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The EgN-assisted addition of benzenethiol to enones in
chloroform is catalyzed with high turnover efficiency by the
phenyl-substituted uranylsalophen compoun8 Catalytic

data show a close adherence to a quatermolecular mechanis

involving reaction of a base-activated thiol with a reversibly
formed complex of enone and metal catalyst, with a
complication of product inhibition due to the formation of a
product-catalyst complex. The role of the binding energy
made available by interactions with the aromatic sidearm o
the catalyst is discussed in terms of catah@ibstrate and
catalyst-transition state complementarity.

Salophen ligands (salophen N,N'-phenylene salicylidene)
are widely studied in coordination chemistry and have found
application in supramolecular chemistry owing to the easy
synthetic accessibility of a large variety of different structdres.
In their robust complexes with the uranyl dication ¥Q
the NbO, donor atoms occupy four of the five coordination sites
of the uranium, while leaving the fifth position available
for labile coordination of a monodentate ligahdSuch
Lewis acid-base interaction provides the basis for the use of
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Conjugate additions of thiols to activated olefins are biologi-
cally relevant and synthetically useffireactions. We reported
that uranyt-salophen compoundk and 2 catalyze with high
turnover efficiency the tertiary amine assisted addition of
benzenethiol to cyclic and acyclic enones and provided a detailed
description of the complex kineti¢g:¢

The almost parallel pendants 2form a narrow cleft easily
accessible by sterically unhindered, planar donor guests.
Attractive van der Waals interactions of the guest with the cleft
walls enhance complex formatiéh.Association constants
(Table 1) with a number of enone$s—8a) and their phenylthio
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TABLE 1. Association Constants for Complexes between SCHEME 1. Mechanism of the Conjugate Addition of
Salophen-Uranyl Receptors 1-3 and Carbonyl Compounds 4-8 in Benzenethiol to Enones in Nonpolar Solvents
CHCl;z at 25.0°C?2 ®
1 2 3 H—NEt;
A
4a 14+1 460+ 40 870+ 120 ~ o] Hoo) o
4b <3 68+ 6 140+ 20 Et;N: H-S (“‘/Vrv‘ CeHsS S
5a 7.6+0.6 900+ 200 320+ 50 CeHs Tttt
5b <3 100+ 20 90+ 20
6a 17+ 2 820+ 150 530+ 80 H O
6b <3 240+ 20 90+ 100 CGHSSU + EtsN
7a 3.7+1.2 130+ 20 330+ 40
7b <3 70+ 7 110+ 1P
gﬁ 3'2<i30'4 6'4<i31'4 90<i3b8 which does not necessarily imply a three-body collision, but

can instead be accomplished by the reaction of the enone with
@ Data from refs 3b and 4a, unless otherwise statdthis work, from a weak complex of thiol and base. In the mechanism depicted
UV Vis titrations. in Scheme 1, a proton is first transferred from sulfur to nitrogen,
and then from nitrogen to the-carbon atom of the enolate
derivatives 4b—8b) exceed those obtained with the parent intermediate. The kinetics reveal the composition of the rate-
compoundl by 1—-2 orders of magnitude, with the notable limiting transition state as that of a ternary complex of base,

exception of the 6,6-dimethyl derivativ8s and8b, in which thiol, and enone in a 1:1:1 ratio, but is uncertain whether it is
the bulky gemdimethyl group apparently hinders effective the formation or disruption of the BHpaired enolate that is
insertion of the guest into the narrow cleft. rate determining. The rate constakgsfor the EgN-catalyzed

addition of benzenethiol to enonds—8a listed in the first
column in Table 2 show that, within the cyclohexenone series,
é the reaction is quite sensitive to the presence of the bydig
dimethyl group and to its distance from the site of nucleophilic
attack?p
Addition of catalytic amounts of metal cataly3tstrongly
enhances rates of addition of benzenethiol to enelzesBa.
Aij\ Typical time—concentration data frofH NMR analysis of the
reaction mixtures are plotted in Figure 1. In all cases, the
disappearance of the enone reactant was complete and was
accompanied by the equivalent formation of the addition

product. No extra peaks due to reaction intermediate and/or side

Our interest in nonsymmetrically substituted urangélophen products were observed.

