OCArticle

Highly Enantioselective Electrophilic Amination and Michael
Addition of Cyclic f-Ketoesters Induced by Lanthanides and
(S,9)-ip-pybox: The Mechanisnt
Josep ComellesAlex Pericas, Marcial Moreno-Maas? Adelina Vallriberal*

Gall Drudis-Solg" Agusti Lledos! Teodor Parelld,Anna Roglans,
Santiago Gara-Grandd,and Laura Roces-Femmde?

Department of Chemistry, Umrsitat Aufmoma de Barcelona, Cerdanyola, 08193-Barcelona, Spain,
Department of Chemistry, Usrsitat de Girona, 17071-Girona, Spain, and Departamento dariaa
Fisica y Analtica, Universidad de @iedo, Julian Claveria 8, 33006-Qiedo, Spain

adelinavallribera@uab.es

Receied Naember 2, 2006

% o

e

R =t-Bu and 1-Adamantyl

COO[Bu

f& WN—NHCOOBu /2/

> 98%

Ln(OTf);

COOtBuU (9 S)-ip-pybox /\
<
N=N_

cootBu

v
OR

Detected reaction intermediate

High enantioselection is obtained in Michael additions of cyglketoesters in the presence of lanthanium
triflates and §,3-ip-pybox. Intermediates based on simultaneous coordination of the lanthanide to both
(S,S9-ip-box andj-ketoester (in keto and enolate forms) are detected by means of ESI mass spectrometry
and NMR experiments, and a possible mechanism is proposed through theoretical calculations.

2Introduction have been disclosed by Ma he reaction ofLb with 2 catalyzed
by the alkaloids-isocupreidine gavab of undisclosed absolute
sconfiguration in 89% eé Also, reactions ofLa with dibenzyl
azodicarboxylate afforded the Michael adducts ir-88% ee
(R, under cinchonine catalysis) or 87% &gnder cinchonidine
catalysisp

We have introduced a new chiral inductor of the Box family
featuring adamantyl groupRRR)-adam-box. Combined with
copper sources, it gave excellent results in cyclopropanations,

Michael additions to electronically poor=€C and N=N
bonds catalyzed by metals have attracted a great deal o
attention' The reactions of cyclic ketoestérsvith dialkyl
azodicarboxylatégScheme 1) are a convenient model to study
the enantioselectivity of electrophilic amination due to the
rigidity of the nucleophile and the reactivity of the electrophile.
Jorgensen reported the reactionfeketoesters with dibenzyl
azodicarboxylate in the presence of the pair Cu(@1%)-Ph-

Box/1a or Cu(OTfp-(R)-Ph-Box/b. Yields and enantiomeric
excesses (ee) were excellent, and an abs®utenfiguration
was assigned to the compound formed frbaby analogy with
the well-proved configuration of open ketoesteBimilar results
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Diels—Alder reactions, and allylic oxidatiorfsThen, as we were
particulary interested in Michael reactiols, reactions using
the combination of Cu(ll) and Ni(ll) ionic salts withR(R)-
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SCHEME 1. Electrophilic Amination of Ketoesters 1a,b,c
0 o
0 o o o0
1abe 10 mol% Ln(OTh, NO'R 10 mol % Yb(OTf; é(u\oﬁ
* Pybox N-NHCOO®BU e N-NHCOOBu
tBUOOC\ But-O0C H
N=N 3a,b,c 5a,b,c
COOtBu
2 4-NO2-Ph—NH
N
a R=Et I| g NH-NHCOO!BuU
b R=tBu G\
¢ R = Adamantyl COO-t-Bu
6 (X-Ray)

adam-box and commerciaG)-t-Bu-Box were tested, negli-  obtained withlb and europium (entries 10 and 11). The different
gible enantiomeric excesses being obtained in all c&ses. ee’s obtained with different lanthanides are influenced by the
Moreover, very preliminary results showed that the combination different coordination ability as well as by the different ionic

of Cu(OTf)y, and commercially availableS(S)-ip-pybox, 4a,
(Figure 1) for the reaction of ketoesté&b with 2 gave a
maximum of 30% ee. On the other hand, the versatility offered
by lanthanides and their increased coordination nunibers
suggested to us that we should test the combinatiomR@&){
adam-pybox4b,° or (S9-ip-pybox, 4a, (Figure 1) and lan-

radii. Whereas scandium triflate was inactive even from the
viewpoint of the chemical yield, larger ions such as europium
and lanthanum gave interesting results with bédrand4b as
pyboxes. Thus, a conservative figure095% ee was secured
with 1b, europium triflate, and pybota. We had observed in
preliminary results that the absence of water was essential to

thanides in the Michael reaction, whose catalysis by metals hasobtain good reactivity and high ee’s (compare entries 10 and

interested us for some time.

11), and consequently, all reactions were performed in the

Even though the mechanism for some Michael additions is presence 4 A molecular sieves. Compouriet was prepared
well studiedi®a¢ and we have previously reported a mechanism in 69% yield by a modification of a general transesterification
study on the reaction of Cu(ll)-based cataly$tsp such study method! from a mixture of ketoesteta, 1-adamantanol, and
has been carried out for Michael additions where the catalyst is zinc oxide (see Supporting Information).

a derivative of a lanthanide. To cast some light on the Then, we studied the influence of solvent polarity on the
mechanism and to identify the intermediates, ESI-MS and NMR reaction of 1l-adamantyl ketoestdrc with 2 (Scheme 2).
experiments have been carried out. The information of the Synthetically useful yields were secured in all tested solvents,
intermediates present proved highly valuable and eased the studyhe dependence of ee on solvent polarity being clear, the more
of the mechanism through computational means. This not only polar common solvents giving the best results (Table 2). Thus,
revealed a possible mechanism for Michael additions catalyzedreaction in acetonitrile gave 100% ee in the presence of 0.1%
by lanthanides but also revealed the role the lanthanide is playingof catalyst (entry 5, Table 2).

as a catalyst.

Results and Discussion

Preparative Work. Our initial results are in Table 1. We
soon noticed thatS)-ip-pybox, 4a, gave better results than
its adamantyl congendb in terms of ee’s when using the ethyl
ketoester la (entries 16). Absolute configurations were
assigned by comparison with ref 2.

Next, we explored the effect of the size of the ester group in
1. In general, thet-butyl ketoesterlb (entries 7#14) and
adamantyl ketoestdrc (entries 15-16) gave better results than
ethyl esterla, and within this series the best results were

(8) Mikami, K.; Terada, M.; Matsuzawa, Angew. Chem., Int. E@002
41, 3554.

