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Novel 5-(1-hydroxy)-y-butyrolactone ang-butyrolactam subunits were synthesized by direct vinylogous
aldol addition ofo,3-dichloroy-butyrolactones ang-butyrolactams with aldehydes under basic conditions.
Different bases and solvents were screened in the context of geneyalintyrolactones. Diastereo-
selectivity was observed andbutenolides and-butyrolactams showed opposite diastereoselectivity
under the same reaction condition.

Introduction coupling reactions of aromatic lactaf¥sand via oxidation of
5-alkylidene-2-pyrrolidinones to acyliminium ion precurséfts.
However, the most extensively exploited methodology is the
vinylogous aldol” addition with suitable furan and pyrrole

The 5-(1-hydroxy)-+-butyrolactone angr-butyrolactam sub-
unitslaandlb are present in myriads of natural products with
medicinal importance (Figure 1)-or example, stereoselective
synthesis and evaluation of all the stereocisomerg-opioid (1) For 5-(1-hydroxy)+-butyrolactone: (a) Matsuura, D.; Takabe, K.;
analgesic viminol analogue Z4349 were repoReshuamos- Yoda, H. Tetrahedron Lett.2006 47, 1371-1374. (b) Murakami, T.;

tolide and its related analogues were designed and prepared foﬁ”SO;ikfg‘(’)a’ (Zj;Uii?h#mo&?ﬁc?g};igk?gfgréigﬁqrgld%rgn%élégg'goggsé’

anticancer activity studiesRecently, the cytotoxic, antitumoral  3gp. (d) Evidente, A.: Sparapano, L.; Fierro, O.; Bruno, G.; MottaJ A.
and bactericidal properties of 5-{thydroxy)-3-methylidene-~ Nat. Prod.1999 62, 253-256. (e) Kumar, P.; Naidu, S. V.; Gupta, P.

_di i i Org. Chem2005 70, 2843-2846. (f) Clough, S.; Raggatt, M. E.; Simpson,
butyrolactone %) were presenteﬁ,and 4,5-disubstitutedis- T. J.; Willis, C. L.; Whiting, A.; Wrigly, S. K.J. Chem. So¢Perkin Trans.

pyrrolidinones3 have been investigated as inhibitors of type Il 1" 5500 2475-2481. (g) Hargreaves, J.: Park, J.; Ghisalberti, E. L.;
17B-hydroxysteroid dehydrogena3&hese subunitd,aand1b, Sivasithamparam, K.; Skelton, B. W.; White, A. Aust. J. Chem2002
have also been employed as useful intermediates in organic55 625-627. (h) Li, Y.; Zhang, D,; Li, J.; Yu, S.; Li, Y.; Luo, YJ. Nat.

synthesi§. Prqd. 2006 69, 616-620. (i) Fukushima, T.; Tanaka, M.; Gohbara, M;
> . Fujimori, T. Phytochemistryl998 48, 625-630. For 5-(1-hydroxy)--

A variety of methods have been developed to synthesiz& 5-(1 butyrolactam: (j) Li, J. Y.; Strobel, G.; Harper, J.; Lobkovsky, E.; Clardy,
hydroxy)-/-butyrolactone ang-butyrolactam. For example, the  J.Org. Lett.200Q 2, 767-770. (k) Pichon, M.; Hocquemiller, R.; Figase

- ; ; ; B. Tetrahedron Lett1999 40, 85678570. (I) Boros, C.; Dix, A.; Katz,
y-butyrolactonela was synthesized from chiral sulfoxidés, B.: Vasina, Y.: Pearce, G. Antibiot. 2003 56, 862-865. (m) Xu, L+ Liu,

|§Ct0nizati0n_ of epoxide%,or osmium-catalyzed asymmetric S.; Zhang, JChirality 2005 17, 239-244. (n) Yakura, T.; Matsumura, Y.;
dihydroxylation ofy,5-unsaturated este?srom p-mannitof© Ikeda, M. Synlett1991, 343-344. (0) Zhu, C. J.; Zhang, J. Thirality

_ i _ ivati 2003 15, 668-673. (p) Liu, G. T.; Li, W.; Chen, Y.; Wei, HDrug Dev.
anhfroma hydrox.ylatedhsnyllox3f/ Lc;;clobu':]anonle dtka)rlvanvés. dRes.1996 30, 174-178. (q) Tang. K.. Zhang, J. Neurol. Res2003 25,
chemoenzymatic synthesis of L-factor has also been reported713°717 () Lakshmi, V. Raj, K.; Kapil, R. S.: Patnaik, G. Kadian

recently!2 Among the reported syntheses bib, notable are Drugs 1988 3, 105-106. (s) Yamada, K.; Kuramoto, M.; Uemura, D.

those from JuliaColona oxidation of chalconé3, radical \F;ecenotl ReKS- ID(,’-"- 5““% A_PP|+ C$9m1999K31 T245254-Y(t) UBaey M-;D
. _ f 14 _ . amada, K.; jjuin, Y.; Isuji, 1.; Yazawa, K.; lomono, Y.; Uemura, D.

hydroxylation of atert-amide!* Smk-promoted, reductive Heterocycl. Communi996 2, 315-318. (u) Corey, E. J.: Li, W. Z.

Nagamitsu, T.; Fenteany, Getrahedronl999 55, 3305-3316. (v) Fukuda,

* To whom correspondence should be addressed. Rek:734-622-3294. N.; Sasaki, K.; Sastry, T. V. R. S.; Kanai, M.; Shibasaki,MOrg. Chem.
Phone: +1-734-622-3940. 2006 71, 1220-1225.

T Current address: Advinus Therapeutics Pvt. Ltd., Hinjewadi Phase Il, Pune,  (2) Napoletano, M.; Della, B. D.; Fraire, C.; Grancini, G.; Masotto, C.;
India, 411057. Riccardi, S.; Zambon, ioorg. Med. Chem. Lettl995 5, 589-592.
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FIGURE 1. Naturally occurring 5-(thydroxy)-y-butyrolactone and
y-butyrolactam.

m

p-Opioid analgesic Squamostolide analog

FIGURE 2. Synthetic analogues of 5:¢lhydroxy)--butyrolactone and
y-butyrolactam.

derivatives!8 In the Mukaiyama aldol addition, 2-silyloxy furans
4aor pyrrolesdb, which could be prepared froBa or 5b, are
used in conjunction with Lewis acids or TBARAlternatively,

(3) Lee, C. L,; Lin, C. F,; Lin, W. R.; Wang, K. S.; Chang, Y. H.; Lin,
S. R.; Wu, Y. C.; Wu, M. JBioorg. Med. Chem. LetR005 13, 5864~
5872.

(4) Janecka, T.; Blaszczyk, E.; Studzian, K.;ZBIski, M.; Krajewska,
U.; Janecka, AJ. Med. Chem2002 45, 1142-1145.

(5) Gunn, D.; Akuche, C.; Baryza, J.; Blue, M.; Brennan, C.; Campbell,
A.; Choi, S.; Cook, J.; Conrad, P.; Dixon, B.; Dumas, J.; Ehrlich, P.; Gane,
T.; Joe, T.; Johnson, J.; Jordan, J.; Kramss, R.; Liu, P.; Levy, J.; Lowe, D.;
McAlexander, |.; Natero, R.; Redman, A. M.; Scott, W.; Seng, T.; Sibley,
R.; Wang, M.; Wang, Y.; Wood, J.; Zhang, Bioorg. Med. Chem. Lett.
2005 15, 3053-3057.