derivative§ led us to the discovery that van der Waals

interactions of the bound substrates with the single aromatic
sidearm in3 are strong enough to ensure binding affinities 0.020
comparable to those of the complexes watfirable 1). Again

the 6,6-dimethyl derivativBais an exception, in that its binding
affinity to 3 is much higher than t@. It was felt therefore that 0.016
the “half-cleft” receptoB could act as a catalyst of the conjugate
thiol addition to enones, capable of combining the advantages  0.014
of compoundsl and2, because it binds to the enone substrate
with affinities comparable or even greater than thosg, efhile _
leaving one of the two faces of the activated double bond more 8, ; 310 -
accessible to nucleophile addition. With this idea in mind, we
have carried out a careful kinetic study of the conjugate addition ~ 0.008
of benzenethiol to enoneda—8a in chloroform solution,

0.018

0.012

catalyzed by a combination of triethylamine and compo8nd 0.006
As shown in a previous study the rate law for the tertiary 0.004
amine (B) catalyzed addition of benzenethiol (T) to enones (E)
is that of a clean third-order process (eq 1). 0.002
0.000
rate= k,[B][T][E] 1)

t (m)

Since the concentration of the base catalyst is constant in a given

run, second-order time dependence was actually observed, withFiGURE 1. Time—concentration profile for the Michael type addition
kobs = Ko[B]. Consistent with the kinetics, the reaction mech- of 0.05 M benzenethiol to 0.02 Ma in the presence of 1 mM B
anism is depicted as a termolecular process (Scheme 1)and 0.1 mM3. The points are obtained froftd NMR analysis, and
the solid line is calculated from eq 3. The dotted line is the time
. . . . concentration profile for the same reaction in the absence of metal
(8) For a review article, see: Dalla Cort, A.; Pasquini, C.; Schiaffino, -
L. Supramol. Chen2007, 19, 79-87. catalyst calculated from thie, value in Table 2.
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TABLE 2. Kinetic Data for the Addition of Benzenethiol to Enones 4a-8a in the Presence of BN and in the Absence ko) and Presence Kcar)
of Metallocatalysts 1-3 in CHCI3 at 25.0°C?2

1 2 3
ko kcat kca{ ko kcalKE Krs kcat kca{ ko kcatKE Krs kcap kca[ ko kcalKE Krs
4 16 1400 880 2.x 10* 1.2x10* 630 390 2.9x 10° 1.8x 10° 1300 810 11x 106 7.1x10°
5 0.66 1600 2400 12100 1.8x10* 710 1100 6.4< 1P 9.7x 10° 2700 4100 8.6< 10 1.3x10°
6 0.024 10 420 170 7.8 16 1.8 75 1500 6.% 10 11 460 5800 2.4 10°
7 0.080 320 4000 1200 1510 100 1200 1.3« 100 1.6x 10° 90 1100 29< 100 3.6x10°
8 0.14 480 3400 1500 1410 2.6 19 17 120 40 290 3600 2:610*

a All quantities are defined in egs 1 and 2. Rate constentmndk.a have units of M2 s~%; equilibrium constant&e and Krs [Kt # (Keafko)*Kg] have
units of M1, Rate constantk, and catalytic constanti& for reactions catalyzed by and 2 from refs 4a-c. Equilibrium constant&e from Table 1.
b Experimental errors calculated as20 (95% confidence limit) are in the order &f 5%.

As previously found for the reactions catalyzedibgnd2,4 rate= k [B[TJ[E] + keofe[BI[TIE][cat] @

in the presence d3, the reactions no longer exhibited second- 1+ K[E] + K[P]

order time dependence because the metal catdylkinds

significantly to the enone reactant and, in the majority of cases, Numerical values of the quantitids (Table 2),Kg, and Kp

also to the reaction product. The bound enone plays a key role(Table 1) are known from independent measurements, and the

in the catalysis, as interaction with the Lewis acidic uranyl center composition of the reaction mixtures as a function of time is

strongly stabilizes the negative charge transferred from the sulfur known fromH NMR data. Hence the only unknown quantity

nucleophile to the carbonyl oxygen. The proposed mechanismis k... For each catalytic run, a value kf;was chosen in such

