of X
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0 K Rh'OEP)]*
(OEPRR™(CIO,) + CHCCHy === | 0 clos
" LcHsCCHs
X
K
RH"(OEP)
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CHsC=CHy
Xl

Scheme 1

followed by rate-determining removal of a proton from X by its ClO,~ countieran-
ion; rate = k[X] = k,[(OEP)Rh(C10,)],[acetone] (k, = kK and t total concentra-
tion), from general expression for [X] (eq. 7) and K [acetone] < 1. This mechanism

[X] = K [acetone]

~ K|[acetone] + 1 [(OEP)RE"(C10,)], (7

may account for the fact that excess ClO,” in bulk solution shows no rate
enhancement (by not affecting the concentration of active Cl0,™ counteranion). On
the other hand, ClO,™ could also be an inert counteranion, in this case rapid and
favored (K [acetone]>> 1) pre-equilibrium formation of X is followed by rate-de-
termining enolization with a second molecule of ketone as base; rate =
k[X][acetone] = k[(OEP)RN!(CIO,)],[acetone], from eq. 7 and K[acetone] > 1.
Still another mechanistic possibility is that the reaction of (OEP)RhW(CIO,) with
acetone is rate-determining; rate = k[(OEP)Rh"(ClO,)][acetone]. However, this is
less likely since adduct formation is usually rapid. Unfortunately these mechanisms
cannot be distinguished by kinetic methods alone, resulting in ambiguity as to the
proton abstraction process. Whatever the mechanistic details may be it is note-
worthy that in adduct X the substrate ketone is activated with [([OEP)Rh™]" to such
an extent that it undergoes facile deprotonation even by a very weak base such as
ClO,~ or ketone.

The aldol condensation of cyclohexanone has a number of kinetic aspects in
common with the metalation of acetone; existence of only one long-lived rhodium-
porphyrin intermediate (OEP)RW"(C10O,), no further rate enhancement with an
excess of C10,7, and linear dependence of rate on ketone concentration (Table 2).
This similarity suggests that the enolization of cyclohexanone has a rate-determining
profile similar to that of acetone in its metalation reaction. On the other hand, there
is strong evidence against the intermediacy of the C-bound organometallic com-
pound V in the catalytic reaction [25 *]. On these grounds a catalytic mechanism
(Scheme 2) can be proposed, which involves: (i) enolization of ketone
[(OEP)RW"(C10,) + O=C-CH- - (OEP)Rh-0-C=C- + HClO,] and (ii) aldol re-
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action of the resulting enolate complex (XII) with free ketone to give the con-
densation product VI (after dehydration) and the rhodium porphyrin catalyst was
once more regenerated:

(OEP)Rh-O-C=C- + O=C-CH-+ HCIO, -
(OEP)RW"(CIO, ) + 0=C-C-C=C-+ H,0

The rate of reaction (d[VI]/dt= k. [(OEP)Rh'(CIO,)] is equal to that of the
formation of XII (d[XII)/dt = k,[(OEP)RW(CIO,))cyclohexanone], where
[((OEP)RW(CIO,)] is kept constant during the catalytic reaction. The second-order
rate constant (k,) of enolization is obtained from the relationship k& =
k,[cyclohexanone]; k,=2.3x10"% M~! sec™! at 50°C (see Table 2), which is
reasonably consistent with that of the enolization of acetone in its metalation
reaction (k = 1.4 X 1073 M~! sec™! at 50 ° C). The versatility of aldol-type processes,
makes enolates one of the most important intermediates for C-C bond formation
[3-5 *]. Strong bases such as alkoxides, alkyllithiums, and lithium amides are the
usual enolization reagents. The generation of enolates and associated C-C bond
formation are separate stoichiometric reactions. In marked contrast, (OEP)RH"
(ClO,) is a catalyst for the enolization of ketone, allowing catalytic aldol con-
densation under neutral and mild conditions, with a rate of turnover of k.= 0.02
sec™! (Table 2) or 1.2 cycles per min for a run in neat ketone.