(9) For a recent review on pyridine-2,6-bis(oxazolines) (pybox’s) see:
(a) Desimoni, G.; Faita, G.; Quadrelli, Ehem. Re. 2003 103 3119. For
a recent reviews on oxazoline-containing ligands see: (b) McManus, H.
A.; Guiry, P.Chem. Re. 2004 104, 4151; (c) Desimoni, G.; Faita, G.;
Jargensen, K. AChem. Re. 2006 9, 3561.

(10) (a) Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara,JMAmM.
Chem. Soc2002 124,5052; (b) Okumoto, S.; Yamabe, $.0rg. Chem.
200Q 65,1544, (c) Yasuda, M.; Chiba, K.; Ohigashi, N.; Katoh, Y.; Baba,
A.J. Am. Chem. So2003 125,7291; (d) Castelli, V.; Cort, A.; Mandolini,

L.; Reinhoudt, D.; Schiaffino, LEur. J. Org. Chem2003 627; (e) Chatfield,
D.; Augsten, A.; D'Chuna, C.; Lewandowska, E.; Wnuk,Eur. J. Org.
Chem.2004 313.
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Prolonged treatment & with ytterbium triflate in dichlo-
romethane resulted in regioselective de-tert-butoxycarbonylation
to afford5 (Schemes 1 and 2). This permitted a simpler analysis
of enantiomeric excesses 1 NMR using a chiral shift
reagent, which was not possible on compouBdsloreover, it
facilitated the determination of the absolute configuration of
5b in the form of 4-nitrophenylhydrazoné,(Scheme 1).

The advantage of using adamantly esters is that the adamantyl
group confers crystallinity, and consequently, the absolute
configuration of 3c can be directly determined by X-ray
diffraction analysis. The configurations 8& were assigned by
analogy with3b,c, assuming that the same major enantioisomer
was obtained in all cases under identical conditions.

Finally, we studied the reactions db,c with butenone7
(Scheme 3 and Table 3). First, the reaction of ketoedib)s
permitted us to identify ytterbium as the lanthanide of choice
in this particular case (entries—B, Table 3) using liganda.

On the other hand, europium was the best lanthanide when using
2 with the same ketoestet,c; thus, the Michael acceptor plays

a fundamental role in the choice of the metal ion. The
determination of enantiomeric composition of chigfl was
done through NMR analysis by two different methods: by

(11) Bandgar, V.S.; Sadararte, V. S.; Uppala, L1SChem. Re2001,
16.
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FIGURE 1. Formulas of pyboxeda and4b.

TABLE 1. Electrophilic Amination of 1a,b,c (Scheme 13

jonic radii yieldof3  eec
entry Lnt3 (A),Ln*t3 pybox 1 temp('C) (%) (%)
1 Yb*3 0.985 4a la r.t. 3a, 85 68 R)
2  Yb*3 0.985 4b la r.t. 33,74 0
3 Eu® 1066 4a la 0 33,8 62R
4 EUS 1.066 4 1la O 3a, 88 129
5 La"3 1.160 4a la O 3a 84 52 R)
6 La" 1.160 4 1la O 3a 79 18R
7 Scs 0.870 4da 1b r.t 3b,0 -

8 Yb™3 0.985 4a 1b —41—09 3b, 70 70 R
9 Yb*3 0.985 4b  1b r.t. 3b, 31 66 6
10 Eu® 1066 4a 1b r.t 36,55 67 Re
11  Eu 1.066 4a 1b —41—09 3b, 81 >95 R)f

12 Eus 1.066 4b 1b —-41 3b, 66 8609
13 La® 1160 4a 1b O 36,78 22Q
14 La' 1.160 4b 1b —41 3b, 71 849
15 Yb3* 0.985 4a 1c O 3¢, 62 55 R)
16 EB* 1.066 4a 1c O 3¢, 85 1R

aReactions performed in dichloromethafiee determined bjH NMR
by adding the chiral shift reagent Eu(hfon 5a,b. ¢ Absolute configuration
of 3b was determined by X-ray diffraction analysis of its derivatie
absolute configuration dda was assigned by analogy and was coherent to
ref 2.9 Three hours at-41 °C and then 2 h more at €C. € Reaction
performed in not dried CkCl, and withou 4 A molecular sieves.[a]® =
+11.3 € = 1.6, CHCly).

adding the chiral shift reagent Eu(hd@nd by addition of R,R)-

o, a-bis(trifuoromethyl)-9,10-anthracenedimethanol R R)-
ABTE),’? a chiral solvating agent useful for enantiomeric
resolution off3-dicarbonyl compound® Then, we studied the
behavior of ytterbium triflate in the reaction 4 with 7 in
acetonitrile at different temperatures (entries73. We noticed
that at—41 °C the ee was as high as 96%, the highest ever
obtained in the reaction df with 7.

The assignment oR as the absolute configuration 8b,c,
which provisionally we accept, deserves some comments. Our
compoundBb (t-Bu ester, Entry 1, Table 3) showed a positive
specific rotation as for the same compound prepared by Sodeok
([a]P = +8.7 (c = 0.41, CHCY}), 92% ee)* The assignment
of Sodeoka was based on the conversioBlointo the methyl
ester (]° = —12.4 ¢ = 0.44, CHC}), featuring a negative
value of specific rotation as it was described previously by
Christoffers (ft]° = —5.6 (¢ = 9.9, CHC}), 31% ee)®> Finally,
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The Mechanism. Mechanistic aspects are crucial for the
better understanding of selectivity aspects of these lanthanide-
catalyzed Michael reactions. We have studied in depth the
mechanism of Michael additions with copper-based ionic
catalysts (Cu(Shfy, and R ,R)-adam-box) or covalent (copper-
(INsalicylaldehydate), and they have a common feature: the
intermediacy of copper(ll) enolates such @&b (Figure 2,
detected by ESI-MSY¥. Lanthanides have increased coordination
numbers, which makes them ideal for simultaneous coordination
of both reaction partners as well as ancillary chiral ligands
around the metal. Shibasaki et al. found ESI-MS evidence for
the simultaneous coordination of the chiral ligand (BINOL
derivatives) and the ketoester in the form of enolate.

Intermediates Detected by ESI Mass SpectrometryTo
obtain new insights to the mechanism we conducted an ESI
mass spectrometry study to detect short-lived reaction interme-
diates present in the solution. The electrospray ionization mass
spectrometry (ESI-MS§ is a technique that has become
increasingly popular as a mechanistic tool for studying transient
intermediates involved in organometallic catalytic reactitns.

