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Six- and seven-membered cyclic enaminones can be prepared using common, environmentally benign
reagents. Amino acids are used as synthetic precursors allowing diversification and the incorporation
of chirality. The key reaction in this multistep process involves deprotection of Boc-amino ynones
and subsequent treatment with methanolic K,COj5 to induce cyclization. A f-amino elimination side
reaction was identified in a few labile substrates that led to either loss of stereochemical purity or
degradation. This process can be mitigated in specific cases using mild deprotection conditions.
NMR and deuterium-labeling experiments provided valuable insight into the workings and limita-
tions of this reaction. Although disguised as a 6-endo-dig cyclization, the reagents employed in the
transformation play a direct role in bond-making and bond-breaking, thus changing the mode of
addition to a 6-endo-trig cyclization. This method can be used to construct an array of monocyclic
and bicyclic scaffolds, many of which are found in well-known natural products (e.g., indolizidine,

quinolizidine, and Stemona alkaloids).

Introduction

Enaminones can best be described as -acyl enamines or
amides with an interpolated alkene. The reactivity and
stability of these entities are much different than that of a
conventional enamine which readily decomposes through
hydrolytic or oxidative pathways.' On the contrary, enami-
nones are quite stable and easily isolated. Although not quite
as robust as the conventional amide, the conjugation of the
enamine to a carbonyl attenuates its reactivity, endowing
it with a unique and ambident nature. In addition to their
distinct reactivity profile, enaminones have also attracted
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attention in pharmaceutical development, particularly as
anticonvulsants and Pgp modulators.> Their stability and
favorable physicochemical properties are exemplified by
their use as orally active medicinal agents.>® A combination
of the above factors became the impetus for developing a
synthetic route to previously inaccessible or laboriously
synthesized enaminone scaffolds.

(2) (a) Elassar, A. Z. A.; El-Khair, A. A. Tetrahedron 2003, 59, 8463—
8480. (b) Edafiogho, I. O.; Alexander, M. S.; Moore, J. A.; Farrar, V. A_;
Scott, K. R. Curr. Med. Chem. 1994, 1, 159-175. (c) Edafiogho, 1. O.;
Kombian, S. B.; Ananthalakshmi, K. V. V.; Salama, N. N.; Eddington,
N. D.; Wilson, T. L.; Alexander, M. S.; Jackson, P. L.; Hanson, C. D.; Scott,
K. R. J. Pharm. Sci. 2007, 96, 2509-2531. (d) Eddington, N. D.; Cox, D. S;
Roberts, R. R.; Stables, J. P.; Powell, C. B.; Scott, K. R. Curr. Med. Chem.
2000, 7, 417-436. (¢) Salama, N. N.; Eddington, N. D.; Payne, D.; Wilson,
T. L.; Scott, K. R. Curr. Med. Chem. 2004, 11, 2093-2103.
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Cyclic enaminones, particularly 6-membered enaminones
(2,3-dihydro-4-pyridones), are extraordinarily versatile in-
termediates for the synthesis of piperidine-containing target
molecules. Indeed, this heterocycle exists in numerous drugs
and drug candidates as an indispensable binding element.
Moreover, the piperidine moiety is prevalent in structural
classes of bioactive natural products such as the indolizidines
and quinolizidines.? Considering the ubiquity of biologically
active piperidine-containing compounds, practical methodo-
logies for the synthesis of these structures, especially those
bearing stereogenic centers, are of great value.

The synthetic utility of the enaminone is clear when con-
sidering the reactivity of each component moiety (amine,
enamine, enone, and alkene) in isolation. The handles for
modification of this core molecule include four nucleophilic
sites and two electrophilic sites. As depicted in Figure 1,
studies into reactivity of the 6-membered, cyclic enaminones
have made possible a plethora of chemoselective transforma-
tions (e.g., N-functionalization,* O-functionalization, C3,°
C4 [1,2-addition],” C5,® and C6 [1,4-addition] functionali-
zation,” and [2 + 2] cylization'®).

A number of approaches have been developed to construct
the 6-membered enaminone core, yet only a few are capable
of affording nonracemic products (Figure 2). Comins and
co-workers have set precedent for the asymmetric synthe-
sis of enaminones employing chiral N-acylpyridinium

(3) For recent reviews, see: (a) Michael, J. P. In The Alkaloids: Chemistry
and Biology; Academic Press: New York, 2001; Vol. 55, pp 91-258.
(b) Michael, J. P. Nat. Prod. Rep. 2008, 25, 139-165. (c) Michael, J. P.
Nat. Prod. Rep.2007, 24,191-222. (d) Michael, J. P. Nat. Prod. Rep. 2005, 22,
603-626. (e) Michael, J. P. Nat. Prod. Rep. 2004, 21, 625-649.

(4) For recent examples of N-functionalization, see: (a) Ege, M.; Wanner,
K. T. Org. Lett. 2004, 6,3553-3556. (b) Garcia, M. O.; Gomez, A. R.; Adrio,
J.; Carretero, J. C. J. Org. Chem. 2007, 72, 10294-10297.