Both the a-metalation and aldol condensation of ketone involve key enolate
intermediates. The striking difference in the fates of acetone enolate (XI, Scheme 1)
and cyclohexanone enolate (XII, Scheme 2) needs clarification. The predominant
metalation of XI is not surprising, since (OEP)RH!(CIO,) is such a powerful
electrophile, and is thus capable of the direct metalation of simple arenes [12*¢,f].
The aldol process of XI leading to the formation of VIII and IX may be negligible
in a single turnover run, but becomes more important when reaction time is
prolonged and an excess of AgClO, (eq. 4) is used; under these conditions major
product I reverts to (OEP)Rh™(CIO,) and hence reversibly regenerates XI. On the
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other hand, selective aldol reaction of XII can be explained thus: (1) the metalation
of XII to give V would be less favorable than that of XI owing to steric repulsion
between the porphyrin plane and the cyclohexane ring in V. In a model alkylation
reaction of [(OEP)Rh!]™ with bromocyclohexane and 1-bromopropane the reactivity
difference is more than 10°-times, although its applicability on a quantitative level
to the present electrophilic reaction may be questionable. (2) Cyclohexanone is
approximately one order of magnitude more reactive than acetone toward both
cyclohexanone and acetone enolates, judging from the product ratios VI/VII and
VIII/IX (eq. 4) after statistical correction by a factor of 9 for different concentra-
tions of the two ketones used. Combination of these steric and electronic effects of
cyclohexanone may be responsible for its selective aldol condensation.

The present study emphasizes the importance of charge separation of metal-ligand
bond by using a non-coordinating counteranion to generate a highly efficient system
for the enolization of simple ketones in neutral organic solutions under mild
conditions. The second-order rate constant for the (OEP)RW"(CIO,)-promoted
enolization of acetone at 30°C (2.6 X 107* M~! sec™!) may be compared with the
apparent second-order rate constant of enolization of acetone in water at 25°C
(0.8 X 107" M~! sec™1) [26], where water serves as both acid and base. Metal-com-
plex catalysis such as that observed here is without precedent for simple ketones,
although there are some examples of metal-ion catalysis in Brénsted-base-promoted
enolization in water of chelating ketones such as acetylphosphonates [27], 2-acetyl-
pyridine [28], ethyl acetoacetate [29], and 2-oxocyclopentanecarboxylate [30]. In
view of the many examples of metalloporphyrin catalysis in redox reactions [8-10] it
is noteworthy that metalloporphyrin can also catalyze non-redox reactions [31*).
The efficient catalysis of C—C bond formation in the aldol reaction will enlarge the
scope and versatility of metalloporphyrins as catalysts. Further functional modifica-
tions of metalloporphyrins should provide more selective catalysts. We are now
trying to introduce chiral reaction field [32*,33*] or binding site for enolate
acceptor.

Conclusion

Ketones undergo remarkably efficient enolization by a cationic rhodium(III)-
porphyrin complex with a non-coordinating ClO,~ counteranion. The observed
activity is primarily due to the highly electrophilic nature of the central rhodium
ion. The enolate complex thus formed undergoes either metalation to give
organometallic derivative or aldol reaction with free ketone catalytically, depending
on the steric and electronic properties of the ketones. The present study opens a way
to the catalytic modification of the reactions of enolates under neutral conditions.

Experimental

General

IR spectra were recorded on a JASCO IR-810 spectrophotometer. 'H NMR
spectra were recorded in CDCl; solutions on a JEOL INM-PMX 60 or INM-GX
270 spectrometer using tetramethylsilane as internal reference. Electronic spectra
were recorded on a Hitachi 200-10 or 320 spectrophotometer. Mass spectra were
recorded with a Hitachi M-60 spectrometer. Gas-chromatographic analyses were
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carried out with a Shimadzu GC-4C gas chromatograph using columns of poly(eth-
ylene glycol) 6000 and silicone SE 30 unless otherwise indicated. Chromatographic
separations were carried out in columns on silica gel (Wakogel C-200). Silica gel 60
F,s4 (Merck) was used for thin layer chromatography (TLC). Elemental analyses
were performed at the Microanalysis Center of Kyoto University. (Octaethyl-
porphyrinato)rhodium(III) chloride [(OEP)Rh"-CI] and perchlorate [(OEP)Rh"-
(ClO,)] were prepared as described [12*f]. Ketones (acetone, methyl ethyl ketone,
acetylacetone, ethyl acetoacetate, and cyclohexanone) were dried over CaSO, and
fractionally distilled (boiling range, +0.2° C). Silver perchlorate was dried at 120°C
in vacuo for 2 h just before use.