(6) (a) Rassu, G.; Zanardi, F.; Battistini, L.; Casiraghi Synlett1999
1333-1350. (b) Hanessian, S.; Giroux, S.; Buffat, ®rg. Lett.2005 7,
3989-3992. (c) Konno, H.; Hiura, N.; Makabe, H.; Abe, M.; Miyoshi, H.
Bioorg. Med. Chem. LetR004 14, 629-632. (d) Ghosh, A. K.; Gong, G.

J. Am. Chem. So@004 126, 3704-3705. (e) Casiraghi, G.; Rassu, G.;
Auzzas, L.; Burreddu, P.; Gaetani, E.; Battistini, L.; Zanardi, F.; Curti, C.;
Nicastro, G.; Belvisi, L.; Motto, |.; Castorina, M.; Giannini, G.; Pisano, C
J. Med. Chem2005 48, 7675-7687. (f) Bertha, F.; Giang, L. T.; Fetter,
J.; Kajta-Peredy, M.; Lempert, K.; Nagy, |.; Czira, @. Chem. Req.S
2003 757-758.

(7) Bravo, P.; Resnatl, G.; Vlani, F.; Arnone, Aetrahedronl1987, 43,
4635-4647.

(8) (a) Escudier, J.; Baltas, M.; Gorrichon, Tetrahedron Lett1992
33, 1439-1442. (b) Sah, M.; Bessodes, M.; Antonakis, Ketrahedron
Lett. 1993 34, 1597-1598.

(9) (a) Janecki, T.; Blaszczyk, Hetrahedron Lett2001, 42, 2919~
2922. (b) Wang, Z.; Zhang, X.; Sharpless, K. B.; Sinha, S. C.; Sinha-Bagchi,
A.; Keinan, E.Tetrahedron Lett1992 33, 64076410.

(10) Chandrasekhar, M.; Chandra, K. L.; Singh, V.Tietrahedron Lett.
2002 43, 2773-2775.

(11) Li, W. Z.; Zhang, X.Org. Lett.2002 4, 3485-3488.

(12) Fadnavis, N. W.; Vadivel, S. K.; Sharfuddin, Metrahedron
Asymmetryl999 10, 3675-3680.

(13) Cappi, M. W.; Chen, W.; Flood, R. W.; Liao, Y.; Roberts, S. M.;
Skidmore, J.; Smith, J. A.; Williamson, N. NChem. Commuri.998 1159
1160.

(14) Yoshimitsu, T.; Arano, Y.; Nagaoka, H. Am. Chem. SoQ005
127, 11616-11611.

(15) (a) Yoda, H.; Ujihara, Y.; Takabe, Rletrahedron Lett2001, 42,
9225-9228. (b) Yoda, H.; Matsuda, K.; Nomura, H.; Takabe,THtra-
hedron Lett.200Q 41, 1775-1779.
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“direct” vinylogous aldol was performed on furan-2{pones
5aand pyrrole-2(bl)-onessb by strong base-induced generation
of the enolates in the presence/absence of Lewis acids as
additive2° which is relatively less explored compared to the
Mukaiyama variation.

R! R? Rl R? X X
A3 S A
ReSIO ¢ 0™y 07 ~Ng” TOH
4a, X=0 5a, X=0 X = Cl, mucochloric acid
4b, X =NR' 5b, X=NR' X = Br, mucobromic acid

A common feature of those methodologies is the complexity
in the synthesis that typically involves multistep, often tedious
separation and the use of harmful reagents. In the Mukaiyama
aldol approach, the reaction usually required more than a molar
equivalent of Lewis acid as well as other additives and typically
performed at-78 °C. The direct vinylogous aldol required the
use of a strong base, such as LIHMDS, and operated at low
temperature78°C). As a result, these methodologies are often
unsuitable for scale-up. This prompted us to explore a more
simple methodology to synthesize novel synthdasand 1b.

Mucohalic acids are attractive and versatile building blocks
in organic synthesis. Synth@was prepared easily by reduction
of mucohalic acid and was applied in the palladium-catalyzed
Suzuki coupling reactioft Synthon7 was synthesized by
reductive amination of mucohalic acids with use of sodium
triacetoxyborohydride; however, its use in synthesis is linfted.
Recently we reporteéd a simple and efficient synthesis of

(16) Koseki, Y.; Kusano, S.; Ichi, D.; Yoshida, K.; Nagasaka, T.
Tetrahedron200Q 56, 8855-8865.

(17) Casiraghi, G.; Zanardi, F.; Appendino, G.; RassuCBem. Re.
2000 100, 1929-1972.

(18) Review, see: Rassu, G.; Zanardi, F.; Battistini, L.; Casiraghi, G.
Chem. Soc. Re 200Q 29, 109-118.

(19) (a) Pichon, M.; Jullian, J.; Figade B.; CaveA. Tetrahedron Lett.
1998 39, 1755-1758. 2-Silyloxy furans: (b) Kong, K.; Romo, ODrg.
Lett. 2006 8, 2909-2912. (c) Lpez, C. S.; Avarez, R.; Vaz, B.; Faza, O.
N.; de Lera, A R.J. Org. Chem2005 70, 3654-3659. (d) Redero, E.;
Sandoval, C.; Bermejo, H.etrahedron2001, 57, 9597-9605. (e) Jefford,

C. W.; Jaggi, D.; Boukouvalas, Jetrahedron Lett1987, 28, 4037-4040.

(f) Brownbridge, P.; Chan, TTetrahedron Lett198Q 21, 3431-3434. (9)
Brown, D. W.; Campbell, M. M.; Taylor, A. P.; Zhang, Xetrahedron
Lett. 1987 28, 985-988. (h) Pelter, A.; Al-Bayati, R. I. H.; Ayoub, M. T_;
Lewis, W.; Pardasani, P.; Hansel, R.Chem. So¢Perkin Trans. 11987,
717-742. 2-Silyloxy pyrroles: (i) Rassu, G.; Auzzas, L.; Pinna, L,
Zambrano, V.; Zanardi, F.; Battistini, L.; Gaetani, E.; Curti, C.; Casiraghi,
G. J. Org. Chem.2003 68, 5881-5885. (j) Toffano, M.; dudot, B.;
Zaparucha, A.; Royer, J.; Servin, M.; George, P.; Chiaroniférahedron
Asymmetry2003 14, 3365-3370. (k) Li, W.; Lin, S. T.; Hsu, N.; Chern,
M. J. Org. Chem2002 67, 4702-4706. (I) Rassu, G.; Carta, P.; Pinna,
L.; Battistini, L.; Zanardi, F.; Acquotti, D.; Casiraghi, Gur. J. Org. Chem.
1999 1395-1400. (m) Uno, H.; Nishihara, Y.; Mizobe, N.; Ono, Bull.
Chem. Soc. Jpri999 72, 1533-1539. (n) Rassu, G.; Zanardi, F.; Battistini,
L.; Gaetani, E.; Casiraghi, G. Med. Chem1997, 40, 168-180. (0) Rassu,
G.; Pinna, L.; Spanu, P.; Ulgheri, F.; Cornia, M.; Zanardi, F.; Casiraghi,
G. Tetrahedron1993 49, 6489-6496.

(20) (a) Bella, M.; Piancatelli, G.; Squarcia, A.; Trolli, Tetrahedron
Lett. 200Q 41, 3669-3672. (b) Stachel, H.; Zeitler, K.; Lotter, Hnn.
1994 1129-1134. (c) Bessho, J.; Shimotsu, Y.; Mizumoto, S.; Mase, N.;
Yoda, H.; Takabe, KHeterocycle004 63, 1013-1016. (d) Lautens, M.;
Han, W.; Liu, J. HJ. Am. Chem. So2003 125, 4028-4029. A paper has
appeared using relatively mild conditions to achieve this condensation:
Sundar, N.; Kundu, M. K.; Reddy, P. V.; Mahendra, G.; Bhat, SSyhth.
Commun 2002 32, 1881-1886.

