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ABSTRACT

Substrate-controlled Michael additions of the titanium-(IV) enolate of lactate-derived ketone 1 to
acyclic o,pB-unsaturated ketones in the presence of a Lewis acid (TiCl4 or SnCl4) provide the
corresponding 2,4-anti-4,5-anti dicarbonyl compounds in good yields and excellent diastereomeric
ratios. Likely, the nucleophilic species involved in such additions are bimetallic enolates that may add
to enones through cyclic transition states. Finally, further studies indicate that a structurally related -
benzyloxy chiral ketone can also participate in such stereocontrolled conjugate additions.
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Comprehensive studies carried out in the 1980s on the conjugate addition of metal enolates to a,p3-
unsaturated compounds, the venerable Michael reaction, provided a reasonably good understanding of
the key elements that determine the relative configuration of the resultant adducts.1,2 Despite these early
achievements and the ensuing exploitation of this transformation in the synthesis of natural products,
there is still a shortage of asymmetric Michael methodologies.3,4 Highly enantioselective catalyzed
intermolecular additions of esters or ketones to a,-unsaturated compounds have recently been reported,
but they only cover a small range of substrates. Indeed, their scope is usually restricted to the most easily
enolizable carbonyl compounds and the best acceptors; furthermore, just a few of them have succeeded
in the simultaneous installation of two new chiral centers (R1 # R2 and R3 # R4 in Scheme 1).5,6

Therefore, the stercoselective construction of 1,5-dicarbonyl structures through conjugate
intermolecular additions of simple carbonyl derivatives to a,p-unsaturated ketones or esters is still a
challenging transformation. In this context, classical chiral auxiliary-like approaches based on chiral
hydrazines7 or oxazolidinones8 have been reported, but their scope is often narrower than that attained
in other representative C—C bondforming reactions. Moreover, and to the best of our knowledge, no
substrate-controlled Michael reactions from chiral ketones have been reported to date. Considering that
highly reactive titanium(IV) enolates could fill this void, we envisaged that substrate-controlled Michael
additions of titanium(IV) enolates from lactate-derived a-benzyloxy ethyl ketone 19 to enones might
produce 1,5-diketones containing up to two new stereocenters. Herein, we describe conjugate additions
of titanium enolates of 1 to a wide range of enones in the presence of a second equivalent of a Lewis
acid. These reactions give the corresponding adducts in a highly stereocontrolled manner and good yield.

Preliminary experiments showed that the dibutylboron enolate from 1 was unable to undergo conjugate
additions to methyl vinyl ketone (a) and the starting material 1 was recovered unchanged even after long
reaction times (entry 1, Table 1). In turn, the lithium enolate counterpart turned out to be more reactive,
but it only afforded tiny amounts of the Michael adduct 2a (entry 2, Table 1).10—12 Thus, we were
pleased to observe that the titanium(IV) enolate of 1 afforded 2a as a single diastereomer, albeit in a low
23% yield (entry 3, Table 1).13 Encouraged by such an outstanding stereocontrol and taking advantage
of our experience with these titanium enolates, we assessed the influence of a second equivalent of
TiCl4.14 Under these conditions, the reaction with 1.2 equiv of a proceeded smoothly and 2a was
obtained with excellent diastereoselectivity (dr >97:3) and yields of 70% and 80% after 2 and 5 h
respectively (entries 4 and 5, Table 1). Longer reaction times, higher temperatures, and a higher loading
of enone did not improve this result (entries 4—7, Table 1). Instead, such conditions led to a more
elaborate Michael adduct (3a), arising from the subsequent conjugate addition of a putative titanium
enolate intermediate. It was obtained in variable yields and with a moderate diastereoselectivity (entries
6 and 7, Table 1). Importantly, the addition of the second equivalent of TiCl4 at the beginning of the
enolization (see entries 4—7 of Table 1) simplified the experimental procedure.

Having recognized the crucial role of the second equivalent of TiCl4, other Lewis acids were also
tested. 15 Unfortunately, most of them proved to be less suitable. The stereocontrol was excellent and a
single diastereomer was obtained for these Lewis acids, but the yields dropped with the exception of
SnCl4. Indeed, both the yield and diastereoselectivity achieved by adding 1 equiv of SnCl4 to the
titanium(IV) enolate of 1 were the same as those achieved with TiCl4 (dr >97:3 and 80% yield). This
suggests that a similar intermediate may be responsible for the stereocontrolled outcome of both Lewis
acid mediated Michael additions.