Our investigation was based on the reaction of 1-adamantyl
ketoesterlc with two different electrophiles, the azodicarboxy-
late 2 and butenoner7, using La(OTH/(S9-ip-pybox as a
catalytic system in acetonitrile at room temperature. Lanthanum
was selected in ESI studies to allow comparison with the NMR
experiments that will be explained below. First of all, individual
components of the reaction were analyzed as well as mixtures
of two or more components (see supplementary data for ESI
mass spectra of entries-14 in Table 4). Finally, the ongoing
reaction was also injected into the mass spectrometer (entry 15
in Table 4 and Figure 3).

Pure Products. To identify every possible compound in the
mass spectra of subsequent mixtures, starting mafexibyand
pybox4a, lanthanum salt La(OT$) and final product8c and
8c were analyzed by ESI mass spectrometry. The results are

%ummarized in Table 4 (entries-b). In all cases, the molecular

ion [M + H] T together with solvent and/or cation adducts could
be clearly observed.
Binary Mixtures. The ESI-MS spectrum of a stoichiometric

mixture of pybox4a and La(OTf} (Entry 6) showed three

this last assignment relies upon an assignment based on the CD (17) Majima, K.; Takita, R.; Okada, A.; Ohshima, T.; Shibasaki,M.

exciton chirality method® We assume that the same configu-
ration is favored for8b and 8c.

(12) Pomares, M.; Sehez-Ferrando, F.; Virgili, A.; Alvarez-Larena,
A.; Piniella, J. F.J. Org. Chem2002 67, 753.

(13) Comelles, J.; Estivill, C.; Moreno-Mas, M.; Virgili, A.; Vallribera,
A. Tetrahedron2004 60, 11541.

(14) (a) Hamashima, Y.; Hotta, D.; Sodeoka, MAmM. Chem. So2002
124, 11240; (b) Hamashima, Y.; Takano, H.; Hotta, D.; SodeokaQk4.
Lett. 2003 5, 3225; (c) Hamashima, Y.; Hotta, D.; Natsuko, U.; Tsuchiya,
Y.; Suzuki, T.; Sodeoka, MAdv. Synth. Catal2005 347, 1576.

(15) Christoffers, J.; R@ler, U.; Werner, T Eur. J. Org. Chem200Q
701.

(16) Tamai, Y.; Kamifuku, A.; Koshiishi, E., Mayano, €hem. Lett.
1995 957.

Am. Chem. So2003 125, 15837.

(18) For a monograph on ESI-MS, see: Cole, R. Bectrospray
lonization Mass Spectrometry, Fundamentals, Instrumentation and Ap-
plications Wiley: New York, 1997.

(19) For a recent review about investigation of chemical reactions using
this technique, see the following review and references cited therein: (a)
Santos, L. S.; Knaack, L.; Metzger, J. I@t. J. Mass Spectron2005 246,

84. For the application of ESI-MS to inorganic and organometallic
chemistry, see the following reviews and references cited therein: (b) Colton,
R.; D'Agostino, A.; Traeger, J. QVilass Spectrom. Re1995 14, 79; (c)
Henderson, W.; Nicholson, B. K.; McCaffrey, L. Bolyhedron1998 17,
4291. (d) Traeger, J. Gnt. J. Mass Spectron200Q 200, 387; (e) Plattner,

D. A. Int. J. Mass Spectron2001, 207, 125; (f) Plattner, D. ATop. Curr.
Chem 2003 225, 153; (g) Chen, PAngew. Chem., Int. E@003 42, 2832;

(h) Evans, W. J.; Johnston, M. A.; Fujimoto, Cy, H.; Greaves, J.
Organometallics200Q 19, 4258.
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SCHEME 2. Reaction of Ketoester 1c

o o
(o
1c 2

tBuOOC\ (S, S)-ip-pybox, 4a

\
2 COO1Bu

peaks: (i)m/z= 738 corresponding to a complex of lanthanum

with one pybox ligand [(pybox)La(OT4)*; (i) m/iz = 779

corresponding to the same intermediate as before but coordinated

with one molecule of acetonitrile solvent [(pybox)La(O3Hs-

CNJ™; and (iii) m/z = 1039 consistent with a lanthanum complex

coordinated to two pybox ligands [(pybekp(OTf),]".
Stoichiometric mixtures of La(OT{with ketoester.cor the

COO-tBu

|
10 mol % M(OTf)3 R N-NHCOOtBu

Comelles et al.

o}
R NH-
10 mol % Yb(OTf)3 é{”” NHCOOBu
- co

+
, )P~ , co
— Solvent \ CHyClp \
N=N le} O
3¢ 5c

(X-Ray)

SCHEME 3. Reactions of 1b,c with Butenone, 7
0O o
\)j\ (S,S)-ip-pybox, 4a R,~_-COCHj
10 mol % Ln(OTf)3 COOR
1b,c 7 8b,c

The addition of either azodicarboxyla2eand butenon@ to

final products3c and8cwere injected into the mass spectrometer the previously formed mixture (La(OT)+ pybox + 1¢

to see if there was any interaction of lanthanum with the revealed final productd3c and8c coordinated to lanthanum and
compounds in the absence of pybox ligand. In all three cases,a pybox ligand (entries 13 and 14). The peaksnat= 1039
species corresponding to the lanthanum coordinated to twoand 1151 are persistent in the two former mass spectrum. The

molecules of ketoestdic (m/z = 961, [La(Lc),(OTf),]™) (entry
7), of final product3c (m/'z = 1421, [LaB0),(OTf),]") (entry
8), and final produc8c (m/z = 1101, [LaBc)x(OTf)2] ") (entry
9) were clearly observed.

Ternary and Quaternary Mixtures. When ketoestetc was
added to a previously formed mixture of La(OF§nd pybox

peak at 1151 is in agreement with the in situ formation of
lanthanum enolate with two pybox ligands [(pybsgg(enolate-
1c)OTf]*. The peaks atvz= 1230 (entry 13) andvz = 1070
(entry 14) could also be assigned to two different species where
the lanthanum atom was coordinated to pybox, to ketodster
and to the corresponding Michael accept@snd 7, respec-

4ain a molar ratio of 1:0.4:0.4, the ESI mass spectrum showed tively. However, because the two peaks (1230 and 1070) were

a variety of signals (entry 10 in Table 4): (i) two peaksydz

= 850 and 1151, agreeing with the in situ formation of
lanthanum enolate with one pybox ligand [(pybox)La(enolate-

10)OTH]* or two pybox ligands [(pybox).a(enolatetc)OTf]*,
respectively; (i) a peak centeredratz = 1000, corresponding
to an intermediate where the neutral ketoedtercoordinates
the lanthanum atom [(pybox)L&€)(OTf),]™; (ii) the peak at
m/z = 1039, corresponding to [(pybaX)a(OTf),] .