(21) Zhang, J.; Blazecka, P. G.; Belmont, D.; Davidson, JOfg. Lett.
2002 4, 4559-4561.

(22) (a) Zhang, J.; Blazecka, P. G.; Davidson, JOBg. Lett.2003 5,
553-556. (b) Das Sarma, K.; Zhang, J.; Huang, Y.; Davidson, E@.

J. Org. Chem2006 3730-3737.

(23) Zhang, J.; Das Sarma, K.; Curran, T.Tetrahedron Lett2005

46, 6433-6436.
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FIGURE 3. Percent product formation with varying amounts ofNEt
(TEA).

y-alkylidenebutenolide by base-induced selective dehalogenation

of Knoevenagel aldol adducts which were obtained from
mucohalic acidg* The mechanistic investigation indicated
formation of the furan intermedia&® which encouraged us to
explore the applicability o6 and 7 toward direct vinylogous
aldol addition under mild conditions.

X X X X c. c c. ¢ c. ¢
I A S eem IS o I
0o O™ 0o 0™ el
) CO,Et
6a,X=Cl  7aX=Cl
6b,X=Br  7b X=Br 8 9 10
NO, NO,

Results and Discussion

We initiated our study witho,5-dichloro+-butenolide6a.
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Solvent dependence with 0.5 equiv. TEA

Cl o]
orj Ph—CHO
(o]
6a

0.5 equiv.TEA
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a_ o
A
o

n_ ™

Time (h)

FIGURE 4. Percent product formation in different solvents.

exchangeable solvents, where almost no trace of the dehydration
product was found. We rationalized that the alcoholic solvents
stabilize the intermediatdsand Il by solvation or hydrogen
bonding® and thereby assist the transformation (Figure 5).
Notably, CHCI, and THF, the commonly used solvents in direct
vinylogous aldol reactions, failed to give product in good yield.
Next, we studied the effect of basicity on the aldol reaction,
where bases withiy, values ranging from 7.4 to 12 were chosen
for this investigation (Figure 6). Five monodentate organic amine
bases (NMM, DABCO, TEA, DIEA, DBU) and one bidentate
base (TMEDA) were screened. A half molar equivalent was
used for monodentate bases and 0.25 molar equiv was used for
TMEDA.3° The product formation was very low when NMM
and DABCO were used, only 24% and 7% of product,
respectively, after 4 h. However, the product formation in
TMEDA and TEA was fast, slightly better compared with results

When an activated aldehyde, 4-nitrobenzaldehyde, was usedin p|EA. The transformation in DBU remained at 48% between

the corresponding aldol produBtwas isolated in 63% yield
by using one molar equivalent offst (TEA) in MTBE at room
temperatur@® Unfortunately, under this reaction condition the
dehydration produciO was also found to form along with the
desired aldol produc®.2® Thus, we decided to optimize the

1to4h.

After these important screenings, we found that the alcoholic
solvent, MeOH, and 0.5 molar equiv of &t provided the best
result for direct vinylogous aldol addition. The reaction was
rapid, and achieved satisfactory conversion i 4 th without

reaction condition. In an attempt to reduce the use of TEA, the gjgnjficant side reaction; thus, we decided to apply this optimized
transformation was carried out with various molar equivalents .qndition (MeOH, EfN, 3 h) in the coming study.

of TEA.Z7 As seen in Figure 3, both 1 and 0.5 molar equiv of
TEA were found to be equally efficient. However, the yield of
the aldol reaction was very low when benzaldehyde was #fsed.

With a more electron-rich aldehyde like 3-methoxybenzalde-

Thesynanti ratio was assigned by analyzitg NMR spectra
of 11 Bella and co-workers reported that thgndiastereomer
of the aldol producti2 has a larged:—s (after DO exchange)
compared to thanti diastereomer, whereas Cdnd C-3 have

hyde, hardly any conversion was observed. In the benzaldehydqq,yer chemical shifts for theynisomer as compared with the

case, the retro-aldol was also observed by HPLC and LC-MS

correspondingnti isomer3! Similar trends were observed for

analysis; this prompted us to further investigate the effect of .o requction product3 and its acetyl derivativd4. For 11

different solvents on this transformation.

For this solvent screen benzaldehyde was reactedéasith
eight different solvents (Figure 4). Interestingly, the best
transformation was observed in MeOH dRdOH, two proton-

(24) Zhang, J.; Das Sarma, K.; Curran, T. T.; Belmont, D. T.; Davidson,
J. G.J. Org. Chem2005 70, 5890-5895.

(25) Abbreviations used for bases; TEA, triethylamine; NMWmethy|
morpholine; DABCO, 1,4-diazabicyclo[2.2.2]octane; DIEA, diisopropyl-
ethylamine; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene; TMEDIA,N',N'-
tetramethylethane-1,2-diamine.

(26) The identity of the dehydration produtd was established by
LCMS.

we observed a clear doublet formation fos~ and a broad
peak for G—H. However, upon BO exchange, the signal
corresponding to £-H and G:—H of one of the isomers tends
to coalesce. A highel;—s of 6.64 Hz indicated this to be the
synisomer, which is the major product in this transformation.
To establish the identity of the major isomer unambiguously,
11was converted to the acyl derivatitd (Scheme 1)!H NMR

of the crude product shows theHOAc proton at 5.97 ppm for
theanti (J = 3.51 Hz) product and at 5.81 ppm for then(J

(29) (a) Zhu, Y.; Drueckhammer, D. G. Org. Chem2005 70, 7755~

(27) The reactions were monitored by HPLC. Percent product formed 7760. (b) Banjoko, O.; Babatunde, |. Aetrahedron2004 60, 4645
was calculated based on the peak area corresponding to the aldol producé654.

9 as compared with the combined peak area®$af10, and 9. All the
reactions monitored by HPLC were done in duplicate.

(28) No significant amount of dehydration product was observed by
HPLC.

(30) Ka values; NMM, 7.4; DABCO, 8.7, 4.2; TMEDA, 10.7; TEA,
10.8; DIEA, 11.4; DBU, 12.0.

(31) Bella, M.; Piancatelli, G.; Squarcia, Aetrahedror2001, 57, 4429~
4436.
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FIGURE 5. Proposed mechanism of aldol addition.
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Base scan TABLE 1. TEA-Promoted Aldol Reaction of Butenolide 6a with
a, gc 0.5 equiv. base SN Various Aromatic Aldehydes?
— MeOH, =
O,Z_S Ph—CHO al OI.S\(OH Cl Cl 0.5 equiv. TEA Cl Cl
o o T == MeOH, rt, 3h =
6a 11 o + Ar-CHO o OH
o] o)
Ar
Entry Ar-CHO Product %Yield syn/anti
cl
- —e—TEA Gl _~ OH
'é —=—DIEA ! Ph-CHO j:g—( 1 79 21
& —a—TMEDA o7 o P
s CHO el
—e— DBU Cl _ OH
—a— DABCO
2 © o 9 68 21
o]
Time (h) NO, Cl NG
me CHO
Ch\ on Oz
FIGURE 6. Percent product formation with different bases. 3 o7 o 0 o
15
SCHEME 1. Aldol Products and Their Reduction and CN al
ivatization3t CN
Derivatization CHO SN OH
cl cl
— — 4 o” © 16 52 21
\5 ,OH OH NO. NO,
o g 1 0o C 2 cl
Ph CHO Cl _ OH
12a, anti 12b, syn NO, g NO,
5 © 17 64 5/1
OI\S\(OH 076\(OH Cl
o 1 o CO,Me COM
Ph Ph OHD ONA oH o ©
3
13a, anti 13b, syn CF3 o7 0
6 66 101
\S5 ,OAc OAC
O o 1" O (®) CF3
Ph Ph CHO
14a, anti 14b, syn 7 OO 50 31
cl cl
= i i OHC
OH OH 5 _OAc
oo AP oA T 0 o
Ph Ph Ph
1 13 14 CHO
i: NiClp, NaBH,, THF/MeOH, 0-4 °C, 10 min.; ii: Ac,0, DIEA, 1t, 18 h
9 o © 21 21
= 6.63 Hz) product in 1:2 ratio. Thel* values match closely OMe g OMe
with the reported value®. This proves that these aldol reactions M ONA o
showsynselectivity whero,S-dichloro+-butenolidebais used. 10 QCHO o __ 2 70 1.411
Next, the generality of this reaction was studied. Various oz