Metalation of ketone

A solution of AgClO, (40 mg) and (OEP)RW"-CI (50 mg) in acetone (10 ml) was
stirred at 50 °C under nitrogen for 10-15 min, poured into water, and extracted
with dichloromethane. The extract was quickly washed with water, dried over
Na,S0,, and evaporated to dryness. The residue was chromatographed with dichlo-
romethane as eluant to afford the 2-oxopropylrhodium derivative (I) (40 mg, 82%),
which was recrystallized from benzene/petroleum ether. The metalation of methyl
ethyl ketone, acetylacetone, and ethyl acetoacetate was carried out similarly. The
products (2-oxobutyl- (II), 2,4-dioxo-3-pentyl- (III), and 1-ethoxycarbonyl-2-
oxopropyl-(IV) rhodium compounds) were isolated in essentially the same way as
for 1. The yields of organorhodium complexes listed in Table 1 are for the
chromatography-purified materials. The metalation of acetone under air indicated
that dioxygen had practically no inhibitory effects on the formation of I. Acetone
was also shown to undergo facile metalation with (OEP)Rh(ClO,), but no reaction
was detected between acetone and (OEP)RH"-CI without AgClO, under otherwise
identical conditions.

Kinetic measurements of the metalation of acetone were carried out as follows:
an argon-purged acetone solution (5.0 ml) of (OEP)Rh™-CI (1.44 X 10™° M) was
prepared in a sealed, 1-cm quartz cell thermostatted at 30.0°C or 50.0°C in the
spectrophotometer. To initiate the reaction, 20 pl of a degassed solution of AgClO,
in acetone (5.79 mM) was added with a microsyringe through the rubber septum.
The final concentrations of thodium complex and perchlorate ion were 1.43 X 10~°
M and 2.31 X 107> M (1.6 equiv), respectively. The progress of the reaction was
monitored spectrophotometrically. The pseudo-first-order rate constants (k) were
obtained as slopes of the plots of In[Rh],/[Rh], i.e., In(4_, — Ay)/(A, — 4), Vs. ¢,
where Rh = (OEP)Rh"(C10,) and A is absorbance at 544 nm. The kinetic measure-
ments were carried out similarly on solutions of varying concentrations of rhodium
complex in the range 0.72-2.86 X 10™° M while keeping the [AgC10,]/[(OEP)Rh"-
Cl]] ratio constant at 1.6; and also for solutions of varying concentrations of AgClO,
in the range 2.31-22.3 X 10> M while keeping [(OEP)Rh'-CI] constant at 1.43 X
107> M. The effect of acetone concentration on the reaction rate was investigated at
30.0°C by using o-dichlorobenzene as diluent while keeping [(OEP)Rh™-CI] and
[AgClO,] constant at 3.62 X 10~ and 5.90 X 10™° M, respectively ((Rh]/[ClO, ] =
1.6), [acetone] was 13.6 (with no dichlorobenzene added), 6.35, 4.19, and 3.29 M.

Reactivity of 1
A solution of I (20 mg) and bromine (freshly distilled, 50 pl) in dichloromethane
(10 ml) was stirred under nitrogen at room temperature for 30 min. The mixture was
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washed with aqueous Na,S,0, and then with water, dried over Na,SO,, and
concentrated to a volume of 2 ml. Gas chromatographic analysis indicated the
formation of monobromoacetone (vield, ca. 20%) which was identified on the basis
of coinjection with the authentic sample on columns of silicone DC QF-1 and
poly(ethylene glycol) 6000. To a solution of I (9.74 X 1075 M) in acetone (5 ml) was
added 5 pl of aqueous HCIO, (60%) to give a final [HCIO,] of 9.98 X 107> M and
[H,0] of 37 x 10~ 2 M, respectively. The electronic spectrum indicated rapid conver-
sion of I into (OEP)RhW™(CIO,). A similar experiment with 5 gl of aqueous HCI
(35%) also gave (OEP)RW!-Cl. However, no transformation of I was detected when
5 pl of water (under otherwise identical conditions) was added, indicating that I is
stable to H,O.