The two electrophilic starting compound®,and 7, were

observed in the previous ternary mixtures of pybox, La(@Tf)
and3c (entry 11) and pybox, La(OT§) and8c (entry 12) and
no species were detected when starting mate#ials 7 were
added to a mixture of pybox and La(O7fve postulate that
the two species formed are those where the lanthanum atom is
coordinated to the final products.

Ongoing Reaction. In our last set of experiments, we
performed the reaction with all the components using 5 molar
% of catalyst Lc (1 equiv)+ 7 (1 equiv)+ pybox/La(OTf} (5

separately added to a previously formed mixture of La(@Tf) molar %)] (entry 15). Samples were taken at different intervals
and pybox4a, but only the three peaks observed in entry 6 until TLC indicated completion of the reaction. The ESI-MS
corresponding to species in which the lanthanum is coordinated spectra afforded the signals already observed in entries 10 and
to the pybox ligand were detected. No peaks corresponding to14. Furthermore, a new peak @tz = 1031 appeared, corre-

species where lanthanum was coordinated eithraio7 were
observed. On the other hand, when the two final produgs,
and 8c, were added separately to a mixture of La(QTdhd
pybox ligand, peaks consistent with [(pybox)Ba(or 8c)-
(OTf),]" at m/iz = 1230 (for 3c) (entry 11) andm/z = 1070
(for 8c¢) (entry 12) were clearly observed.

TABLE 2. Dependence of ee of 3c on Solvent Polarity (Scheme 2)

temp
entry  Lrét solvent (°C) € EN ee (%}
1 Lad*™ CHsCN 25 3594 0460 B8R
2 EW* CHsCN 25 3594 0460 9R)
3 EWt  CH:CN 0 3594 0460 95R)
4 EWt CH:CN —41 3594 0.460 9N
5 Ew* CHsCN —41 3594 0460 1006(R
6 EW¥t  CICHCH.CI 0 10.36 0.327 73R
7 Yb*  CH.Cl 0 893 0309 55
8 EWt CH.Cl, 0 8.93 0.309 71R)
9 Ew* DME 0 7.20 0.231 30R)
10 E#t THF 0 7.58 0.207 50R)
11 EFT  cyclohexane 0 202 0.006 O

aee’s determined o8c by HPLC; R Configuration determined by X-ray
diffraction analysisP [a]P = +7.46 € = 3.27, CHCl,). ©0.1% of Eu(OTf).

2080 J. Org. Chem.Vol. 72, No. 6, 2007

sponding to lanthanum coordinated to starting matdradnd

final product8c. However, it is important to note that lanthanum
species containing enolale-and1c disappeared as the reaction
ended and the peak corresponding to the lanthanum complex
with the final product3c started to emerge. At the end of the
reaction, only this peak remained.

NMR Spectroscopy. The reaction mechanism was also
studied by NMR spectroscopy using different deuterated solvents
(chloroform, acetonitrile, and acetone) to detect and confirm
possible intermediates and final products as observed by ESI-
MS. For this purpose, conventiondH, 2D NOESY and
diffusion/DOSY2? experiments were recorded at 298 K in
several stages (see Supporting Information for the figures of
all the recorded NMR spectra). First, a NMR analysis of the
starting ligand pybox4a, and the 1-adamantyl ketoestdc,
derivates was made, and their self-diffusion coefficients were
in agreement with their relative small volume. Then, as a general
trend and independently of the solvent used, the addition of

(20) (a) Johnson, C. SProg. NMR. Spectrosc1999 34, 203; (b)
Pregosin, P. S.; Anil, Kumar, P. G.; FernandezZChem. Re. 2005 105,
2977.



Michael Additions of Cycli@-Ketoesters

TABLE 3. Reactions of 1b,c with Butenone 7 (Scheme 3)

entry Ln3 1 temp('C) solvent yield 08 (%) 8, ee (%}

1 Yb™3 1b —41—r.tP CHyCl, 85 8b, 8654
2 Eu3 1b —41—r.t> CH.Cl, 81 8b, 65

3 Lat® 1b —41—r.tP CHCl, 81 8b,0

4 Yb™ 1c r.t CHs:CN 44 8¢, 80

5 Yb® 1c O CHsCN 64 8c, 84°

6 Yb™® 1c -20 CHCN 40 8c,93

7 Yb™ 1c -41 CHCN 96 8c,96

8 Eu 1c O CHCN 62 8c,59

9 La® 1c 25 CHCN 73 8c,29

aee determined byH NMR by two different methods: by adding the
chiral shift reagent Eu(hfg)and by addition of a chiral solvating agent
((RR)-ABTE) on 8b. ee determined by HPLC o8c. P Six hours at—41
°C an then r.t° Experiment also successful with 1% of Yb(OZfJ [a]P
= +2.9 (€ = 11.0, CHCl,). ¢[a]P = +17.4 € = 2.02, CHCl,).

M?H
@@

9a 9b

H3CCN NCCH—‘

FIGURE 2. Copper enolates detected by ESI-MS in previous studies.

La(OTf); on 4ainduces important changes in thé spectrum.
First, considerable downfield chemical shift effects were
observed in the range 040.7 ppm for characteristic piridinyl
and isoxazoline proton chemical shifts of the pybox ligand. In

addition, another set of NMR signals showing broader lineshapes
are also clearly visible for a second compound. The ratio

between these two La(OBf{S 9)-ip-pybox binding compounds
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whereas these two different set of NMR signals in the complex
mixture presenb values of 0.43«< 102 m?s and 0.36x 10°°
m?/s, respectively, which are in strong agreement with the
presence of higher molecular-mass complexes of the type
[(pybox)La(OTfp]* and [(pybox)La(OTf),]* as observed by
ESI mass spectrometry. Similar results were also obtained in
acetone and acetonitrile.

Interesting changes in thtH NMR spectrum were also
observed when adding a racemic mixture &)-(and -
dicarbonyliclc compound on the chiral La(OEf{S9-ip-pybox
complex. First of all, the resulting broad unresolved resonances
evidence for important dynamic processes between several
complexed species in solution, as confirmed by variable-
temperaturéH spectra. Second, two different triplets in a 1:1
ratio appear around 3:23.4 ppm corresponding to the meth-
ylenea-dicarbonylic protons of the two different diastereoiso-
meric forms of the ternary [(pybox)La€)(OTf),]* complex.