aromatic aldehydes and the effects of ring substitution on the ) L ) )
diastereomeric ratio were ascertained (Table 1). These reaction§nm5%?‘gg’gn?g?g'grg'(1(.)'1562?:;\'/‘)’ icr’]flgf‘n ‘I’_"%? &idoefhtgrg dTJ'é‘ttS“LSe‘r’;&?’
were performed with 0.5 molar equiv of TEA in MeOH at room  isojated and purified by silica gel chromatography and characterized.
temperature. Typically the reactions were complete within 3 h
with moderate to good yield. For para- and meta-substituted
benzaldehydes, thgyrfanti ratio was similar to that observed benzaldehyde (3/1 ratio) due to nonbonding, steric interactions
in benzaldehyde at 2/1 (entries 2, 3, 4, and 9) while g with the C-8 hydrogen, similar to the described ortho-substitu-
anti ratio was enhanced by ortho-substituents on the aromatiction effect. 2-Napthaldehyde mimicked tegranti ratio (2/1)

ring. For example, methyl 4-formyl-3-nitrobenzoate (entry 5) observed for benzaldehyde. For 2-furaldehyde, where the furan
gave a 5/1synanti ratio and, for a more sterically demanding ring is spatially less demanding than the phenyl ring, sy
trifluoromethyl group as ortho-substituent, tgnanti ratio anti ratio eroded to 1.4/1. The transformation was also successful
increased to 10/1 (entry 6). 1-Napthaldehyde (entry 7) provided on a 12 mmol scale and the yield of the aldol produtivas

a slight improvement in theyrfanti ratio over that observed in  increased to 79% from 70% as observed on a smaller scale.

3314 J. Org. Chem.Vol. 72, No. 9, 2007



Novel Synthons from Mucochloric Acid

SCHEME 2. The Newman Projection of Possible Transition
State Conformers Il and IV
RsHN* O RsHN* O ! RgHN*O RsHN* O
/S/Y XY 1 )\/Y Y
Ar\gﬁ<H _— Ar\%H i H\%’? <Ar$ H Ar
H Y H Y i H Yi Y
e OH ; o OH
n syn ' v anti
X=0orNR'
Y =ClorBr

This indicated that this methodology is easily operated and
should be easily scaled-up.

There has been significant exploration into the diastereo-
selective control in vinylogous aldol reactions by changing the
Lewis acids or additive¥>2° Unfortunately, no clear trend has
emerged from these studies and predictingsywanti ratio of
the product is at times difficult. Using the present methodology,

one can predict the diastereomeric outcome with relative ease.

Interestingly, Lewis acids like Znglor BRs-OEt failed to
influence thesynanti ratio in these reactior®.In fact the rate
of product formation slowed down considerably in both cases,
and negligible amounts of product were seen withs-BIEL
even after 24 h. To study the effect of temperature orstmé
anti ratio, the transformation with benzaldehyde was performed
—20 and—40 °C. Interestingly, though the reaction slowed
down with lowering of the temperature, there was no effect
whatsoever on theyrfanti ratio.
The observed diastereoselectivity can be explained by ex-
amining possible transition states from the Newman projections
Il andIV (Scheme 2§31t is clear that if X is an oxygen atom,

or when the butenolide system was used as starting material,

the transition state (TS) for conforméil has fewer steric
interactions than that of the TS for conformBr, giving
predominantly theynproduct instead of thanti product(synf
antiis 2/1 in entries 1, 2, 3, 4, 8, and 9 of Table 1). Nonbonding,
steric interactions between the two Y (Cl or Br) atoms and
substituted aromatic ring would increase in proposed TS
conformer |V, when the aromatic ring is ortho-substituted,
showing increased preference for $ymadduct. For example,
when NQ or CF; are present as the ortho-substituent on the
phenyl ring (entries 5 and 6 of Table 1), the ratio is increased
to 5/1 and 10/1, respectively, sterically disfavoring the TS
leading to theanti adduct. Thus the general rule governing the
syrlanti ratio by the substituted functional group is orthaneta

> para. Interestingly, a phenyl ring fused to the aromatic ring
has little effect on thesynanti ratio (entries 7 and 8 of Table
1), likely due to the plane orientation or the favorable
interaction. This model also provided an easy explanation for
the outcome of the aldol adduct derived from reaction g
dibromo+-butenoclide,6b, with benzaldehyde where threyn

anti ratio is 5:1 (Scheme 3, in,3-dichloro-y-butenolide, the

(32) The reaction with ZnGlwas run in MTBE as solvent. With BF
OEb, the reaction was run without adding other solvent.

(33) (a) Bugi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, GTetrahedron
1974 30, 1563-1572. (b) Heathcock, C. H.; Davidsen, S. K.; Hug, K. T.;
Flippin, L. A. J. Org. Chem1986 51, 3027-3037. (c) An alternative TS

suggested by a referee that would give rise to the anti product is an open-

folded TS.
R3HN*"O

XY

O,

< I

H

Ar
open-folded TS
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SCHEME 3. Aldol Addition of a,f-dibromo-y-butenolide,
6b, with Aromatic Aldehyde
Br CHO 0.5 equiv. TEA Br Br l}ﬁB\r/@
MeOH, rt, 2 h, 70% — —
@ S 0T Y
syn: antr OH OH

23a, syn 23b, anti
TABLE 2. TEA-Promoted Aldol Reaction of Butyrolactone 6a
with Various Carbonyl Compounds?

Cl 0.5 equiv. TEA Cl

Cl

cl
— MeOH, rt, 3 h —
O;Z_X + R-CO-R' OIX\‘LOH
(o) o) R
R
Entry R-CO-R' Product %YieldP synlanti
N cl
OH
1 Ph—==—CHO - 24 35 11
0”0 \\
Cl Ph
Cl _ OH
2 X CHO o7 0 . 25 52 2/1
o cl =
_CHO OH
3 Ej/V 070 = % 35 211
cl
CIIS—(OH N
4 OHC-CO,Et 52 an
2 70 COEt
o N cl
; j( OH
—
5 )J\COZEt 28 60 7
o) CO,Et
o cl
N CgiaEt 86
8 Et0,C” “CO,Et 29 -
2 2 o7 0 COEt
o N cl
OH
7 M oen g 0 0 1"
oo
PhO

a Reaction conditions: 0.5 equiv of TEA was added to a mixture of 3.3
mmol of 6a and RCOR (1.1 equiv) in 10 mL of MeOHP® Products were
isolated and purified by silica gel chromatography and characterized.

synanti ratio is 2:1). The increase synselectivity is presum-
ably due to the Br atom being larger than the Cl atom. We then
expect that when X= NR', or in the case of,3-dichloro-y-
butyrolactams used as starting material, thagihiealdol adduct
derived from TS conformelV would be preferred, since NR

is much larger than the oxygen atom (vide infra).