(5) For recent examples of O-functionalization, see: (a) Shintani, R.;
Tokunaga, N.; Doi, H.; Hayashi, T. J. Am. Chem. Soc. 2004, 126, 6240-6241.
(b) Klegraf, E.; Knauer, S.; Kunz, H. Angew. Chem., Int. Ed. 2006, 45, 2623~
2626. (c) Knauer, S.; Kunz, H. Tetrahedron: Asymmetry 2005, 16, 529-539.

(6) For recent examples of C3-functionalization, see: (a) Kitagawa, H.;
Kumura, K.; Atsumi, K. Chem. Lett. 2006, 35, 712-713. (b) Donohoe, T. J;
Johnson, D.J.; Mace, L. H.; Thomas, R. E.; Chiu, J. Y. K.; Rodrigues, J. S.;
Compton, R. G.; Banks, C. E.; Tomcik, P.; Bamford, M. J.; Ichihara, O. Org.
Biomol. Chem. 2006, 4, 1071-1084. (c) Lim, S. H.; Curtis, M. D.; Beak, P.
Org. Lett. 2001, 3, 711-714. (d) Di Bussolo, V; Fiasella, A.; Romano, M. R.;
Favero, L.; Pineschi, M.; Crotti, P. Org. Lett. 2007, 9, 4479-4482.

(7) For examples of C4-functionalization, see: (a) Comins, D. L.;
Killpack, M. O. J. Am. Chem. Soc. 1992, 114, 10972-10974. (b) Thiel, J.;
Wysocka, W.; Boczon, W. Monatsh. Chem. 1995, 126, 233-239. (c) Meyers,
A. 1; Singh, S. Tetrahedron 1969, 25, 4161-4166.

(8) For recent examples of C5-functionalization, see: (a) Ge, H.; Niphakis,
M. I.; Georg, G. 1. J. Am. Chem. Soc. 2008, 130, 3708-3709. (b) Wang, X;
Turunen, B. J.; Leighty, M. W.; Georg, G. L. Tetrahedron Lett. 2007, 48,
8811-8814. (c) Felpin, F. X. J. Org. Chem. 2005, 70, 8575-8578.

(9) For recent examples of Co6-functionalization, see: (a) Sebesta, R.;
Pizzuti, M. G.; Boersma, A. J.; Minnaard, A. J.; Feringa, B. L. Chem.
Commun. 2005, 1711-1713. (b) Nakao, Y.; Chen, J.; Imanaka, H.; Hiyama,
T.; Ichikawa, Y.; Duan, W. L.; Shintani, R.; Hayashi, T. J. Am. Chem. Soc.
2007, 129, 9137-9143. (c) Gini, F.; Hessen, B.; Minnaard, A. J. Org. Lett.
2005, 7, 5309-5312. (d) Jagt, R. B. C.; De Vries, J. G.; Feringa, B. L,;
Minnaard, A. J. Org. Lett. 2005, 7, 2433-2435. (e) Furman, B.; Lipner, G.
Tetrahedron 2008, 64, 3464-3470. (f) Focken, T.; Charette, A. B. Org. Lett.
2006, 8, 2985-2988.

(10) Comins, D. L.; Zheng, X.; Goehring, R. R. Org. Lett. 2002, 4, 1611—
1613.

(11) Comins, D. L.; Brown, J. D. Tetrahedron Lett. 1986, 27, 4549-4552.

(12) (a) Comins, D. L.; Libby, A. H.; Al-awar, R. S.; Foti, C. J. J. Org.
Chem. 1999, 64, 2184-2185. (b) Comins, D. L.; Zhang, Y. M. J. Am. Chem.
Soc. 1996, 118, 12248-12249. (c) Comins, D. L.; Hong, H. J. Org. Chem.
1993, 58, 5035-5036. (d) Comins, D. L.; Morgan, L. A. Tetrahedron Lett.
1991, 32, 5919-5922. (e) Comins, D. L.; Sandelier, M. J.; Grillo, T. A. J. Org.
Chem. 2001, 66, 6829-6832. (f) Comins, D. L.; Benjelloun, N. R. Tetrahedron
Lett. 1994, 35, 829-832. (g) Comins, D. L.; Sahn, J. J. Org. Lett. 2005, 7,
5227-5228. (h) Comins, D. L.; Zhang, Y. M.; Joseph, S. P. Org. Lett. 1999, 1,
657-659.
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intermediates.'' This method has proven to be enormously
effective in providing advanced intermediates in the synthe-
sis of numerous natural products.'> More recent efforts have
expanded the scope of this chemistry by using an assortment
of chiral auxiliaries.’®*"!* Another approach which predates
Comins’ method is the asymmetric hetero-Diels—Alder re-
action of imines with Danishefsky’s diene.'* In this reaction,
the chirality can be derived from various chiral auxiliaries
appended to the imine®®*'** T or through the use of chiral
catalysts.'*™™ A noteworthy corollary of this classic [4 + 2]
approach has recently been reported by the Rovis group'® in
which alkynes and alkenyl isocyanates undergo [2 + 2 + 2]
cycloaddition in the presence of a chiral rhodium catalyst.
Although currently limited to the synthesis of the indolizi-
dine enaminones, this method provides rapid access to these
bicyclic molecules with impressive enantioselectivity. De-
spite the success of these asymmetric approaches, innate
limiting factors, such as ring size and substituent constraints,
warranted an exploration of new avenues for the construc-
tion of this useful scaffold.