In contrast to the free form dfc, these two triplets show positive
exchange cross-peaks in the NOESY spectrum with the residual
hydroxyl labile protons resonating as a broad signal near to 5.0
ppm, confirming the presence of tautomeric keémol equi-
libria. Finally, whereas the signals belonging to the pybox ligand
in the ternary complex present similBrvalues as the mono-
ligand [(pybox)La(OTf)]* specie 0.44< 10~° m?/s, the signals

of 3.3 and 3.4 ppm belonging to the intercarbonylic proton of
1c in the diastereoisomeric complex [(pybox)La(OTf),]*
compounds present@ value of 0.85x 10-° m%s and 0.76x

10° m%s. These values are different to the frleecompound
1.14 x 10~° m¥s confirming the presence of a relatively slow
complex equilibrium between the free form b and the two
diastereoisomeric [(pybox)L&€)(OTf),]™ forms, both also

was strongly dependent on the solvent and the temperature andinder the effect of keteenol equilibria. The differerid values
the presence of positive cross-peaks in NOESY spectra confirmsfor diastereoisomeric [(pybox)La€)(OTf),]* forms also ac-
the presence of several species under a relatively slow equilib-counts for their different association affinity to the La complex.
rium exchange process that was also fully confirmed by The final evidence for the presence of the ternary [(pybox)La-

diffusion measurements. For instance, in CP&tl 298 K, the
free 4a compound presents B value of 0.87x 107° m%/s

(1¢)(OTf),]* complex is the weak but very important inter-
ligand NOE observed between the aliphatic adamantyl

TABLE 4. ESI Mass Spectral Data for Compounds and Mixture$

entry compounds and mixtures identified speties
1 1c m/z= 263 [M + HJ*, 280 [M + NH4*
2 pybox,4a m/z= 302 [M + H]*"
3 La(OTf) m/z= 478, 519, 560, 601 [La(OTHCHsCN),] ", wheren = 1—-4
4 3c m/z= 493 [M + HJ*, 510 [M + NH,]*, 515 [M + Na]*,
5 8c m/z= 333 [M + H]*, 355 [M+ Na]*, 371 [M + K] *, 396 [M + Na+ CHs;CNJ*
6 pybox4a+ La(OTf); m/z= 738 [(pybox)La(OT#] ", 779 [(pybox)La(OTHCHsCN]*, 1039 [(pybox)La(OTf),] ™
7 1c+ La(OTf) m/z= 961 [La(Lc)2(OTH]*, 1002 [Lalc)o(OTF)2CHsCN]*
8 3c+ La(OTf)s m/z= 1421 [La@c)x(OTf)]*
9 8c+ La(OTf)s m/z= 1101 [LaB0)x(OT]*
10 pyboxda+ La(OTf); + 1c m/z= 850 [(pybox)La(enolatd-c)OTf]*, 1000 [(pybox)Lalc)(OTf)2]*,
1039 [(pyboxjLa(OTf)]*, 1151 [(pybox)La(enolatetc)OTf]+
11 pybox4a+ La(OTf); + 3¢ m/z= 1039 [(pybox)La(OTf),]*, 1230 [(pybox)LaBc)(OTf),]*, 1421 [LaBC)(OTf) ]+
12 pybox4a+ La(OTf); + 8¢ m/z= 1039 [(pybox}La(OTf);]*, 1070 [(pybox)La8c)(OTf),] T, 1101 [LaBC)(OTf),]*
13 pybox4a+ La(OTf)z + 1c+ 2 m/z= 1039 [(pybox)La(OTf)]*, 1151 [(pybox)La(enolatetc)OTf]*,
1230 [(pybox)La8c)OTH)z]*
14 pybox4a+ La(OTf)z + 1c+ 7 m/z= 1039 [(pybox}La(OTf);]*, 1070 [(pybox)La8c)(OTf),]*, 1101 [LaBc)(OTf),] ™,
1151 [(pybox)La(enolatetc)OTf]*
15 Ongoing reactionlc+ 7 + 5 min: m/z= 850 [(pybox)La(enolatd-c)OTf]* (Major), 1000 [(pybox)La{c)(OTf),] T,

pybox+ La(OTf);

1031 [Lald)(86)(OT]*

10 min: m/z= 850 [(pybox)La(enolatd-c)OTf]*", 1000 [(pybox)Lalc)(OTf),]*,
1031 [LaLc)(8c)(OTH)]*, 1070 [(pybox)Ladc)(OTH]*, 1101 [LaBC)2(OTH]*
20 min: 1070 [(pybox)Le&c)(OTf)z] T, 1101 [LaBc)(OTf),]*

a All ESI-MS analyses were performed with samples dissolved igGM The HPLC mobile phase was a 70:30 mixture oCN and HO. P Unidentified
ions in the spectra have not been included.
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FIGURE 3. ESI(+)-MS of a mixture of ketoestetc, butenone7, pybox, and La(OT# after mixing for: (a) 5 min; (b) 10 min; and (c) 20 min.

protons of thelc moiety and the methyl protons of the pybox Discussion of ESI-MS and NMR Spectroscopy Results.
ligand. All mentioned NMR specta are provide in the Supporting Two different series of important species have been detected
Information. by ESI-MS experiments: intermediates with neutral coordination
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FIGURE 4. Species and equilibriums proposed from NMR experiments.

of ketoestef ¢ ([(pybox)La(Lc)(OTf),] ) and intermediates with
coordination through the ketoester enolate{[(pybox)La-
(enolatelc)OTf]* and [(pyboxj}La(enolateic)OTf]". More-
over, both species containirig and enolatetc disappeared in

tive data to discern possible from impossible mechanisms. The
knowledge of the mechanism should also provide us with
enough data to describe the role the metallic center is playing
in the reaction.

the ongoing reaction experiments. NMR experiments clearly  All calculations have been performed with the B3LYP DFT
support the existence of ternary complexes where the dicarbonylfunctional as implemented in the Gaussiati98ackage. The
moiety is under keteenol equilibrium. Thus, in the presence quasi-relativistic MWB large-core pseudopotential was used
of a base (ip-pybox) the enolate can be easily formed for lanthanun¥? together with the MWB basis set. The rest of
(Figure 4). Futhermore, all Michael reactions described in this the atoms were described by the 6-31g basis set if the atom is
manuscript have been previously carried out in a racemic versionnever attached to lanthanum and by the 6-31g* basis set if it is
(in the absence of chiral ligand) using Ln(O3 §s catalyst. In at any point in the mechanism (N and Cl atoms and carbonyl
these conditions, conjugate additions were slower than the onesoxygens). In all the intermediates involving the metal, the triflate
carried out in the presence of the chiral box ligand. For example, anions were replaced by cloride anions, whereas the possible

16 h were needed to complete the reactiod@and?2 at room
temperature in the presence of 10% of Eu(@Mhereas when
adding the chiral pybox, the same reaction is finished h at

organic substituents at the ester position of the ketoester were
replaced by a methyl. A smaller model of the real catalyst, as
shown in Figures 58, was used.