We then extended this methodology toward nonaromatic
aldehydes and ketones (Table 2). The diastereoselectivity
reduced as the phenyl ring moved further away from the
aldehyde functionality (entry 1). However, the preference of
synoveranti was conserved in the vinylogue system (entries 2
and 3). For ethyl glyoxalate (entry 4), tleyn preference is
probably due to the increased bulk associated with-t&,-

Et functionality. For ethyl pyruvate (entry 5) this selectivity is
lost due to the presence of the M@roup, as in both transition
states, nonbonding steric interactions are comparable. The
transformation was also successful (entry 6) with an activated
ketone such as diethyl ketomalonate resulting in higher yield
of products. For 1-phenoxypropan-2-one (entry 7) no diaste-
reoselectivity was observed as both proposed transition states
will encounter steric interactions.

We extended the aldol methodology to-dichloro-y-
butyrolactams (Scheme 4). The initial attempt reacjed
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SCHEME 4. o,f-Dichloro-y-butyrolactam Substrates and
Corresponding Aldol Products

o) o) o)
cl cl cl
)vl\(/N—(CHz)ZCOZEt ji(/N—(CHz)zPh ji(/N—Bn

cl cl cl
31 32 33
0 0
cl cl
| N—(CH,),CO,Et | N—(CHp),Ph
cl cl
HO NOZ HO N02
34, 50% 35, 65%
dr: 51 dr: 5/1
o} 0
| N | N
cl cl
CO,Et
ng  COE EtO,C oH -
36, 52%
ar 1.1/ 37, 86%
0o o}
cl cl
| N | N
cl cl
CO,Et CO,Et
HO 2 EtO.C on 2
38, 45% 39, 45%

dar: 1.7/1

butyrolactam31 with 4-NO,-benzaldehyde in the presence of
0.5 molar equiv of TEA and resulted in the formation of aldol

Das Sarma et al.

33was previously reporte#. The synthesis 82 was accomplished
by using the standard reductive amination procedtre.

General Procedure for Aldols. TEA (0.5 equiv for reactions
with y-butyrolactones and 1 equiv fgrbutyrolactams) was added
dropwise to a mixture of thg-butyrolactone (or-butyrolactam)
and the carbonyl compound (1.1 equiv) in MeOH (10 mL for a 3
mmol scale reaction) with continuous stirring at room temperature.
The progress of the reaction was monitored by HPLC and the
reactions were found to be complete witld h inmost of the cases.
The solvent was removed under reduced pressure and the residue
was partitioned between ethyl acetatel &N HCI solution. The
ethyl acetate layer was separated, washeld & HCI and brine,
and dried over anhydrous b&0,. The crude product obtained upon
solvent removal was purified by silica gel column chromatography,
using ethyl acetate/hexane as eluent.

3,4-Dichloro-5-(hydroxy(4-nitrophenyl)methyl)furan-2(5H)-
one (9, dr= 66:33).'H NMR (400 MHz, DMSO«g) 6: 8.26 (m,
2H), 7.76 (m, 2H), 6.64 (d] = 5.26 Hz, 0.33H), 6.41 (d] = 5.65
Hz, 0.66H), 5.75 (dJ = 2.92 Hz, 0.33H), 5.66 (dJ = 1.75 Hz,
0.66H), 5.38 (ddJ = 5.17, 3.02 Hz, 0.33H), 5.29 (dd,= 5.85,

1.95 Hz, 0.66H)*C NMR (100 MHz, DMSO¢l) 6: 165.2, 164.9,
151.1, 150.1, 147.9, 147.1, 147.0, 146.1, 127.8, 123.2, 120.7, 120.2,
84.9 (2 peaks), 70.3, 68.4. Anal. Calcd for@;CI,NOs: C, 43.45;

H, 2.32; N, 4.61; Cl, 23.32. Found: C, 43.46; H, 2.23; N, 4.49; CI,
23.20.

3,4-Dichloro-5-(hydroxy(phenyl)methyl)furan-2(5H)-one (11,
dr = 66:33).H NMR (400 MHz, CDC}) 6: 7.49-7.36 (m, 5H),
5.33(d,J=3.12 Hz, 0.33H), 5.27 (br s, 0.33H), 5.14 (br s, 0.66H),
5.12 (d,J = 4.0 Hz, 0.66H), 2.48 (br m, 0.33H), 2.16 (br m, 0.66H).
13C NMR (100 MHz, CDC}) 6: 165.5, 165.2, 150.0, 138.0, 135.8,
129.3, 129.2, 129.0, 128.8, 126.9, 126.7, 122.4, 84.9, 84.6, 73.6,

adducts in a 5/1 diastereomeric ratio with an isolated yield of 72.0. Anal. Calcd for GHgCl,Os: C, 50.99; H, 3.11; Cl, 27.37.
35%. The yield could be increased to 50% by using 1 molar Found: C, 50.97; H, 3.08; Cl, 27.05.

equiv of TEA. The diastereomers were assigned basetHon

NMR and theanti isomer was found to be the major diastere-

omer in this casé* A similar trend was observed in the aldol

with 32 and a 5/1 diastereomeric ratio was observed favoring

4-((3,4-Dichloro-5-ox0-2,5-dihydrofuran-2-yl)(hydroxy)meth-
yl)benzonitrile (15, dr = 66:33).'H NMR (400 MHz, CB;OD)
o0: 7.77—7.63 (m, 4H), 5.54 (dJ = 2.92 Hz, 0.33H), 5.40 (d] =
1.95 Hz, 0.66H), 5.32 (d] = 2.73 Hz, 0.33H), 5.25 (d] = 1.75
Hz, 0.66H).13C NMR (100 MHz, CQOH) ¢: 167.0, 166.7, 152.0,

the trans aldol adduct. In general these transformations were 151.0. 146.9. 144.9. 133.4. 133.2. 129.0. 128.9. 123.3. 122.8. 119.7
found to propagate better with nonaromatic aldehydes and 1196, 113.2, 112.9, 86.6, 86.5, 73.0, 71.0. Anal. Calcd foHE
ketones. Thus yields were moderate to good with ethyl glyox- CI,NO,: C, 50.73; H, 2.48; N, 4.93; Cl, 24.96. Found: C, 50.72;

alate 86, 38) and diethyl ketomalonate7, 39). However, the
diastereomers could not be assigned for aldol addé@tnd
38 by H NMR.3% We are currently investigating the effects of

H, 2.38; N, 4.91; Cl, 24.70.
3,4-Dichloro-5-(hydroxy(4-methyl-3-nitrophenyl)methyl)fu-
ran-2(5H)-one (16, dr= 66:33).'H NMR (400 MHz, CDC}) o:

substitution on N, solvents, bases, and additives on these8.07 (d.J= 1.8 Hz, 0.66H), 8.02 (d] = 1.8 Hz, 0.33H), 7.65 (dd,

transformations.