In pursuit of this goal, we have developed a novel ring-
forming reaction of amino acid-derived ynones to yield
cyclic enaminones.'® Our route accesses the target mole-
cules in high enantiomeric purity by utilizing the chiral pool
strategy to take advantage of the chirality of readily avail-
able starting materials. A notable feature of this methodo-
logy is its power to generate previously unavailable or
circuitously constructed substrates, namely, bicylic enami-
nones, 2,5-disubstituted enaminones, and enaminones with
a- and f-stereocenters. Herein, we present a full disclosure
of our investigations into the scope and mechanism of
this reaction. This concise and operationally facile strategy
gives ready access to novel 6- and 7-membered enaminones
through a vinyl halide intermediate which allows cycli-
zation to proceed through a highly favored 6-endo-trig
pathway.

(13) (a) Klegraf, E.; Follmann, M.; Schollmeyer, D.; Kunz, H. Eur. J.
Org. Chem. 2004, 3346-3360. (b) Comins, D. L.; Goehring, R. R.; Joseph,
S. P.; O’Connor, S. J. Org. Chem. 1990, 55, 2574-2576. (c) Hoesl, C. E.;
Maurus, M.; Pabel, J.; Polborn, K.; Wanner, K. T. Tetrahedron 2002, 58,
6757-6770. (d) Streith, J.; Boiron, A.; Paillaud, J. L.; Rodriguez-Perez, E. M.;
Strehler, C.; Tschamber, T.; Zehnder, M. Helv. Chim. Acta 1995, 78, 61-72.
(e) Comins, D. L.; Hong, H. J. Am. Chem. Soc. 1991, 113, 6672-6673.
(f) Follmann, M.; Kunz, H. Synlett 1998, 989-990. (g) Comins, D. L.; Joseph,
S. P.; Goehring, R. R. J. Am. Chem. Soc. 1994, 116, 4719-4728.

(14) For select examples using chiral auxiliaries, see: (a) Zech, G.; Kunz,
H. Chem.—FEur. J. 2004, 10, 4136-4149. (b) Alcaide, B.; Almendros, P.;
Alonso, J. M.; Aly, M. F. Chem.—Eur. J. 2003, 9, 3415-3426. (c) Badorrey,
R.; Cativiela, C.; Diaz de Villegas, M. D.; Galvez, J. A. Tetrahedron 2002, 58,
341-354. (d) Andreassen, T.; Haaland, T.; Hansen, L. K.; Gautun, O. R.
Tetrahedron Lett. 2007, 48, 8413-8415. (e) Kranke, B.; Kunz, H. Can. J.
Chem. 2006, 84, 625-641. (f) Kranke, B.; Hebrault, D.; Schultz-Kukula, M.;
Kunz, H. Synlett 2004, 671-674. For select examples using chiral catalysts,
see: (g) Newman, C. A.; Antilla, J. C.; Chen, P.; Predeus, A. V.; Fielding, L.;
Wulff, W. D. J. Am. Chem. Soc. 2007, 129, 7216-7217. (h) Josephsohn, N. S.;
Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2003, 125, 4018-4019.
(i) Shang, D.; Xin, J.; Liu, Y.; Zhou, X.; Liu, X.; Feng, X. J. Org. Chem. 2008,
73, 630-637. (j) Yao, S.; Johannsen, M.; Hazell, R. G.; Jorgensen, K. A.
Angew. Chem., Int. Ed. 1998, 37, 3121-3124. (k) Kobayashi, S.; Komiyama,
S.; Ishitani, H. Angew. Chem., Int. Ed. 1998, 37,979-981. (1) Jurcik, V.; Arai,
K.; Salter, M. M.; Yamashita, Y.; Kobayashi, S. Adv. Synth. Catal. 2008,
350, 647-651. (m) Cros, J. P.; Perez-Fuertes, Y.; Thatcher, M. J.; Arimori, S.;
Bull, S. D.; James, T. D. Tetrahedron: Asymmetry 2003, 14, 1965-1968.

(15) (a) Friedman, R. K.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 10775-
10782. (b) Yu, R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 12370-12371.
(¢) Yu, R. T.; Rovis, T. J. Am. Chem. Soc. 2006, 128, 2782-2783. (d) Lee,
E. E.; Rovis, T. Org. Lett. 2008, 10, 1231-1234. (¢) Yu, R. T.; Lee, E. E;
Malik, G.; Rovis, T. Angew. Chem., Int. Ed. 2009, 48, 2379-2382.