—41 °C. Consequently, the chiral box ligand has a catalytic
effect probably acting as a base extracting the acidic intercar-M A Cheeseman, 3. R. Zakrzewski V. G.. Montgomery, J. A. Jr.
bo_ny“c_: proton of Michael donord, acting as a blfu_nct|ona_l St.ratr.ﬁann, R. E.; B7urént,.'.l. C.; Dappri7ch,.5.;-‘l\/|illam, J. M.; YDa.nie.IYs, A
chiral ligand?! In fact, we have proved that the racemic reaction D.: Kudin, K. N.; Strain, M. C.: Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
of 1cand2 is slowly catalyzed (10 h) by ip-pybox (15 mol %) l\él-;htCanQ_mj, S-;t MennugciAB;& Plomslli,{ CC.; _Agarp/lo, Ck Cliﬁllorc'i\}I ?.;k

H H H chterski, J.; Petersson, G. A.; Ayala, P. Y.; Cul, Q.7 Vlorokuma, K.; MaliCK,
at room tempt_arature. Thls SUp.portS the.coordmatlon thr_OUQh D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
the enolate as intermediate of this lanthanides-catalyzed Michaelortiz, 3. v.: Stefanov, B. B.; Liu, G.: Liashenko, A.; Piskorz, P.; Komaromi,

reaction. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
. : ; - . Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
Theoretical Calculations.The detection of the intermediates . Jonnson, B. G.: Chen, W.: Wong, M. W.: Andres. J. L.. Head-Gordon,

of the reaction by ESI mass spectrometry and NMR experiments m.; Replogle, E. S.; Pople, J. AGaussian 98revision A.11; Gaussian,

has eased the study of the mechanism through theoreticallinc.: Pittsburgh, PA, 2001.

; : : [ : (23) (a) Maron, L.; Eisenstein, . Phys. Chem. A200Q 104, 7140;
calculations. _The relative energies of each of the mtermedlates(b) Eisenstein, O'; Maron, L. Organomet. Chem2002 647, 190; ()
can be obtained by computational methods and so can thegarros, N.; Eisenstein, O.; Maron, 1. Chem. Soc., Dalton Tran2006
energies of the transition state, which provides us with quantita- 25, 3052; (d) Maron, L.; Werkema, E. L.; Perrin, L.; Eisenstein, O.;
Andersen, R. AJ. Am. Chem. So2005 127, 279; (e) Werkema, E. L,;
Messines, E.; Perrin, L.; Maron, L.; Eisenstein, O.; Andersen, R. Am.
Chem. Soc2005 127, 7781.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

(21) Corey, E. J.; Wang, Zletrahedron Lett1993 34, 4001.
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FIGURE 5. Catalytic cycle for the neutral pathway. All the species
involving the lanthanum have &1 charge.

Neutral Mechanism. The first catalytic cycle studied evolves

Comelles et al.

cycle for this mechanism is depicted in Figure 5. The first step
involves the replacement of the two solvent molecules bound
to the metal inn1 by the ketoester. The next two steps can be
carried in any order and imply the conversion of the ketoester
from the keto to the enol forrm@) and the coordination of the
second reactant, the Michael acceptor, to give moleodle
Intermediaten2 (or n3) was observed in the ESI-MS experi-
ments Wz = 1000 [(pybox)Lalc)(OTf),]™). The crucial step
comes next and involves the formation of the new@bond

and the transfer of the proton from the enol to the Michael
acceptor. It first has to be clarified whether this is a one- or a
two-step process. If it is a two-step process, at least one
intermediate should exist, either the one with the@Cbond
formed but the proton not transferrenbg) or the one with the
proton transferred but the-€C bond not yet formednGb).
Neither of the two intermediates could be located as minima,
as both of them fell back to4. Having ruled out the possibility

of a two-step process, the only possibility was to locate a
transition state with a reasonable energy that could lead directly
from n4 to n6. In this transition state there should be a
simultaneous formation of the-&C bond and transfer of the
enol hydrogen to the Michael acceptor. For geometrical reasons,
if both reactants are to be coordinated to the metal, the structure
of such a transition state is highly tensioned and has therefore
too high an energy for the reaction to advance unless at very
high temperatures, which experimentally is not the case.
Nevertheless, we tried to locate this transition state, but
despite the necessary existence of at least one transition
state between two minima, even if it has a very high energy,
we could not locate it among the different reasonable geometries
we tried. The impossibility of the direct or the two-step
formation of the C-C bond does not completely rule out the
possibility of an assisted transfer of the proton via a water
molecule, for instance, present in trace levels. However, the
necessary intervention of a fourth molecule in very low
concentration makes the reaction rate slower, which means the
neutral mechanism will be at least a slow one, if possible at
all. The major contribution to the product will therefore not be

through the dicarbonyl and enol forms of the ketoester, and will due to this mechanism, despite the reasonable thermodynamics
thereafter be referred as the neutral mechanism. The catalyticit exhibited (see Figure 6).

'.Lg-CI 2

CH,-CN  NC-CHg
" (1)

HN e NH | .
“LaCl, 0*o
FEY +
CH4-CN  NC-CHg 2xCH 4~CN OMe
(n1)
. e} * OMe
o o : (n6) |
* | : 2xCH ' CN °
, OMe 2xCH 4-CN | -154 Ko ZCHON . 163

(e}

v

-17.7

FIGURE 6. Reaction profile for the neutral pathway. Energies are in kcal/mol and relative to the reactants.
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CH -CN NC -CH3

2xCH ;-CN

FIGURE 9. Transition state for step4to a5in the anionic mechanism.

mechanism. This catalytic cycle and energy profile are shown
in Figures 7 and 8. Different to the neutral case in this
mechanism, only2 anda6 are charged with a positive charge,
whereas the rest of the intermediates are neutral due to the
anionic charge in the ketoester moiety. The catalytic cycle for
this anionic mechanism starts as in the neutral case by replacing
two solvent molecules by the ketoester. The main difference
comes next, when instead of turning the coordinated ketoester
into the enol, its acidic proton is abstracted, turning the ketoester
into the enolate form&3), leaving the intermediate uncharged.
The base responsible for the proton abstraction is probably the
basic ligand excess in the first few cycles and the anionic product
(ab) afterward. The profile in Figure 7 is computed according
to this last case. The next step corresponds to the coordination

Anionic Mechanism. The presence of a base in the reaction of the second reactant, the Michael acceptor. Again, as in the
medium, an excess of the chiral ligand, made us consider aneutral case, the deprotonation and coordination of the Michael
second mechanism involving the dicarbonyl and enolate forms donnor can happen in any order but the result will in both cases
of the ketoester, hereafter being referred to as the anionicbead. The next step is the critical one, in which the-C bond

FIGURE 7. Catalytic cycle for the anionic pathway. Molecula$,
a2, anda6 have a+1 charge, and the rest of them are neutral.