In conclusion, we have developed a simple approach to acces

novel 5-(1-hydroxy)--butenolide ang-butyrolactam subunits
by direct vinylogous aldol addition af,3-dichloroy-butenolide

J=17.9, 1.8 Hz, 0.66), 7.56 (dd,= 7.9, 1.8 Hz, 0.33 H), 7.42 (d,
= 8.0 Hz, 0.66H), 7.39 (dJ = 8.0 Hz, 0.33H), 5.35 (m, 0.33H),
31 (d,J = 3.12 Hz, 0.33H), 5.22 (m, 0.66H), 5.12 (@= 2.34

Hz, 0.66H), 2.84 (dJ = 5.07 Hz, 0.33H), 2.63 and 2.62 (s, 3H),

2.46 (d,J = 5.85 Hz, 0.66H)13C NMR (100 MHz, CDC}) 6:

and y-butyrolactam to aldehydes under basic conditions. The 166.3,149.2, 149.1, 142.9, 141.5, 137.3, 135.4, 134.4, 133.5, 133.2,
reaction was carried out under mild conditions and the operation 131.2, 130.8, 122.9, 122.8, 122.7, 122.0, 84.2, 84.0, 72.1, 70.5.

is simple and practical. The effects of bases and solvents were21.9, 20.3. Anal. Calcd for GHsCILNOs: C, 45.31; H, 2.85; N,

studied carefully in context of aldols with+butyrolactones for
the first time.y-Butyrolactones ang-butyrolactams showed

4.40; Cl, 22.29. Found: C, 45.37; H, 2.88; N, 4.33; Cl, 22.14.
Methyl 4-((3,4-Dichloro-5-oxo-2,5-dihydrofuran-2-yl)(hydroxy)-

opposite diastereoselectivity under the same reaction conditions.mEthyl)-3’_-nitf0ben20ate (17, dr= 83:17).*"H NMR (400 MHz,
We are studying the applications of these highly functionalized €PCh) ¢ 8.80 (d,J = 1.56 Hz, 0.17H), 8.74 (d) = 1.75 Hz,

synthons in organic synthesis and results will be reported in

due course.

Experimental Section

All reactions were carried out under nitrogen atmosphere unless

otherwise noted. Synthesis of the starting matefiaJ$b, 31, and

(34) Bigi, F.; Casnati, G.; Sartori, G.; Ardaldi, Gazz. Chem. 1tall99Q
120 413-419.

(35) The major product seemed to beti based on chemical shift of
the C-1 proton. However, the J5 did not show the expected trend.

3316 J. Org. Chem.Vol. 72, No. 9, 2007

0.83H), 8.37 (m, 1H), 8.14 (d} = 8.19 Hz, 0.17H), 8.10 (d] =

8.19 Hz, 0.83H), 6.08 (m, 0.17H), 5.92 (d#l= 5.17, 0.68 Hz,

0.83H), 5.43 (m, 0.83H), 5.28 (m, 0.17H), 4.01 (s, 3H), 3.02)(d,

= 5.26 Hz, 0.17H), 2.46 (d] = 5.46 Hz, 0.83H)13C NMR (100

MHz, CDCk) ¢: 165.1, 164.5, 149.2, 147.1, 138.6, 136.8, 134.5,

134.2, 131.9, 130.8, 126.4, 125.9, 122.6, 83.1, 83.0, 70.0, 66.2,

53.0. Anal. Calcd for GHoCIb.NO7: C, 43.12; H, 2.51; N, 3.87;

Cl, 19.58. Found: C, 43.17; H, 2.53; N, 3.82; Cl, 19.81.
5-((2,4-Bis(trifluoromethyl)phenyl)(hydroxy)methyl)-3,4-dichlo-

rofuran-2(5H)-one (18, dr= 91:9).'H NMR (400 MHz, CDC})

(36) Reference 21 foBa and 6b; ref 22b for31; and ref 22a foi33.
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0: 8.33(d,J=28.19 Hz, 0.1H), 8.12 (d] = 8.19 Hz, 0.9H), 7.96 4.92 (d,J = 2.14 Hz, 0.66H), 4.66 (m, 0.33H), 4.55 (m, 0.66H),

7.91 (m, 2H), 5.83 (dJ = 3.90 Hz, 0.1H), 5.65 (dJ = 5.07 Hz, 2.58 (m, 0.33H), 2.14 (m, 0.66H), 1.78 (overlappinglds 7 Hz,

0.9H), 5.23 (dJ = 3.90 Hz, 0.1H), 5.02 (dJ = 1.17 Hz, 0.9H), 3H). 13C NMR (100 MHz, CDC}) 6: 165.5, 165.3, 149.8, 149.3,

2.84 (d,J = 4.68 Hz, 0.1H), 2.39 (d] = 5.07 Hz, 0.9H)°F NMR 135.3,135.2,132.9, 132.7,129.9, 129.9, 129.6, 127.7, 125.4, 122.8,

(376 MHz, CDC}) o: —58.67,—63.51.°C NMR (100 MHz, 121.8, 84.6, 84.3, 72.1, 70.4, 18.1, 13.5. Anal. Calcd foig:-

CDCl) 6: 165.0, 148.8, 140.9, 131.7, 131.4, 130.9, 129.4, 128.1, Cl,Os: C, 48.22; H, 4.05. Found: C, 47.72; H, 4.06.

127.8, 127.5, 127.2, 124.9, 123.0, 122.7, 122.1, 121.7, 83.3, 65.9.  (E)-3,4-Dichloro-5-(1-hydroxy-3-phenylallyl)furan-2(5H)-

Anal. Calcd for GsHgCl,FsOs: C, 39.52; H, 1.53; CI, 17.95; F,  one (26, dr= 66:33)."H NMR (400 MHz, CDC}) o: 7.44-7.28

28.85. Found: C, 39.43; H, 1.36; Cl, 17.71; F, 28.49. (m, 5H), 6.81 (dJ = 15.79 Hz, 0.66H), 6.76 (dd,= 15.20, 1.17
3,4-Dichloro-5-(hydroxy(naphthalen-1-yl)methyl)furan-2(5H)- Hz, 0.33H), 6.37 (ddJ = 15.99, 7.41 Hz, 0.66H), 6.15 (dd,=

one (19, dr= 75:25).1H NMR (400 MHz, CDC}) ¢: 8.01 (d,J 15.79, 6.82 Hz, 0.33H), 5.18 (d,= 2.92 Hz, 0.33H), 5.02 (d] =

= 8.58 Hz, 0.75H), 7.9%7.93 (m, 2.5H), 7.80 (dJ = 7.21 Hz, 2.14 Hz, 0.66H), 4.85 (m, 0.33H), 4.74 (m, 0.66MC NMR (100

0.75H), 7.63-7.51 (m, 3H), 6.06 (br s, 0.25H), 5.97 (br s, 0.75H), MHz, CDCLk) 6: 165.3, 162.0, 149.6, 147.6, 135.4, 135.0, 134.9,

5.48 (d,J = 2.73 Hz, 0.25H), 5.31 (d] = 1.95 Hz, 0.75H), 2.70 128.9,128.7, 128.6, 128.4, 126.8, 124.9, 122.6, 119.99, 119.8, 84.4,

(br s, 0.25H), 2.30 (br s, 0.75H)C NMR (100 MHz, CDC}) o: 84.1,72.4,70.7. HRMS (ESI) calcd for41,,Cl,05 [{M — HCI}

165.3, 149.8, 133.8, 133.2, 130.0, 129.6, 129.5, 129.4, 127.0, 126.0,— H]~ 247.0162, found 247.0152.