(16) Turunen, B.J.; Georg, G. 1. J. Am. Chem. Soc. 2006, 128, 8702-8703.
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FIGURE 1. Select synthetic transformations of the 6-membered cyclic enaminone.
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FIGURE 2. General approaches to access nonracemic 6-membered
enaminones.

Results and Discussion

Reaction Development. As previously mentioned, methods
for the construction of nonracemic dihydropyridones are
scarce, and the existing few, although highly contributive
to this area, have left many structurally simple enaminones
out of reach. Thus, we envisioned a complementary route
to these coveted molecules using the chiral pool strategy

(o JP .
:X= Br, I, OH,}
N Ph .
R'N Z X *..0.2.’.§? .....
o .
conjugate
addition
‘R=H, alkyl,h
i_alkenyl, aryl !
o 2
at. R2 O R O
I Rs\ * R3 *
] | = N> S \N)*\)LOH
*Bz* N R4 H R R4 H Rt
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enaminone amino ynone B-amino acid

FIGURE 3. Retrosynthetic analysis for enaminone construction.

(Figure 3). We first considered a direct-Michael addition of
an amine into the linear ynone which would provide unin-
terrupted entry into our desired scaffold. It was reasoned
that the necessary amino ynone substrates could be obtained
from -amino acid precursors. This approach was attractive
to us not only because it could potentially furnish pyridones
with four distinct appendages and two stereogenic stereo-
centers but also because it utilizes easily accessible chiral
starting materials. The strategic use of -amino acids and
their immediate precursors entrusts the chiral pool and
established asymmetric chemistry'” to provide both diversity
and asymmetry.

Despite the numerous examples of intermolecular 1,4-
additions of amines to ynones, precedent for an intramole-
cular variant as proposed is scarce. The lack of literature
precedent for such a 6-endo-dig transformation raised imme-
diate concerns. Although this mode of cyclization is favored
according to Baldwin’s rules for ring-closing reactions,'®
questions arose with regard to the feasibility of suitable

(17) (a) Cole, D. C. Tetrahedron 1994, 50, 9517-9582. (b) Liu, M.; Sibi,
M. P. Tetrahedron 2002, 58, 7991-8035. (¢) Drexler, H.J.; You, J.; Zhang, S.;
Fischer, C.; Baumann, W.; Spannenberg, A.; Heller, D. Org. Process Res.
Dev. 2003, 7, 355-361. (d) Ma, J. A. Angew. Chem., Int. Ed. 2003, 42, 4290~
4299. (e) Sewald, N. Angew. Chem., Int. Ed. 2003, 42, 5794-5795. (f) Lelais,
G.; Seebach, D. Biopolymers 2004, 76, 206-243. (g) Seebach, D.; Kimmerlin,
T.; Sebesta, R.; Campo, M. A.; Beck, A. K. Tetrahedron 2004, 60, 7455-7506.
(h)  Enantioselective Synthesis of [-Amino Acids, 2nd ed.; Juaristi, E.,
Soloshonok, V. A., Eds.; Wiley: Hoboken, 2005.

(18) Baldwin, J. E. J. Chem. Soc., Chem. Commun. 1976, 734-736.
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FIGURE 4. Potential modes of racemization/epimerization.

amine/ynone orbital overlap and competitive intermolecular
reactions. If direct addition to the ynone could not be
achieved, however, the use of an appropriate ynone synthetic
equivalent could direct this cyclization into well-explored
mechanistic territory, providing a surer means to our desired
target molecules.

In addition to our questions regarding the mode of addi-
tion, concerns arose about racemization and epimerization
of the pre-established stereocenters also had to be investi-
gated. Enolization processes leading to loss of a-chiral
centers are commonplace and would need to be avoided.
We also considered the likelihood of f-amino ketone inter-
mediates to undergo retro-Michael/retro-Mannich-type
processes (Figure 4).'” This scenario would jeopardize the
integrity both a- and f-stereocenters or lead to substrate
decomposition, both of which would severely limit the utility
of such a protocol. With these potential hurdles in mind, we
ventured to construct the requisite ynone starting materials.

Three routes were devised to obtain f-amino Weinreb
amides, the immediate precursors of the desired ynone
starting materials. In the cases where the Boc-f-amino acid
was commercially available, an EDCI coupling with HN-
(OMe)MeeHCI in the presence of N-methylmorpholine
(NMM) furnished the corresponding amide in a single step
(method A, Scheme 1). Alternatively, Boc-o-amino acids
were converted to diazoketones which, in the presence of
catalytic CF;CO,Ag, collapsed to the corresponding ketene.
The ketene intermediate was trapped in situ with HN(OMe)-
Me, providing the desired Weinreb amides (method B).
Unsubstituted Weinreb amides were synthesized through
a one-pot Michael-addition/Boc-protection sequence to
afford Boc-f-aminomethyl esters (method C). Treatment
of the methyl esters with HN(OMe)Me-HCI and i-PrMgCl
afforded the desired amides.”® In the event that the Boc-
protected amines required N-alkylation, this was accom-
plished subsequent to amide formation using NaH and an
appropriate alkyl halide. In the final step, the desired ynones
were obtained from the Weinreb amides through the addi-
tion of excess (5 equiv) alkynylmagnesium reagents. These
simple steps could be conducted on multigram scale with
minimal reduction in yield.