Once the feasibility of the conjugate addition had been established (see Table 1), we examined the scope
of the reaction using vinyl ketones b—el6 (Table 2). Thus, we were pleased to observe that all these
additions produced pure Michael adducts 2a—e as single diastereomers in isolated yields of up to 80%
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(Table 2). Interestingly, the addition to a-silyloxy chiral vinyl ketone e proceeded smoothly to afford
the corresponding Michael adduct 2e in 78% yield. Altogether, these results confirm the potential of
such an approach for the stereoselective synthesis of 1,5-diketones. The successful Lewis acid mediated
Michael addition of 1 to a broad range of vinyl ketones led us to assess the parallel reaction with -
substituted enones,17 which involves the formation of a new chiral center. Conventional wisdom
predicted that the introduction of an alkyl group in the B-position would reduce the reactivity of the
Michael acceptor and provoke a certain loss of stereocontrol. Thus, it was no surprise that the previous
experimental conditions failed with (E)-4-penten-3-one (f). Indeed, the expected Michael adduct 4f was
obtained in a low 17% yield and 90:10 diastereomeric ratio (entry 1, Table 3). Following thorough
optimization, it was found that an increase of the reaction temperature facilitated the conjugate addition
and dramatically improved the yields of 4f without producing any loss of stereocontrol (entries 1-3,
Table 3). Importantly, the use of SnCl4 instead of TiCl4 as a second Lewis acid afforded 4f in slightly
lower yields but with a 94:6 diastereomeric ratio at both —40 and —20 °C (entries 1-5, Table 3). Such
an advantageous effect was also observed for enone g (entries 6 and 7, Table 3), although the addition
of SnCl4 was detrimental for enone h because of the partial removal of the TBS protecting group. For
this ketone, TiCl4 was more convenient and afforded the Michael adduct 4h in 68% yield and 90:10
diastereomeric ratio (entry 8, Table 3). In turn, the addition to (E)-4-phenyl-3-buten-2-one (i) proceeded
smoothly and afforded diastereoselectively (dr 90:10) the expected Michael adduct 4i in 83% yield
(entry 9, Table 3). Hence, the Lewis acid mediated conjugate additions of titanium(IV) enolate of 1 to
acyclic B-substituted enones afforded the 2,4-anti-4,5-anti Michael adducts 4f—i in good yields and high
diastereomeric ratios (dr >90:10). Unfortunately, such a conjugate addition proved to be unsuitable for
cyclic enones. Cyclopentenone afforded complex mixtures under different conditions whereas
cyclohexenone produced the Michael adducts with a 71% yield but poor diastereoselectivity (dr 65:35).

The configuration of Michael adducts 2 was initially established through conversion of 2b into a known
keto ester.18 Later, the stereochemical outcome of these additions was corroborated through X-ray
analysis of adduct 4i (Figure 1),19 which confirmed that the configuration of C3 was the same as that
obtained in adducts 2.

Although the need for a further equivalent of TiCl4 or SnCl4 was firmly identified, the precise role of
this second Lewis acid was still elusive. The study by NMR of the enolate involved in such reactions
indicated that its structure is dramatically affected by the addition of TiCl4 or SnCl4, but a clear image
did not emerge from these experiments. Thus, taking advantage of our experience and based on models
proposed by other authors, we hypothesize that a bimetallic enolate arising from the association of the
second Lewis acid to the titanium Z enolate20 might be the real nucleophilic species involved in these
additions. Then, two alternative pictures based on Heathcock’s model21 are envisioned (Scheme 2). The
first one calls for a coordination in which the incoming Lewis acid is placed far from the nucleophilic
center. Then, we speculate that further coordination of the a,p-unsaturated ketone to the titanium center
of the bimetallic enolate I will trigger the C—C bond formation through a cyclic transition state in which
the Re face of the enolate attacks the Si face of the enone (Scheme 2). Conversely, a more compact
bimetallic enolate II might also result from such an association. This second proposal requires that the
o,B-unsaturated ketone binds to the metal center M to proceed through a parallel cyclic transition state
to that involved in the former pathway. A similar model has been proposed by Wang22 to rationalize
the Lewis acid mediated Michael additions of titanium enolates derived from diazo ketocarbonyl
compounds. Regardless of the true structure of the nucleophilic species, both models account for the
outstanding stereocontrol at C3 and C4 chiral centers as well as the poor diastereoselectivity shown by
cyclic enones.