A solution of I (4 mg) in acetone or methyl ethyl ketone (5 ml) was stirred at
50°C under nitrogen for 6 h. The UV spectroscopy and TLC of the reaction
mixture clearly showed that no chemical transformation of I had taken place. Gas
chromatography also showed that I had not undergone aldol reaction with the
solvent ketone. A degassed solution of I in acetone-d, in a sealed NMR tube was
heated at 50°C for 30 min, and the 'H NMR spectrum taken. An integrated ratio
of 2:4 of the signal of methylene protons (bound to rhodium) to that of meso
protons (of the porphyrin skeleton) indicated that there had been no exchange of
the rhodium-bound CH,COCH, moiety in I for solvent acetone-d;.

Aldol condensation

A solution of (OEP)Rh™.Cl (4 mg, 6 pmol), AgClO, (10 mg, 48 wmol), and
n-heptadecane as an internal standard (appropriate amount) in cyclohexanone (3.0
g) was stirred at 50°C under nitrogen. Gas chromatographic analysis of aliquots
taken at various intervals indicated a smooth increase in the amount of 2-(1-cyclo-
hexenyl)cyclohexanone (VI) as the sole volatile product (Fig. 4). After40h,ca. 14 g
(7.9 mmol) of VI was formed. The yield of VI was 51% based on the ketone used
and 1.3 X 10°% based on the rhodium catalyst. On the other hand, spectroscopic
and TLC analyses of the aliquots showed that (OEP)Rh™(CIO,) was the sole major
rhodium-porphyrin species during the reaction. The reaction mixture was poured
into water and extracted with dichloromethane. After washing with water and
drying over Na,SO,, the solvent was removed in vacuo and the residue was
chromatographed. Elution with benzene afforded a mixture of cyclohexanone and
VI, from which VI was isolated by distillation: b.p. 105°C/1 Torr; 'H NMR § 5.37
(s, 1H, CH=C), 2.80 (t, 1H, COCHC=C), 2.27 (m, 2H, CH,CO), 1.93 (m, 4H,
CH,=C), 1.67 (m, 4H, CH,); IR (neat) 1715 cm ™' [»(CO)]; mass spectrum m /e
178 (M™). The following control runs were carried out similarly: (1) without
AgClO,, (2) without rhodium complex, (3) without rhodium complex but with
LiClO, instead of AgClO,, and (4) with rhodium complex and 20 mg of AgClO,.
The effect of cyclohexanone concentration was investigated by using cyclohexanone
concentrations of 9.69 (no dichlorobenzene added), 4.67, and 2.35 M with o-dichlo-
robenzene as diluent. Each run was monitored by gas chromatography.

An aldol condensation of acetone was attempted under otherwise identical
conditions (for cyclohexanone). Mesityl oxide, in addition to I, was indeed formed
in this reaction, but its yield was negligible compared with that of VI,

A solution of (OEP)RW"-CI (10 mg) and AgClO, (13 mg) in 2.14 g of a mixed
solvent of acetone and cyclohexanone (molar ratio, 9:1) was stirred at 50°C for 15
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h under nitrogen. Formation of I was confirmed by TLC analysis. Gas chromatog-
raphy indicated the formation of four condensation products: VI [34 mg (0.19
mmol), 1300% based on (OEP)RW(CI0O,)], 2-(2-propylidene)cyclohexanone (VII)
[25 mg (0.18 mmol), 1200%], (1-cyclohexenyl)acetone (VIII) [48 mg (0.35 mmol),
2300%), and mesityl oxide (IX) [41 mg (0.42 mmol), 2800%] in a ratio of
1:0.93:1.8:2.2. The samples of VII and VIII were obtained pure by preparative
gas chromatography. 'H NMR of VII: § 2.43 (2H, m, CH,CO), 2.36 (2H, m,
CH,C=C), 1.96 (3H, s, CH,), ca. 1.75 (4H, m, CH,), 1.76 (3H, s, CH,). 'H NMR
of VIII: & 5.55 (1H, s, CH=C), 2.97 (2H, s, C=CCH,CO), 2.10 (3H, s, CH,), 2.02
and 1.88 (each 2H, distorted s, CH,C=C), 1.58 (4H, m, CH,).