Due to our interest in indolizidine and quinolizidine
natural products, we chose to synthesize ynones 2a—f as

(19) (a) Slosse, P.; Hootele, C. Tetrahedron 1981, 37, 4287-4294.
(b) Morley, C.; Knight, D. W.; Share, A. C. J. Chem. Soc., Perkin Trans. 1
1994, 2903-2907. (c) Harrison, J. R.; O’Brien, P.; Porter, D. W.; Smith, N. M.
J. Chem. Soc., Perkin Trans. 11999, 3623-3631. (d) Kimball, F. S.; Turunen,
B. J.; Ellis, K. C.; Himes, R. H.; Georg, G. 1. Biorg. Med. Chem. 2008, 16,
4367-4377.

(20) Williams, J. M.; Jobson, R. B.; Yasuda, N.; Marchesini, G.; Dolling,
U. H.; Grabowski, E. J. J. Tetrahedron Lett. 1995, 36, 5461-5464.
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SCHEME 1. Preparation of Ynone Intermediates

Preparation of Weinreb amides

R2 Method A R2 0O
Boc\N)\/COZH EDCI, NMM Boc. )\)L _OMe
\ HN(OMe)Me-HCl N N
R" R® CH,Cl, R" R® Me
-amino acid
Method B
R? 1. TEA, CICO,Et, Et,0; RZ O
Boc. then CH2N2
oC N)\COZH Boc\NJ\/U\N/OMe
FI{1 2. 10 mol% CF3;CO,Ag "?1 I\I/I
HN(OMe)Me, THF e
a-amino acid
Method C
1. Methyl acrylate; 0}
then Boc,O
R1_NH2 2 -~ BOC\N/\)J\N,OMS
) 2. i-PrMgCl, THF ' '
o
1° amine HN(OMe)Me-HCI R Me

[ Weinreb amides 1a—m]

Conversion of Weinreb amides to ynones

R2

o) . R2 O
Boc.. oMe BMIT="R"_ Boc.
N N — N A
" 3 THF R! RS R4
R R Me

potential precursors to these important heterocycles (entries
1—6, Table 1). The isolated stereogenic center on the pyrro-
lidine ring of ynones 2g—k was to be used to facilitate
detection of the f-epimerization (entries 7—11). Likewise,
cyclohexyl systems 2m and 2n would allow a-epimerization
to be detected (entries 13 and 14). Finally, acyclic ynones
20—t were synthesized to obtain monocyclic enaminones
(entries 15—21). Although the enaminones to be generated
from ynones 2r—t would be relatively unembellished, we
were attracted to these targets because of a surprising lack of
general routes to obtain them, in spite of their simplicity.
From the outset, we envisioned a protocol in which the
Boc-protecting group would be removed to liberate a nucleo-
philic amine that would, in turn, react with the tethered
ynone moiety. Our initial efforts found success in a two-tier
deprotection/cyclization protocol to provide enaminone 3a
(Table 2).'® The use of 4 N HCI (entries 5—9, Table 2) or
TMS-I (entry 10) consistently gave higher yields than when
TFA was used to deprotect (entries 1—4), regardless of
the cyclization method. We were initially perplexed by this
disparity. The putative ammonium salt intermediates of each
method would seemingly only differ with respect to their
counterions (Cl, I, or CF;CO, ). Upon closer scrutiny,
however, it became clear that HCland TMS-I served another
purpose. In addition to deprotecting the Boc group, these
reagents also promoted conjugate additions of their respec-
tive halides (Scheme 2). Isolation of the deprotected inter-
mediates revealed that, prior to cyclization, the ynone 2a had
been converted by HCI and TMS-I to a mixture of vinyl
halide 4 and dihaloketone 5. Trifluoroacetic acid, however,
left the ynone intact (6). The addition of chloride or iodide

[Weinreb amides 1a—m]
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TABLE 1.  Synthesized Ynone Substrates and Multistep Yields for
Preparation Using Methods A, B, or C (Scheme 1)

entry ynone R method®  overall yield®
1 Q 2a. H B 60
2 N % 2b Me B 62
3 Boc R 2c Ph B 60
o}
w\ 2 H A,B 95,68
—
N SS—R 2 Me A.B 93,66
6 Boc 2f  Ph A.B 92,66
BnO
7 0 2 H B 65
A W
9 Boc R 2i P B
R
10 Z_X/ﬂ\ 2j «OH B 52
11 N X 2%k p-OH Be 45
Boc
o}
0
12 [N 21 A 94
. A5
Boc
e
13 2m  cis A 87
S
14 NMe 2n  trans A 87
Boc
Ph O
15 )\/U\ 20 A 75
iR X
Boc
Ph
16 * 2p H B 30
17 HN R 29 Me B 39
Boc R
19 O 2r H A 85
20 R~N/\)\\\ 25 PhCH, C 67
21 Boc 2t Ph c 46

“See Scheme 1. “Isolated multistep yield from commercially available
starting materials. “Stereocenter was inverted from Weinreb amide
precursor using the Mitsunobu reaction.

into the ynone prior to cyclization was evidently favoring
ring closure. This finding was good evidence that this reac-
tion was not proceeding through a 6-endo-dig pathway as we
first had thought (see below).