(Scheme 2) is an extended complexation catalysis schemea way that the left side of eq 3 plots against time as a straight
line through the origin with slope 1. An example of such plots

SCHEME 2. Complexation Catalysis with Product is shown in Figure 2, based on the timeoncentration data in
Inhibition in the Conjugate Addition of Benzenethiol to Figure 1. In all cases, timeconcentration profiles were
Enones in Nonpolar Solvent in the Presence of reproduced to a good precision upon introduction of the

Uranyl —Salophen Catalyst (cat) optimized ke value into eq 3. It is significant that a good

adherence of data points to eq 3 was obtained usingndKp
cat =—————= P + cat .
Kp values from independent measurements and not merely by a
fitting procedure in which such quantities are treated as

involving a combination of Bransted base (B) and Lewis acid adjustable parameters.
(cat) catalysts and product inhibition caused by the formation
of a product-catalyst complex (P-cat). The highest energy 1+ KJE], [El,

K kear [TI[B]
E+cat =——— E-cat — = P-

transition state has the composition of a quatermolecular m([T], — [E]ly) [E]
complex Q) arising from the addition of a base-activated thiol
to an enonecatalyst complex. (KE —Kp _ 1+ KglE], ) In @
m-=n_ (m-n)([T], —[Ely) [T]
Q (K — Kp)kKe[Bl[cat]
O =N N= m(m — n)
MOz Z > (Ke — Kp)ky([E], — [E]) )
o+ 0 [ _ o —
@@ ”(1 o+ Keakelcatl + kfelEL)
Q m=k,[B](1 + Ke[E],) + keaKe [Bllcat]y,y  (4)
oy "INt
n=k,[B]([T], — [E]o)(Kp — Kp) ®)

The kinetic parameters for the reactions catalyzed laye
summarized in Table 2, where the corresponding data for the

. reactions catalyzed biyand?2 are also reported for comparison.
Whenever the rate of the reaction catalyzed by the base along e in the simple MichaelisMenten mechanism of enzyme

is significant compared with the rate of the reaction catalyzed |inatics? the relevant parameters ates and keatKe. The

by a combination of base and metal catalyst, the overall reaction meaning ok is that of the rate constant for the transformation
rate is given by eq 2, where the second term on the right is a o the catalyst-bound enone into the catalyst-bound product, with
direct consequence of Scheme 2 and holds wheneveafE e ghvious difference that hekeyis a third-order rate constant

< [E] Anglytlcal integration of eq 2 has been reported ¢ first order as in the MichaelisMenten kinetics. The quantity
previously!> The form that the integrated equation takes for . is an apparent fourth-order rate constant that refers to
the case of unequal reactant concentrations is that of eq 3, whergne properties and reaction of the free catalyst and free substrate
the quantitiesn andn are defined in egs 4 and 5, respectively.

This is an unpleasantly complicated equation, but its practical () Fersht, A. InEnzyme Structure and Mechanis@nd ed.; W.H.
application is straightforward. Freeman: New York, 1985; Chapter 3.

9
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4000 effect on catalysttransition state complementarity. Markedly
different behaviors, however, are observed in the reactions of
enone8. Here thegemdimethyl group in position 6 reduces
dramatically the catalysttransition state complementarity in
the case o®, but much less so in the case®fThe net result

is thatkea: for the reaction of3 is still ¥4, that of 1, but well
15-fold higher than that o2. The single sidearm i shows a
better transition state complementarity than the two sidearms
in 2 because the former can accommodate sterically hindered
transition states.