Finally, the excellent results achieved in the Lewis acid mediated Michael addition from lactate-derived
chiral ketone 1 led us to examine the scope of the method using other chiral ketones. Particularly, we
focused our attention on ketone 5, which has been employed at length in other substratecontrolled
processes. Titanium enolates derived from this ketone proved to be slightly less reactive than those from
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1, but they reacted with a,B-unsaturated ketones a and f to provide the corresponding adducts 6a and 7f
in a highly stereocontrolled manner (Scheme 3).23

In summary, substrate-controlled Michael additions of a chiral lactate-derived ethyl ketone to vinyl
ketones and B-substituted enones proceed with good yields and excellent diastereoselectivities provided
that a second equivalent of a Lewis acid (TiCl4 or SnCl4) is added to the reaction mixture. This method
can also be applied to a structurally related B-benzyloxy ketone derived from the Roche ester, which
proves the wide scope of such a process for the stereoselective synthesis of 1,5-dicarbonyl compounds.
Likely, a bimetallic enolate might be responsible for the outstanding stereocontrol achieved in these
substrate-controlled Michael additions.



144

145

146

147

148

149

150

151

AUTHOR INFORMATION

Corresponding Author
*E-mail: pedro.romea@ub.edu.
*E-mail: felix.urpi@ub.edu.
Notes

The authors declare no competing financial interest.



152

153

154
155
156

157

ACKNOWLEDGEMENTS

Financial support from the Spanish Ministerio de Economia y Competitividad (Grant No. CTQ2012-
31034) and the Generalitat de Catalunya (2009SGR825) as well as a doctorate studentship to M.P. (FPU,
Ministerio de Educacion) is acknowledged.



158

159

160
161
162
163

164
165
166
167
168

169
170
171

172
173
174

175
176
177
178
179
180
181

182
183
184
185

186

187
188
189

190
191

192
193

194
195
196

197
198
199
200

References

Q)

2

3)

“4)

)

(6)

(7
®)

€)

(10)

(11

(12)

(a) Oare, D. A.; Heathcock, C. H. In Topics in Stereochemistry; Elliel, E. L., Wilen, S. H.,
Allinger, N. L., Eds.; Wiley: New York, 1989; Vol. 19; pp 207—408. (b) Feringa, B. L.; Jansen,
J. F. G. A. In Houben-Weyl. Methods of Organic Chemistry; Helmchen, G., Hoffmann, R. W.,
Mulzer, J., Schaumann, E., Eds.; Georg Thieme: Stuttgart, 1995; Vol. E21b; pp 2104-2156.

For theoretical studies on the addition of metal enolates to a,-unsaturated compounds, see: (a)
Bernardi, A.; Capelli, A. M.; Cassinari, A.; Comotti, A.; Gennari, C.; Scolastico, C. J. Org.
Chem. 1992, 57, 7029-7034. (b) Yasuda, M.; Chiba, K.; Ohigashi, N.; Katoh, Y.; Baba, A. J.
Am. Chem. Soc. 2003, 125, 7291-7300. (¢) Kwan, E. E.; Evans, D. A. Org. Lett. 2010, 12,
5124-5127.

(a) Carreira, E. M.; Kvaerno, L. Classics in Stereoselective Synthesis; Wiley-VCH: Weinheim,
2009; pp 389—429. (b) Nicolaou, K. C.; Chen, J. S. Classics in Total Synthesis III; Wiley-VCH:
Weinheim, 2011.

For reviews, see: (a) Christoffers, J.; Koripelly, G.; Rosiak, A.; Rossle, M. Synthesis 2007,
1279-1300. (b) Vicario, J. L.; Badia, D.; Carrillo, L. Synthesis 2007, 2065-2092. (c) Howell,
G. P. Org. Process Res. Dev. 2012, 16, 1258—1272.

Most of the reported procedures involve the conjugate addition to highly reactive acceptors as
o,B-unsaturated nitrocompounds, alkylidene malonates, or vinyl disulfones. For other
approaches that permit the stereocontrolled installation of up to two new chiral centers, see: (a)
Evans, D. A.; Scheidt, K. A.; Johnston, J. N.; Willis, M. C. J. Am. Chem. Soc. 2001, 123,
4480—4491. (b) Brown, S. P.; Goodwin, N. C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003,
125,1192-1194. (c) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2003, 125, 11204—11205.
(d) Yu, F.; Hu, H.; Gu, X.; Ye, J. Org. Lett. 2012, 14, 2038—2041.