A solution of (OEP)Rh™-CI (8 mg) and AgClO, (20 mg) in a mixture (3.55 g) of
cyclohexanone and benzaldehyde (1:5) was stirred at 50 ° C for 8 h under nitrogen.
Pale yellow prisms of 2,6-bis(benzylidene)cyclohexanone (0.46 g, 30% based on
limiting substrate, cyclohexanone) which separated when the mixture was cooled to
room temperature, were recovered by filtration: m.p. 115-116 ° C (from methanol);
'H NMR & 7.80 (s, 2H, CH=C), 7.43 (s, 10H, aromatic), 2.95 (m, 4H, CH,C=C),
1.78 (m, 2H, CH,); IR (KBr disk) 1665 [»(CO)] and 1610 cm™' [»(C=C)]; mass
spectrum m/e 274 (M™).

2-Oxocyclohexyl-rhodium derivative of OEP (V)

This compound was prepared by the general procedure utilizing nucleophilic
reaction of [(OEP)Rh']™ with alkyl halide [12a]. A solution of NaBH, (17 mg) in 0.5
N aqueous NaOH (1 ml) was added to a solution of (OEP)RW-CI (50 mg) in
ethanol (15 ml). The mixture was stirred under nitrogen at room temperature for 3 h
to generate [(OEP)RK]~. a-Bromocyclohexanone (17 ul) was added and stirring was
continued for 10 min. After most of the ethanol had been removed, the mixture was
poured into water, and extracted with benzene. The extract was quickly washed with
water, dried over Na,S0O,, and stripped of solvent. The residue was chromato-
graphed with benzene as eluant. The first porphyrin fraction afforded V (10 mg,
19%): '"H NMR & 10.03 (s, 4H, meso-H), 4.03 (8H, a pair of q, CH,), 1.90 (24H, t,
CH,), and a set of highly shielded, well-resolved cyclohexanone ring protons at
—0.88 (1H, m), —1.21 (1H, m), ~1.48 (1H, m), —1.80 (1H, m), —3.75 (1H, m),
—4.30 (1H, m, CH-Rh (J(H-Rh) =4 Hz)), —4.77 (1H, m), —5.61 (1H, m); IR
(KBr disk) 1720 cm ™! [»(CO)]; mass spectrum m/e 636 (M* — C;,Hy0); A ax (log
€) 386 (5.03), 510 (4.41), 542 nm (4.46). Non-alkylated porphyrin (ca. 40 mg) was
recovered by further elution with benzene. A control experiment indicated no aldol
reactivity of V toward cyclohexanone at 50° C. In the presence of AgClO, (13 mg)
in cyclohexanone (5 ml) of 50°C, V (4 mg) was converted to (OEP)Rh'(CIO,)
which then catalyzed the aldol condensation of the ketone. However, conversion of
V to the perchlorate complex was a slow process taking many hours, and the
production of VI was negligible at least in the first hour of reaction.

Competitive alkylation of [(OEP)Rh'] ~

A solution of [(OEP)RN']™ in a mixed solvent of ethanol (15 ml) and water (1 ml)
was prepared as above by the reduction of (OEP)Rh"'-CI (50 mg) with NaBH,. To
this was added ca. 3 g of a 42:1 mixture of bromocyclo-hexane and 1-bromopro-
pane. The resulting solution was stirred for 1 h at room temperature. The solvent
and excess alklyl bromides were removed in vacuo and the residue extracted with
benzene. The extract was washed with water and then with brine, dried over
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Na,SO,, and stripped of solvent. The 'H NMR spectrum of the crude
organorhodium complex thus obtained showed three signals at higher field § —2.04,
—4.97, and —5.51 in an integration ratio of 3:2:2. These were readily assigned to
the y- (to rhodium), a-, and B-protons, respectively, of n-propylrhodium complex
by comparison with the 'H NMR spectrum of an authentic sample [12a]. The
accuracy of the NMR analysis clearly indicated that the amount of cyclohe-
xylrhodium complex was less than 1/20 of that of n-propyl complex. 1-Bromopro-
pane was thus more reactive than bromocyclohexane by a factor of at least
42 % 20 =103,
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