125.9, 125.5, 125.3, 125.2, 124.9, 122.2, 121.8, 83.9, 83.5, 70.1, Ethyl 2-(3,4-Dichloro-5-oxo-2,5-dihydrofuran-2-yl)-2-hydroxy-

67.5. Anal. Calcd for gH10ClOs: C, 58.28; H, 3.26; Cl, 22.94. acetate (27, dr= 80:20).*H NMR (400 MHz, CDC}) 6: 5.37 (d,

Found: C, 58.18; H, 3.42; Cl, 22.65. J=2.14 Hz, 0.2H), 5.31 (d) = 1.75 Hz, 0.8H), 4.72 (br d] =
3,4-Dichloro-5-(hydroxy(naphthalen-2-yl)methyl)furan-2(5H)- 1.95 Hz, 0.2H), 4.58 (br s, 0.8H), 4.4%.28 (m, 2H), 1.34 and

one (20, dr= 66:33).'H NMR (400 MHz, CDC}) o: 7.93 (s, 1.29 (t,J = 7.12 Hz, 3H).13C NMR (100 MHz, CDC}) 6: 169.9,

0.66H), 7.91 (s, 0.33H), 7.87 (m, 3H), 7.58.45 (m, 3H), 5.42 169.0, 164.8, 164.5, 148.5, 147.9, 122.6, 122.3. 82.6, 81.9, 69.4,

(d,J= 2.8 Hz, 0.33H), 5.39 (dJ = 2.8 Hz, 0.33H), 5.29 (br d] 67.9, 63.4, 63.1, 14.0, 13.9. Anal. Calcd fayHgCl,Os: C, 37.67;

= 2 Hz, 0.66H), 5.19 (dJ = 2 Hz, 0.66H), 2.70 (br s, 0.33H), H, 3.16; Cl, 27.80. Found: C, 37.76; H, 3.25; Cl, 27.73.

2.37 (br s, 0.66H)}**C NMR (100 MHz, CDC}) ¢: 165.3, 164.9, Ethyl 2-(3,4-Dichloro-5-oxo-2,5-dihydrofuran-2-yl)-2-hydroxy-

149.7, 149.0, 135.2, 133.5, 133.0, 128.8, 127.8, 126.7, 126.7, 126.6 propanoate (28, dr= 50:50).H NMR (400 MHz, CDC}) 6: 5.23

126.1 (2 peaks), 124.0, 123.6, 122.3, 84.6, 84.4, 73.5, 72.0. Anal. (s, 0.5H), 5.16 (s, 0.5H), 4.414.26 (m, 2H), 3.69 (m, 0.5H), 3.32

Calcd for GsH1oCl,0O3: C, 58.28; H, 3.26; Cl, 22.94. Found: C, (brs, 0.5H), 1.68 and 1.65 (s, 3H), 1:38.31 (overlapping t, 3H).

57.91; H, 3.11; CI, 22.68. 13C NMR (100 MHz, CDC}) o: 172.7,172.5, 164.5, 164.4, 148.3,
3,4-Dichloro-5-(hydroxy(3-methoxyphenyl)methyl)furan-2(8)- 148.1, 123.3, 122.9, 84.6, 84.2, 74.6, 74.1, 63.4, 63.2, 23.6, 22.3,

one (21, dr= 66:33).'H NMR (400 MHz, CDC}) o: 7.39-7.24 14.0 (2 peaks). Anal. Calcd forgH1,Cl.0s: C, 40.17; H, 3.75;

(m, 1H), 7.02-6.86 (m, 3H), 5.30 (m, 0.66H), 5.22 (m, 0.33H), ClI, 26.35. Found: C, 40.11; H, 3.86; Cl, 26.10.

5.10 (m, 1H), 3.82 and 3.80 (s, 3H}C NMR (100 MHz, CDC}) Diethyl 2-(3,4-Dichloro-5-ox0-2,5-dihydrofuran-2-yl)-2-hy-

0: 165.3, 165.0, 159.9, 149.8, 149.1, 139.4, 137.3, 129.9, 129.6, droxymalonate (29).'H NMR (400 MHz, CDC}) ¢: 5.93 (d,J

122.6,122.2, 118.8, 118.7, 114.6, 114.5, 112.3, 112.0, 84.7, 84.4,= 0.97 Hz, 1H), 4.454.33 (m, 4H), 4.03 (dJ = 0.97 Hz, 1H),

73.2,71.6, 55.4, 55.3. LRMS (APCI)Wz 253.1 [(M — HCI)H"], 1.36 (t,J = 7.12 Hz, 6H).13C NMR (100 MHz, CDC}) ¢: 166.5,
255.1 [{M + 2} — HCI)H™]. 166.0, 164.2, 147.2, 123.6, 82.4, 78.0, 64.5, 63.7, 13.9. Anal. Calcd
3,4-Dichloro-5-(furan-2-yl(hydroxy)methyl)furan-2(5H)- for C13H12Cl,07: C, 40.39; H, 3.70; Cl, 21.68. Found: C, 40.42;

one (22, dr=59:41).*H NMR (400 MHz, CDC}) 6: 7.45 (dd,J H, 3.67; ClI, 21.40.
= 1.95, 0.78 Hz, 0.6H), 7.41 (dd,= 1.75, 0.97 Hz, 0.4H), 6.52 3,4-Dichloro-5-(2-hydroxy-1-phenoxypropan-2-yl)furan-2(H)-

(m, 0.6H), 6.42 (ddJ = 3.51, 1.95 Hz, 0.6H), 6.40 (m, 0.4H), one (30, dr= 50:50).'H NMR (400 MHz, CDC}) §: 7.28 (m,

6.38 (m, 0.4H), 5.39 (d] = 3.12 Hz, 0.4H), 5.28 (d] = 2.34 Hz, 2H), 6.99 (m, 1H), 6.9%16.84 (m, 2H), 5.20 (s, 0.5H), 5.08 (s,

0.6H), 5.27 (m, 0.4H), 5.15 (m, 0.6H}C NMR (100 MHz, CDC}) 0.5H), 3.95 (m, 2H), 3.04 (br s, 1H), 1.48 and 1.26 (s, 3X”}

0: 165.2, 164.9, 150.7, 149.4, 149.1, 143.0, 142.9, 122.5, 122.4,NMR (100 MHz, CDC}) 6: 164.9, 157.6, 157.4, 151.0, 150.7,

110.8, 110.7, 108.9, 108.8, 83.3, 82.7, 68.0, 66.0. Anal. Calcd for 129.6, 122.3, 121.9, 121.8, 114.6, 114.4, 84.2, 83.0, 74.0, 73.5,

CoHeCl,O4: C, 43.40; H, 2.43; CI, 28.47. Found: C, 43.13; H, 71.9, 70.7, 22.0, 18.8. LRMS (APClyn/z 301.8 (M — H]").

2.34; Cl, 28.22. 3,4-Dichloro-1-phenethyl-H-pyrrol-2(5H)-one (32).H NMR
3,4-dibromo-5-(hydroxy(phenyl)methyl)furan-2(5H)-one (23, (400 MHz, CDC¥) 6: 7.32 (apptJ = 7.5 Hz, 2H), 7.24 (m, 1 H),

dr = 83:17).*H NMR (400 MHz, CDC}) o: 7.46-7.33 (m, 5 7.20 (d,J = 7.5 Hz, 2H), 3.78 (s, 2 H), 3.74 3,= 7.12 Hz, 2H),

H), 5.30 (m, 0.17H), 5.25 (m, 0.17H), 5.14 (br #= 1.56 Hz, 2.93 (t,J = 7.12 Hz, 2 H)13C NMR (100 MHz, CDC}) 6: 164.1,

0.83H), 5.09 (m, 0.83H), 2.99 (br s, 1HC NMR (100 MHz, 139.3, 138.1, 128.6, 126.8, 125.7, 54.0, 44.7, 34.7. Anal. Calcd

CDCl;) 6: 166.5.,165.9, 151.7, 145.7, 145.2, 138.3, 135.8, 133.9, for C;;H1;CLNO: C, 56.27; H, 4.33; Cl, 27.68; N, 5.47. Found:

130.4, 129.2, 129.0, 128.7, 127.0, 126.9, 116.1, 87.4, 83.8, 72.2.C, 56.20; H, 4.30; CI, 27.39; N, 5.41.