Intramolecular Michael reactions represent an excellent opportunity for the stereocontrolled
construction of several chiral centers, but they are ruled by different parameters. For seminal
contributions, see: (a) Enders, D.; Hiittl, M. R. M.; Grondal, C.; Raabe, G. Nature 2006, 441,
861—863. (b) Kwan, E. E.; Scheerer, J. R.; Evans, D. A. J. Org. Chem. 2013, 78, 175—203.

Job, A.; Janeck, C. F.; Bettray, W.; Peters, R.; Enders, D. Tetrahedron 2002, 58, 2253—-2329.

(a) Evans, D. A.; Bilodeau, M. T.; Somers, T.; Clardy, J.; Cherry, D.; Kato, Y. J. Org. Chem.
1991, 56, 5750—5752. (b) Rodriguez-Escrich, C.; Olivella, A.; Urpi, F.; Vilarrasa, J. Org. Lett.
2007, 9, 989-992.

Ferrero, M.; Galobardes, M.; Martin, R.; Montes, T.; Romea, P.; Rovira, R.; Urpi, F.; Vilarrasa,
J. Synthesis 2000, 1608.

For a seminal report on the conjugate addition of ketone and ester lithium enolates to a,f3-
unsaturated ketones, see: Oare, D. A.; Heathcock, C. H. J. Org. Chem. 1990, 55, 157—-172.

For recent examples on Michael additions of achiral ester lithium enolates to enones, see: (a)
Schmitt, D. C.; Malow, E. J.; Johnson, J. S. J. Org. Chem. 2012, 77, 3246—3251. (b) Holan, M.;
Pohl, R.; Cisarova, I.; Jahn, U. Eur. J. Org. Chem. 2012, 3459-3475.

For Michael additions of lithium enolates from chiral a-hydroxy esters to a,p-unsaturated
compounds, see: (a) Calderari, G.; Seebach, D. Helv. Chim. Acta 1985, 68, 1592—1604. (b)
Blay, G.; Fernandez, 1.; Monje, B.; Mufioz, M. C.; Pedro, J. R.; Vila, C. Tetrahedron 2006, 62,
9174-9182.



201
202
203

204
205
206
207
208
209

210

211
212
213
214

215

216
217
218

219
220
221

222
223
224

225

226
227

228

(13)

(14)

(15)
(16)

(18)
(19)

(20)

e2))

(22)
(23)

For pioneering studies on conjugate additions of achiral ketone and ester titanium ate complexes
to a,B-unsaturated compounds, see: Bernardi, A.; Dotti, P.; Poli, G.; Scolastico, C. Tetrahedron
1992, 27, 5597-5606.

For the influence of a second equivalent of TiCl4 on the stereochemical outcome of substrate-
controlled aldol reactions, see: (a) Solsona, J. G.; Romea, P.; Urpi, F. Tetrahedron Lett. 2004,
45, 5379-5382. (b) Zambrana, J.; Romea, P.; Urpi, F.; Lujan, C. J. Org. Chem. 2011, 76,
8575—8587. (¢) Zambrana, J.; Romea, P.; Urpi, F. Chem. Commun. 2013, 49, 4507—4509. (d)
Alcoberro, S.; Gomez-Palomino, A.; Sola, R.; Romea, P.; Urpi, F.; Font-Bardia, M. Org. Lett.
2014, 16, 584—587.

Lewis acids as BF3-OEt2, MgBr2-OEt2, Et2AICI, Ti(i-PrO)4, and SnCl4 were also tested.

Ketones a and b are commercially available. Ketones c—e were prepared as reported, see: Martin,
R.; Romea, P.; Tey, C.; Urpi, F.; Vilarrasa, J. Synlett 1997, 1414—1416. (17)  Enones f and i
are commercially available. Enones g and h were prepared by standard acetone-based Wittig
reactions.

See the Supporting Information.

Crystallographic data for 4i has been deposited at the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 1013203. A copy of the data can be obtained free of
charge on application to CCDC (E-mail: deposit@ccdc.cam.ac.uk).

For the structure of the titanium(I'V) enolate from 1, see: Moreira, I. de P. R.; Bofill, J. M,;
Anglada, J. M.; Solsona, J. G.; Nebot, J.; Romea, P.; Urpi, F. J. Am. Chem. Soc. 2008, 130,
3242-3243.

Heathcock’s model states that the most favorable pathway for the conjugated addition of a
lithium enolate involves attack to the cis conformation of the enone and proceeds through a
closed transition state with a staggered arrangement about the new C—C bond. See ref 1a.