Another important observation that was made during
these studies was the apparent dependency of the cyclization
on water or MeOH. Regardless of the deprotection method,
the enaminone would not form in THF or CH,Cl, (entries 2,
3, 5, and 6; Table 2) unless water was used as a cosolvent
(entries 4, 7, and 8). Although these wet solvents could affect
cyclization, MeOH proved to be the best solvent and was
chosen to further explore this reaction (entries 9 and 10).
With these optimized conditions, we proceeded to establish
the scope of this reaction.
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TABLE2. Optimization of Deprotection/Cyclization Procedure for the
Preparation of Cyclic Enaminones

(j\)\ i) deprotection 0
ii) cycllzatlon N__~
3a
time* yield”
entry (i) deprotection (ii) cyclization (h) (%)
1 TFA, CH,Cl, CH,Cl,, NaHCO;* na 30
2 TFA, CH,Cl, CH,CI2, K,CO;3 20h 0
3 TFA, CH,Cl, THEF, K,CO;3 20 h 0
4 TFA, CH,Cl, CH,Cl,, H,O,K>CO3; 5h 38
5 4N HCl/dioxane  CH,Cl,, K,CO3 20h 0
6 4N HCl/dioxane THF, K,CO;3 20 h 0
7 4N HCl/dioxane  CH,Cl,, H,O,K>CO3; 1h 74
8 4N HCl/dioxane = THF, H,0, K,CO3 lh 75
9 4 N HCl/dioxane ~ MeOH, K,CO; 15 min 87
10 TMS-1, CH»Cl, MeOH, K,CO; 30 min 95

“Reaction time of cyclization step. “Isolated yield. “Saturated aqu-
eous NaHCOj;. “Reaction proceeded in a separatory funnel upon
workup.

SCHEME 2. Fate of Ynone upon Boc Deprotection with HCI,
TMS-I, and TFA

HCl (j\)v
or
™S KoCOs
2a —> — > 3a
MeOH
% ‘

X=Clorl
MeOH

Shortly after we embarked on our study of reaction scope,
we encountered a formidable challenge. As we had feared,
ynones bearing a- or 3-stereocenters, when subjected to our
one-pot procedure, yielded mixtures of diastereomers or
partial racemates. We suspected enolization or S-amino
elimination or both processes were at hand; if not overcome,
this would negate the principal advantage of the chiral pool
approach. Although both acid- and base-induced epimeriza-
tions of this type are possible, we initially focused our atten-
tion on the acidic deprotection conditions. Since the most
profound stereochemical damage was observed in proline-
derived enaminones, hydroxylated ynone 2j was employed as
our model system to assess the extent of S-epimerization
under an array of deprotection conditions (Table 3).

Our previously optimized deprotection conditions had
epimerized 15% of the isolated product (entry 1, Table 3).
In neat and dilute TFA, the yields and diastereomeric ratios
of enaminone 3j showed no improvement (entries 2 and 3).
Slow addition of HCI in ether until all the starting mate-
rial was consumed also failed to give satisfactory results
(entry 4). Positing an acid-induced mode of racemization, we
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TABLE 3.  Optimization of Boc Deprotection Conditions To Suppress
f-Epimerization

HO,
i) conditions
SN e oy
Boc "N i) KoCOy, MeOH N~
2j 3j
yield”
entry conditions (%) (dr)®
1 4 N HCI, dioxane 77 (85:15)
2 TFA (neat) 31 (67:33)
3 TFA/CH,Cl, (1:1) 18 (88:12)
4 I N HCl, ether 36 (67:33)
5 (i) TBSOTT, 2,6-1utidine, CH,Cl,, (ii) TBAF 0
6 TESOTHT, 2,6-lutidine, CH,Cl, 21(83:17)
7 CAN, CH;CN, reflux 0
8 TMS-I (3 equiv), CH,Cl,, 0 °C 99 (75:25)
9 TMS-I (1 equiv), CH,Cl,, —78 to 0 °C; then 60 (94:6)
TMS-I (2 equiv)
10 HCO,H, rt 0
11 Nal(3equiv), HCO,H, rt 93 (>95:5)

“Isolated yield. *Diastereomeric ratio (dr) determined by '"H NMR
integration.

attempted to suppress the stereochemical deterioration using
basic and neutral conditions (entries 5—7). Only TESOTf
and 2,6-lutidine (entry 6) provided the desired product, albeit
in21% yield and with a dr of 83:17. When TMS-I was used to
induce Boc deprotection, we observed a marked reduction
of epimerization and improvement in yields (entries 8 and 9).
It should be noted that ynones have been shown to react with
TMS-I at =78 °C to form fS-iodoallenolates, which upon
warming to 0 °C tautomerize to afford Danishefsky-type
dienes (Scheme 3).2! Although this would not directly com-
promise the integrity of the f-stereocenter, substrates bear-
ing a-stereocenters would be affected.