To sum up, like its congeners and 2, uranyl-salophen
complex 3 binds reversibly to enone4a—8a and promotes
reactions of the bound substrates. The higher stability of the

T T . catalyst complexes of the enone reactants compared with those
0 1000 2000 3000 4000 of the addition products ensures effective turnover catalysis with
t(s) low product inhibition. A major driving force for catalysis, the
only one in the case df, is provided by interaction of the uranyl
FIGURE 2. Plot of the left side of eq 3 against time for the addition center with the carbonyl oxygen of the altered enone in the
of benzenethiol to 2-cyclohexen-1-oBain the presence of B and  transition state (dynamic binding} The passive bindirig due
3, With kear = 2700 M? 571 The straight line has a slope of 1. to van der Waals interactions with the aromatic sidear®im

) . . _ . realized both in the transition state and in the reactant state.
(subsaturating conditions), and that determines the SeIeCt'V'tyConsequentlyB is a far superior catalyst td only under

for competing substrates at any substrate concentration. Theg hsaturating conditions, but shows either comparable or lower
dimensionless quantitfealko is a quantitative measure of the  c5ia\vtic activity under conditions approaching saturation. In

increase of substrate reactivity upon complexation with the ;e \yith expectations, the more open structure of the half-cleft
uranyl catalyst, whereas the produéta(ko)-Ke defines the  5ia1vst3 compared with that of metallocle makes the
eqU|I|br|_um constanKyz for the_t_ransformatlon of the tralr(133|t|on reactions catalyzed by the former much less sensitive to the
stateT* into the catalysttransition state complex caf. adverse influence of steric effects.

In line with expectations, the aromatic sidearnBinontrib-
utes significantly to the binding of the transition states in all Experimental Section
cases, as shown by the fact that the values are the highest Instruments and Methods.H NMR spectra were recorded in
for the reactions catalyzed 8/ (Table 2). In the reactions of  cpcl, with either a 200 or 300 MHz spectrometer. Association
enonesta—6a, catalystsl and3 show very similake,; values, constants 06b—8b with 3 were determined spectrophotometrically
in spite of the much higher affinity of cataly8ttoward the at 430 nm according to standard titration proced@fes.
transition states of the given reactions. This is a consequence Materials. Benzenethiol was distilled under reduced pressure
of the fact that the additional binding energy rendered available prior to use. Triethylamine was distilled overtoluenesulfony!
by the van der Waals interactions with the aromatic pendant in chloride and then over sodium. Spectrophotometric grade chloro-
3'is realized equally well in the catalysenone complex and form and chloroforrrdl were dried ove4 A molecular sieves for
in the catalysttransition state complex, so that the free energies 2t '€ast d24Ch prior tggusg. Egg’”?g’ 853’ ang 6a were ulseﬂ as
are lowered by very nearly the same amounts. In the Ianguagerece'\/e . Compoundza, 8a, 6b, 7b, 8b, and uranytsalophen

. . complex3 were available from previous worR&®
of Fersht, there is both catalyssubstrate and catalystransition Rate MeasurementsNMR tubes were dried in an oven at 130

state complementarity.Only in dilute substrate solutions (i.e., o for at least 24 h and then stored in a desiccator. All sample
Ke+[E] < 1) will catalyst3 perform much more effectively than  manipulations were carried out under an argon atmosphere.
1 because the sole factor at work is stabilization of the transition Calculated amounts of triphenylmethane (internal standard) and of
state and not the differential stabilization of transition and all of the reactants except triethylamine were introduced into an
reactant states. NMR tube, and a spectrum (either at 200 or 300 MMz 25.0
Interestingly, in the reactions of enonts—6a, thekevalues °C) was recorded at time zero. Then a known amount of trleth_y-
measured in the presence dfre larger than those measured lamine was added, and spectra were recorded at selected time
. S o intervals. The integral of the signal of tleproton of the double
in the presence a2, which |nd|cat_es th"’.‘t the binding €Nergy  hond of the enone was compared with that of the internal standard.
made available by the cleft walls this realized more effectively  Time—concentration data were fitted to eq 3. Because of the
in the reactant state than in the transition state. In the reactionmathematical form of this equation, the enone concentration was
of enone7a, catalysts2 and3 perform much in the same way, taken as the independent variable in the curve-fitting procedure.
about 3 times less effectively than cataljistshowing that a

gemdimethyl group in position 5 has only a moderately adverse _ Acknowledgment. We acknowledge MIUR, COFIN 2003,
Progetto Dispositivi Supramolecolari for financial contribution.
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