_ 1+

oMé N 2xCH ;-CN  + a6

i |-132

+ 2XCH ;~CN + a6 HN--.
2XCH 4-CN + a6

CH4CN  NC-CHg
(a1)

FIGURE 8. Reaction profile for the anionic pathway. Energies are in kcal/mol and relative to the reactants. The proton source for the protonation
and sink for the deprotonation steps are the intermedaemd a5, respectively.
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is formed. In contrast to the neutral case, no proton must be of absolute configurationR) for products of electrophilic
transferred to the Michael acceptor, as the ketoester is in theamination. ESI-MS and NMR experiments were used to detect
enolate form and therefore lacking the proton. Furthermore, not reaction intermediates. A simultaneous coordination of the
only is the inexistent intermediatéain the neutral case stable  lanthanide with the chiral ligand and tifeketoester enolate is
now @5), but it was also possible to connest to a5 with a proposed as the key intermediate. Two different catalytic cycles
transition state. As only the-©C bond has to be formed, the have been studied through theoretical calculations. Finally, a
geometry of this transition state, shown in Figure 9, is not mechanistic pathway has been proposed based on the cited
especially tensioned. It is therefore expected that its energy intermediate. Moreover, understanding the mechanistic pathway
will not be too high above that @4, which is indeed the case, provided the role of both the lanthanide center (increasing the
15.6 kcal/mol. With the product almost formed, the next step acidity of thea proton of Michael donor and increasing the
corresponds to the protonationaB. This protonation is carried  electrophilicity of the Michael acceptor) and the chiral ligand,
out by anothema2 molecule starting another cycle (recall that acting not only in the generation of selectivity but also as a
ab deprotonated? at the beginning of the cycle). This yields base.

the final product coordinated to the lanthanwaB)( which can

be easily replaced by a new ketoester molecule. The cycle isExperimental Section

therefore ready to start again. Postulated intermed&a2ea3, .

anda6 are in agreement with some of the observed species in  (59-IP-pybox,4a, and ethyl 2-oxocyclopentanecarboxylate,

the ESI mass spectrometry2, m'z = 1000 [(pybox)LaLc)- are commercially availablé;butyl 2-oxocyclopentanecarboxylate,

. . 1b,2* was prepared according to described procedures, and 1-ada-
+ = +

(_O-{(f));]o ’[&?ggf)za%iﬁ é(_pl)_%b]qrx)La(enolatdc)OTﬂ a6, m'z mantyl 2-oxocyclopentanecarboxylateg, was prepared from a

= T

/ ) mixture of ketoesterla, l-adamantanol, and zinc oxide (see
The knowledge of a possible and a forbidden pathway enablessupporting Information). Zinc was activated by treatment with dilute
us to analyze the role of the metal in this reaction. One of the HCI as described elsewhete.
most obvious role of the metal is coordinating to both reactants Reactions between Ketoesters 1 and Electrophiles 2 and 7.
and keeping them close to each other for long enough so thatGeneral Method. A solution of Ln(OTf) (0.017 mmol) and pybox
they can react. This alone should facilitate the reaction, and is 4 (0.023 mmol) in dichloromethane or acetonitrile (1.5 mL) was
required for the reaction being enantioselective. Furthermore, Stirred overnight in the presencé 4 A molecular sieves under
the metal, as an electron withdrawing center can activate thenert atmosphere. The mixture was placed at the selected temper-

. : S : . ature. Then, the ketoest&r(0.184 mmol) and the electrophilg,
(’;/Illei?[?:r:sa?rﬁﬁg)tr's;—;smaitlg?gig Lieaﬂtle?;?dasycgﬁltzgs?;n or 7, (0.298 mmol) were sequentially added. The mixture was stirred

. i . . . for the time indicated in the tables (tlc monitoring), and the product
from the different G=CH—CH=CH, distances in the isolated 45 chromatographed through a silica gel column with hexanes

molecule and the bound one (1.223, 1.475, 1.342, and 1.238gthy| acetate as eluent.

A; 1.464 and 1.344 A, respectively). This leaves the terminal  tert-Butyl 2-oxo-1-[N,N'-bis(tert-butoxycarbonyl)hydrazino]-
methylene partially charged and eases the attack of a nucleocyclopentanecarboxylate, 3bQil; IR (ATR) 3350, 2977, 2932,
phile. The two mechanisms studied above exhibit these two 1761, 1704, 1366, 1234, 1150, 1118 ¢m'H NMR (CDCl) 6
kinds of activation, so there must still be a difference that makes 1.47 (s, 27Ht-Bu), 1.93-2.63 (complex absorption, 6H,Hg),
one of them possible and the other one forbidden. The key is 6:50 (s, 1H, N); *C NMR (CDCE) 6 19.0, 28.3, 28.4, 28.5, 33.0,
again the electron-withdrawing character of the metal. Just as38.0, 8147’ 83.0, 154.9, 155-6' 167.5, 208.0; BES Mz 437.1
the coordination of the Michael acceptor to the metal lowers (MFTNa)", 850.7 (2MNa)". Anal. calcd for GoHaN.Oz: C,

- . L .~ 57.95%; H, 8.27%; N, 6.76%. Found: C, 58.27%; H, 8.33%; N,
its electron density, so does the coordination of the nucleophile. ¢ 70 Blo = +11.% (c = 1.6, CHCly).

Neverthelgss, the activation of the nucleophllg is achieved by 14 ee was determined in compoubkl

increasing its eIe<_:tron d_ensny_so that C(_)ordlnatl_ng it to _th_e_ metal 4. Adamantyl 2-oxo-1-N,N'-bis(tert-butoxycarbonylhydrazi-
effectively deactivates it, which explains the impossibility to  nojcyclopentanecarboxylate, 3cMp 120-120.5°C; IR (ATR)
proceed through the neutral pathway. Apart from merely 3337, 2976, 2910, 1758, 1711, 1363, 1232, 1150, 1048 cthi
deactivating the nucleophile, the lowering of the electron density NMR (CDCl) 6 1.41 (br s, 18H), 1.61 (br s, 6H), 1.82.62 (m,
also increases the acidity of the already acidic pretda both 14H), 6.44 (br s, 1H)*C NMR (CDCk) ¢ 18.9, 28.4, 28.5, 31.2,
carbonyls. This, in turn, eases the deprotonation of the reactant36.4, 41.4, 81.6, 82.8, 154.9, 155.5. Anal. calcd fegHioN,O7:

by both, the excess basic ligand and the charged intermediateC: 63.39%; H, 8.18%; N, 5.69%. Found: C, 63.56%; H, 8.21%;
as, leaving a negative charge on the nucleophile and in effect N» 5-69%. pJo = +7.46 (c = 3.27, CHCl) for 100% ee.