When enolizable substrate 2m was subjected to the same
conditions, epimerization was even more profound than
when HCI was used (eq 1). In addition to the detrimental
stereochemical effects of TMS-I, the necessity of rigorously
dried solvents, glassware, and cryogenic temperatures pro-
voked a search for a new, simple protocol that would be
suitable for epimerizable substrates.

i) a. 4N HCl/dioxane
H 0 or 0
b. TMS-I, CH,Cl,
N , > | )

NBOC ") K2003, MeOH ) 'Tl

Me method, % yield (dr) Me
2m a, 96 (80:20) 3m

b, 80 (67:33)

With a wealth of known Boc-deprotection protocols to
explore, we were attracted to the use of formic acid (HCO,H)
to avert epimerization.?” The simple technique of this method
was attractive considering it could accomplish the desired
deprotection at ambient temperature and in open air.
Furthermore, we hoped that this relatively weak acid would
lessen epimerization. Applying these conditions to ynone 2j,

(21) Wei, H.-X.; Timmons, C.; Farag, M. A.; Pare, P. W.; Li, G. Org.
Biomol. Chem. 2004, 2, 2893-2896.

(22) Wasserman, H. H.; Berger, G. D.; Cho, K. R. Tetrahedron Lett.
1982, 23, 465-468.
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SCHEME 3. Plausible Mechanism for TMS-I-Induced
o-Epimerization of Ynones

o) OTMS

\I)J\\ T™S-| |
R N —78°C &
H
OTMS 0
0°C H* P
- Z 2 E— |
R R

the Boc group could be easily removed, yet upon treatment
with base, we did not observe any enaminone formation
(entry 10, Table 3). As shown in previous experiments, the
success of this reaction is not only contingent on the removal
of the Boc group but also on ynone “activation” with halides
(Scheme 2). To this end, sodium iodide (Nal) was added as a
nucleophilic halide source and the reaction was repeated
(entry 11, Table 3). To our delight, the desired enaminone
was formed in excellent yield (92%) and without any detect-
able epimerization. Conceivably, the remote hydroxy group
could resist epimerization by directing the readdition of the
eliminated amine to the most favored anti-substituted pro-
duct. We were encouraged to find that, in the absence of
diasteromeric control, enaminones could be obtained in high
enantiopurity (eq 2). When ynone 2d was subjected to these
deprotection conditions, a crystalline solid formed in the
reaction media and was determined by X-ray analysis to
be the desired deprotected, vinyl iodide intermediate (7a,
Figure 5). Upon treatment of this salt with base, enaminone
3d was formed in less than 2 min. More importantly, the
product was obtained with an enantiomeric ratio (er) of
98.5:1.5 showing that this protocol had effectively mitigated
p-epimerization.

We next investigated these new conditions on enolizable
ynone 2m as a model for a-epimerization (eq 3). The new
conditions yielded the desired product (3m) with a dr of 94:6.
This was a considerable improvement over the previous
method where the dr was 80:20. Interestingly, we also saw a
time-dependent increase of epimerization indicating that the
acid step was indeed responsible, at least in part, for o-epi-
merization. Enolate formation during the basic step could also
potentiate epimerization and was investigated further.

i) Nal, HCOZH 6h : 0]
2)
K2CO3 MeOH N__—~
98% , er > 98:2 3d
o)
NaI HCOZ H
time (t)
> | 3)
Boc H N
83%, 94:6 dr (t = 6 h) Me
2"' 50%, 80:20 dr (t=24h)  3m

Vinyl iodides 7a, 7b, and 7¢ were chosen as model sub-
strates to examine enolization. These substrates were sub-
jected to the cyclization conditions using deuterated metha-
nol (CD50D) as a solvent, and the extent of a-deuteration
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FIGURE 5. X-ray crystal structure of vinyl iodide ntermediate.
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FIGURE 6. Deuteration of cyclization intermediates and enami-
none products.

was determined (Figure 6). Deuterium incorporation at the
o-position is indicative of enolate formation revealing an-
other potential source of epimerization. When intermediate
7a was treated with methanol-d; and K,COs3, enaminone 3d
was immediately formed and no deuteration was observed.
Once formed, this enaminone was resistant to deuterium
incorporation for up to 24 h (i.e., to form enaminone 3d-d>).
With the intent of slowing the cyclization, we used substi-
tuted vinyl iodides 7b and 7c¢. For these cases, the cyclized
products 3e-ds and 3f-d, were obtained with complete
a-deuteration. Furthermore, as observed before, enaminones
3e and 3f, which were formed in nondeuterated solvent, did
not undergo o-deuteration under the prescribed conditions.