Deng, G.; Tian, X.; Qu, Z.; Wang, J. Angew. Chem., Int. Ed. 2002, 41, 2773-2776.

The absolute configuration of 6a has been established by chemical correlation (see the
Supporting Information). The configuration of 7f has been assigned by analogy.



229

230

231

232

233

234

235
236

237
238
239

240

10

Legends to figures

Scheme 1. Michael Additions of Metal Enolates

Figure 1. X-ray structure of adduct 4i.

Scheme 2. Plausible Mechanism for the Michael Addition of the Titanium Enolate of 1 to a,f-
Unsaturated Ketones

Scheme 3. Michael Additions from pB-Benzyloxy Ketone 5
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Table 1. Michael Addition of Titanium(IV) Enolate of 1 to Methyl Vinyl Ketone (a)

o oM
Q)‘\/ S \l)\-/
BnO

entry
1
2
3
4
s
6

-rl

“The minar diastercomer was not detected in the reaction crude mixtures by "H NMR (400 MHz). *lsolated yield “Di

1

BBa;
La

a,
T,
Ta,
T,
™a,

Tewis acd

™a,
T,
TCL
T,

temp (°C)
-2
-78
-78
-78
-78
—40
=78

1} 1 equiv Lewis acid
2) 1.2 equiv =, COMe , temp, Sme
L]

time (h)

by "H NMR (400 MHz). “2.5 equiv of enone a were used.

L e

5

& n

»97:3
>97:3
>97:3
»97:3
»97:3

<10
n

70
20
Ly

bt

dr %
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- W *M
8 i i COMe
2a 3a

yield 2a (%)

ydd 3a (%)
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Table 2. TiCl4-Mediated Michael Addition of Titanium(IV) Enolate of 1 to Vinyl Ketones

1) 2.1 equiv TiCl, -PrNEY 0 0
CHgClp -78°C
TK/ zl-xg,oon -78°C,8h WR
- P ]
entry  enone R & weld (%)"
1 a Me »97:3 0
2 b Fx >973 ~
B C (CHy »97 -3 75
B d chex »97 3 73
5 . (5)-CH(OTBS)Ba 2973 %

"lhmmchmanermnd detected in the reaction crude
mixtures by "H NMR (400 MHz). "Isolated yield “Reaction time of 2
h
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Table 3 Lewis Acid Mediated Michael Addition of Titanium Enolate of 1 to B-Substituted Enones

0 _ 1) TiCl, +PrNEL 2) Lows acid
\(ll\/ 3 g~ COR, temp. 25h
-

B0 1
Lewss
entry enone R aad
1 f Me Ex ™A,
2 f Me Fx TiCL
3 f Me Ex T,
4 f Me Et SoQ,
5 f Me 5 ¢ So(3,
6 g (cH)M Me TN,
7 g (cH)P Me Sy,
§ h (CH)OTBS Me T,
B i 1] Me Sa(l,

o

&
S0: 10
0: 10
90: 10
94:6
946
G010
946
010
«0:10

o

(17)
(75)
()
(60)
(81)
67
a3
68
83

“Diastereomeric ratio established by 'H NMR (400 MHz). "lsolated

yield of 4. Isolated overall yield into brackets.

13



259

260

261

262
263

264
265
266

267

Scheme

14

R2
1) X _EWG O R! R2
R! . XJYQ/EWG
2) H30* R3 R4



268
269

270

271
272

273
274

275

Figure 1

15




16

276 Scheme 2
277
278
EGJ
i B (|3| (i“,l
! n.
MCl, {0 Gl
M=Ti,Sn | G007 |'""C|"nf|"""Cl
- ge Cl cl
o "I“l- O—‘ Bimetallic enolate I
i-PraNEt : ] Clu.pp..Cl
BnO 27 ! Bn._ CI™ | ~~Cl
1 MCl, 0:'._.;1-'_.- |
M=Ti, Sn L0 | TCl
Re cl
279 Bimetallic enolate Il
280
281
282

283



284 Scheme 3
285
286

O

]

TG, PTHIET J GHGCl,, —T8°C

cl. —1°

13 TiCl, 1) SnCi,
2] =, COMa ) d_.%GEIEI:

]
407, 35h | l\l/J\/ | 40, 3~5h

r\]Jk/vk«rU\)k/

287 Ga dr=873 75% 7 drB010 30%

288
289
290

291

17