S atine i 1 i thic L ot ; tert-Butyl (1 R)-2-oxo-1-(3-oxobutyl)cyclopentanecarboxylate,
E‘;tt'\xitg:]g 'tL ('at 'ﬁéﬂ'; a'fl'ng n%f a;rt]'i\(’;‘qti'g” tgf‘rfvrfaake;ntge ﬂfrizgnctﬁ + 8b.Oil; IR (ATR) 2975, 2032, 1745, 1710, 1368, 1253, 1140, 845
P y P cm L 1H NMR (CDCl) & 1.42 (s, 9H), 1.862.08 (complex

reaction. absorption, 5H), 2.13 (s, 3H), 2.2@.50 (complex absorption, 4H),
2.71 (ddd,J = 5.6, 9.8 and 17.7 Hz, 1H}C NMR (CDCk) ¢
Conclusion 19.9, 27.4, 28.2, 30.3, 34.9, 38.3, 39.3, 59.8, 82.3, 171.0, 208.3,

215.5; oo = +2.9° (c = 11.0, CHC; lit. 243 [o]p = +8.7° (c =

We have found that reactions of alkyl 2-oxocyclopentane 0.41, CHC}) for 92% ee R)).
dicarboxylates], with azodicarboxylates and butenone can be  Enantiomeric excess was determined by two different methods:
carried out with excellent chemical yields and ee’s (up to 100%) i. Integration of the different signals of methylenic protons
using acetonitrile as solvent, europium, ytterbium triflates, and (—CH2—CO—CHs, as ddd ai 2.72 ppm) using the chiral shift
comercial-accessiblesg)-ip-pybox as chiral ligand. We have
observed that an excessive steric hindrance in the chiral Iigand99é24) Henderson, D.; Richardson K. A.; Taylor, R. J.$¢nthesid983
could be detrimental for high e.e S, |so_propyls giving better (é5) Hannaford, A. J.; Smith, P. W. G.; Tatchell, A.YRogel's Textbook
results than adamantyls as substituents in pybox. Moreover, thegf practical Organic Chemistry5th ed; Furniss, B.S., Ed.; Longman:
X-ray diffraction of two compounds permitted a safe assignment Singapore, 1989.
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reagent Eu(hfg) Compoundb (10.7 mg, 0.0421 mmols) and Eu-
(hfc); (1.9 mg, 0.0016 mmols, 0.037 equiv) were dissolved in GDCI
(0.5 mL).*H RMN (250 MHz, CDCH}) 6 (ppm): ds= 2.9638 ppm,
Or = 2.9509 A(Ad)r,s= 0.013 ppm).

ii. Integration after addition of the chiral solvating ageRIR)-
oo -bis(trifluoromethyl)-9,10-anthracenedimethan® R)-ABTE).1?

1-Adamantyl (1 R)-2-oxo-1-(3-oxobutyl)cyclopentanecarboxy-
late, 8c. Mp 60.5-61.5 °C (racemic), oil (enantiomerically
enriched); IR (ATR) 2971, 2913, 1747, 1710, 1191, 1155, 1049
cmt; IH NMR (CDCly) 6 1.62 (br s, 6H), 1.862.02 (complex
absorption, 5H), 2.032.18 (complex absorption, 12H), 2:20.50
(complex absoprtion, 4H), 2.73 (ddd,= 5.6, 9.8, and 17.7 Hz,
1H); 13C NMR (CDCk) ¢ 19.8, 27.3, 30.1, 30.9, 31.0, 34.8, 36.2,
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Anal. calcd for GsH,g0sN,: C, 57.31%; H, 8.34%; N, 8.91%.
Found: C, 56.60%; H, 8.47% N, 8.72%.

1-Adamantyl 2-oxo-1-N'-(tert-butoxycarbonyl)hydrazino]cy-
clopentanecarboxylate, 5clt was obtained as a white solid; mp
108-109°C (racemic); IR (ATR) 3404, 3372, 2908, 2853, 1738,
1725, 1693, 1237, 1167, 1051 cin'H NMR (CDCl) 6 1.41 (s,
9H), 1.62 (t,J = 2.8 Hz, 6H), 2.05-2.46 (m, 15 H), 4.23 (s, 1H),
6.46 (s, 1H)13C NMR (CDCk) 6 19.0, 28.0, 30.5, 31.8, 35.7, 37.0,
40.9, 73.5, 79.9, 82.9, 156.0, 170.1, 210.4. Anal. calcd for
CH3N,0s: C, 64.26; H, 8.22; N, 7.14. Found: C, 64.24; H, 8.22;
N, 7.16.
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for CooH2804: C, 72.26%; H, 8.49%. Found: C, 72.21%; H, 8.52%.
[a]p = + 17.36 (c = 3.27, CHCI,) for 80% ee (entry 4,
Table 3).

Reactions of Elimination of N-tert-butoxycarbonyl group.
General method. Ytterbium triflate (9.9 mg, 0.016 mmol) was
added to compound8a—c (0.176 mmol) in dichloromethane
(2 mL). The solution was stirred overnight, and the solution was
chromatographed through silica gel with hexanethyl acetate to
afford compound$a—c.

tert-Butyl 2-oxo-1-[N'-(tert-butoxycarbonyl)hydrazino]cyclo-
pentanecarboxylate, 5b.

IR (ATR) 3398, 3321, 2978, 1751, 1720, 1243, 1148, 730%m
1H NMR (CDCl) 6 1.46 (s, 18H) (twd-Bu), 2.05-2.56 (complex
absorption, 6H) (€, in cycle), 4.27 (s, 1H, NHC-cycle), 6.48
(s, 1H, NHCO); 13C NMR (CDCk) 6 19.7, 28.3, 28.6, 32.4, 37.7,
74.1, 80.7, 83.5, 156.6, 171.1, 211.1; E®IS (m/9 337.2
(M+Na)"; HRMS calcd for GsH¢0sN,: 314.1842. Found: 314.1828.
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Supporting Information Available: ESI-MS spectrum corre-
sponding to experiments of Table 4. Full experimental details on
the preparation of compound$® andlc. *H and'3C NMR and IR
of 4b, 1b, 1c, 3b, 3¢, 5b, 5¢, 8b, and8c. 'H NMR of 5b+ Eu-
(hfc)s. 'H NMR at variable temperature, DOSY and NOESY spectra
of different mixtures o#la, La(OTf)s, andlc. HPLC chromatograms
of 4b, 3c, 8b, and 8c. Tables of atom coordinates and absolute
energies corresponding to the theoretical calculations. Complete
data parameters of X-ray diffraction structures of compowsals
and6. This material is available free of charge via the Internet at
http://pubs.acs.org.
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