The point has already been made that enaminones are
reluctant to undergo deuteration in the presence of K,COs;
however, an anomaly was noted when investigating enami-
none 3e (eq 4). This substrate underwent selective and
complete y-deuteration to provide enaminone 3e-d5 in 2 h.
Although it is out of the scope of this paper, this finding
reveals another handle on this versatile scaffold for chemo-
selective modification.>

(23) (a) Sibgatulin, D. A.; Volochnyuk, D. M.; Rusanov, E. B.; Kostyuk,
A. N. Synthesis 2006, 1625-1630. (b) Volochnyuk, D. M.; Kostyuk, A. N;
Sibgatulin, D. A.; Petrenko, A. E. Synthesis 2004, 2545-2549.
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The collective data from the deuterium exchange reactions
hinted at another liability in our approach. We feared that
the extent of a-deuteration might be diagnostic of precy-
clized intermediates that would undergo f-amino elimina-
tion. Thus, ynones 2g, 2h, and 2i were subjected to the two-
step procedure (eq 5). Terminal ynone 2g cyclized with no
observable epimerization, whereas the methyl- and phenyl-
substituted ynones 2h and 2i were obtained as diastereomeric
mixtures.

K2c03, CDSOD
N~ N~

> 95 A conversion

3e 3e d3
) Nal
HCOzH
—» BnO
) KoCOs
MeOH
2g—|

3g-i

R % yield (dr)
H (3g), 92 (>95:5)
Me (3h), 94 (2.1:1)
Ph (3i), 88 (1.5:1)

In retrospect, these findings are not surprising. The prin-
ciples of vinylogy would indeed predict an attenuated acidity
of the enaminone a-position in relation to that of its ketone
progenitor. Thus, a-epimerization or S-amino elimination is
precluded by rapid formation of the vinylogous amide.
When the rate of cyclization is retarded with substituted
ynones there is a significant increase in epimerization, thus
showing the vulnerability of the enaminone precursors in
basic media. Despite the use of mild deprotection conditions,
these new findings suggest that base-induced epimerization is
predominant when cyclization is slow.

Suspicions immediately arose concerning the putative role
of the acid in S-amino elimination. Perhaps the discrepancies
in the stereochemical outcome of each deprotection condi-
tion were attributable to the dissimilar haloketone inter-
mediates and their particular reactivities under basic con-
ditions. For instance, a conspicuous difference exists when
considering the respective halides (CI vs I). Furthermore,
double chloride addition into the ynone occurs in the pre-
sence of HCI, whereas the diiodo congener is not formed in
HCO,H and Nal (Scheme 2). We were cognizant that these
dissimilarities, rather than the strength of the acid used for
deprotection, could dictate the extent of epimerization by
governing the rate of cyclization. Fortunately, this could be
directly investigated.

Experimental evidence suggests that the primary cause of
[B-epimerization for terminal ynones is the strongly acidic
HCI conditions. When ynone 2g was subjected to 4 N HCl
the resultant ammonium salts (8a and 8b) were each gene-
rated as 2:1 diastereomeric mixtures (eq 6). From this we
conclude that the acid is directly responsible for inducing
amino elimination. As such, this process can be mitigated
when using a weaker acid such as HCO,H. It is important to
note that the use of HCO,H and Nal does not assuage the
stereochemical detriment in cases where cyclization is slow
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(i.e., substituted ynones). Thus, this mild protocol is most
appropriate for terminal ynones. With these insights we next
investigated the reaction scope to validate the utility and
generality of this protocol.

H

g X _Cl

Cl~

- 0
M 4N HCI 8a (2:1dr) (6)
4>
N X' dioxane +
Boc 8a:8b = 1:6 H

2 : cl
w0l ¥ L

Cl~
8b (2:1 dr)

Substrate Scope. As can be seen in Table 4, a diverse
collection of enaminones can be constructed using the above
methods. From this data set we intended to establish a basis
for choosing appropriate deprotection conditions. Bicyclic
enaminones are formed efficiently, providing a facile route to
quinolizidine (entries 1—3) and indolizidine (entries 4—11)
scaffolds. Synthesis of morpholino enaminone 3l was also
feasible (entry 12). Pyrrolidine substrates were particularly
susceptible to stereochemical erosion; however, this could be
mitigated in terminal ynone substrates by using a HCO,H
and Nal during the deprotection step. Although the reason
for this sensitivity has not been directly assessed, we believe
this is due, in part, to the alleviation of pyrrolidine ring
strain. Not surprisingly, anti-substituted pyrrolidines were
less prone to epimerization than their syn-counterparts
(entries 10 and 11). Installation of aliphatic and aromatic
substituents adjacent to the ring-fused nitrogen was also
accomplished by employing terminally substituted ynones
(entries 5, 6, 8, and 9). As expected, cyclization was relatively
slow (15 min to 3 h) in these substrates, but all proceeded
in