Anal. Calcd for GiHgBr,Os: C, 37.97; H, 2.32. Found: C, 38.57; Ethyl 3-(3,4-Dichloro-2-(hydroxy(4-nitrophenyl)methyl)-5-
H, 2.35. oxo-2H-pyrrol-1(5H)-yl)propanoate (34, dr = 83:17) 'H NMR
3,4-Dichloro-5-(1-hydroxy-3-phenylprop-2-ynyl)furan-2(8H)- (400 MHz, DMSO¢g) 6: 8.23 (d,J = 8.97 Hz, 1.66H), 8.17 (d,

one (24, dr= 50:50).H NMR (400 MHz, CDC}) &: 7.40 (dd,J J = 8.97 Hz, 0.34H), 7.75 (d] = 8.38 Hz, 0.34H), 7.67 (d] =
=7.99, 1.56 Hz, 1H), 7.337.22 (m, 4H), 5.19 (d) = 2.73 Hz,  8.38 Hz, 1.66H), 6.44 (d] = 4.87 Hz, 0.83H), 6.36 (d] = 5.65
0.5H), 5.09 (dJ = 2.34 Hz, 0.5H), 5.05 (dJ = 2.53 Hz, 0.5H),  Hz, 0.17H), 5.44 (dd)J = 4.78, 2.44 Hz, 0.83H), 5.33 (dd,=
4.99 (d,J = 2.53 Hz, 0.5H)22C NMR (100 MHz, CDC4) 6: 165.2,  5.07, 3.12 Hz, 0.17H), 4.95 (d,= 2.53 Hz, 0.17H), 4.91 (d] =
149.0, 148.4, 131.9, 131.8, 129.3, 129.2, 128.4, 122.7, 121.1, 120.92.34 Hz, 0.83H), 4.08 (q] = 4.21 Hz, 2H), 4.1£3.93 (m, 2H),
89.3, 87.9, 83.6, 83.3, 81.4, 63.3, 61.5. LRMS (APQ1z283.1  3.71 (m, 0.83H), 3.62 (m, 0.17H), 2.72.59 (m, 1H), 1.18 and

(M7). 1.08 (t,J = 7.12 Hz, 3H).13C NMR (100 MHz, DMSO€) 0:
3,4-Dichloro-5-((%E,4E)-1-hydroxyhexa-2,4-dienyl)furan-2(3)- 171.9, 163.9, 147.6, 142.0, 132.9, 130.6, 128.2, 123.6, 87.8, 68.0,

one (25, dr= 66:33, starting material ~83% trans, trans). 'H 60.8, 38.1, 32.9, 14.7. Anal. Calcd fordEl1sCILN,Oe: C, 47.66;

NMR (400 MHz, CDC}) 6: 6.76-6.64 (m, 0.33H), 6.466.28 H, 4.00; N, 6.95. Found: C, 47.12; H, 3.85; N, 6.75.

(m, 0.66H), 6.16-6.01 (m, 1H), 5.87#5.76 (m, 1H), 5.67 (dd] = 3,4-Dichloro-5-(hydroxy(4-nitrophenyl)methyl)-1-phenethyl-

15.40, 7.41 Hz, 0.66H), 5.45 (dd= 15.3, 7.12 Hz, 0.33H), 5.12  1H-pyrrol-2(5H)-one (35, dr, 83:17)H NMR (400 MHz, DMSO-
and 5.11 (dJ = 2.73 Hz, 0.33H total), 4.95 (= 2.34 Hz) and  dg) 5: 8.26 (d,J = 8.78 Hz, 0.34H), 8.21 (d] = 8.98 Hz, 1.66H),
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7.78 (d,J = 8.59 Hz, 0.34H), 7.59 (d] = 8.59 Hz, 1.66H), 7.35 CDCly) 8: 7.33— 7.24 (m, 4H), 7.09 (br dJ = 6.63 Hz, 1H),
7.16 (m, 5H), 6.86 (dJ = 7.81 Hz, 0.17H), 6.47 (br s, 0.83H),  5.25 (d,J = 16 Hz, 0.4H), 5.16 (dJ = 15.2 Hz, 0.6H), 4.65 (d]
5.41 (brs, 0.83H), 5.33 (br s, 0.17H), 4.90 Jds 2.34 Hz, 0.17H), = 2.14 Hz, 0.6H), 4.54 (d) = 1.56 Hz, 0.4H), 4.42 (d) = 1.56
4.74 (d,J = 2.34 Hz, 0.83H), 4.043.97 (m, 1H), 3.7 (m, 1H), Hz, 0.4H), 4.36 (m, 0.6H), 4.3064.01 (m, 2.6H), 3.92 (d]) = 16
2.90-2.85 (m, 2H).13C NMR (100 MHz, DMSO¢e) 6: 163.7, Hz, 0.4H), 1.21 and 1.11 (§,= 7.1 Hz, 3H).13C NMR (100 MHz,
147.7,147.6, 141.6, 139.5,129.4, 129.3, 129.2, 128.2, 127.1, 126.2CDCl;) 6: 171.6, 170.4, 165.1, 164.6, 141.8, 140.7, 135.9, 135.6,
123.6,70.4,67.9, 43.4, 34.3. HRMS (ES]I) calcd fastG7CI,N204 128.9, 128.4, 128.0, 127.9, 127.2, 126.9, 69.3, 67.6, 64.1, 63.8,
407.0560 (MH), found 407.0555. 63.0, 62.8, 45.6, 45.0, 13.9, 13.7. HRMS (ESI) calcd fosHzs
Ethyl 2-(3,4-Dichloro-5-oxo-1-phenethyl-2,5-dihydro-H-pyr- ClL,NO, 344.0451 (MH), found 344.0464.

rol-2-yl)-2-hydroxyacetate (36, dr=53:47)."H NMR (400 MHz, Diethyl 2-(1-Benzyl-3,4-dichloro-5-oxo-2,5-dihydro-H-pyr-
CDCly) 6: 7.30-7.15 (m, 5H), 4.60 (br s, 0.5H), 4.56 (br's, 0.5H), 15" " "

yl)-2-hydroxymalonate (39).*H NMR (400 MHz, CDC})
4.38-4.25 (m, 2.5H), 4.244.08 (m, 1.5H), 4.053.99 (m, 0.5H), o 7.29 (m. 3H), 7.21 (dJ = 6.82 Hz, 2H), 5.11 (dJ = 15.60

3.51-3.40 (m, 1.5H), 3.162.73 (m, 2H), 1.33 and 1.24 (4, = Hz, 1H), 4.99 (s, 1H), 4.35 (dI = 15.79 Hz, 1H), 4.29 (qJ =

1. .
Loy R o, CEC) ) i 14 Loko, TG G s (= 75 3 409 s 00 Lo
e L oS S ST R L O L T 0= T7.21 Hz, 3H), 1.22 () = 7.12 Hz, 3H).13C NMR (100 MHz,

126.9, 126.8, 126.7, 69.1, 67.8, 65.2, 64.9, 43.5, 43.4, 34.3, 34.1, .
14.0, 13.9. HRMS (ESI) calcd forgH1sCloNO, 358.0607 (MH), CDCly) 6: 167.6, 166.9, 165.6, 141.0, 136.3, 128.7, 128.2, 127.6,

found 358.0604. 79.2, 65.0, 63.8, 63.3, 47.1, 13.7, 13.6. HRMS (ESI) calcd for
Diethyl 2-(3,4-Dichloro-5-oxo-1-phenethyl-2,5-dihydro-H- C1eH20CINOs 416.0662 (MH), found 416.0659.

pyrrol-2-yl)-2-hydroxymalonate (37).*H NMR (400 MHz, CDC})

0. 7.34 (m, 2H), 7.27 (m, 3H), 5.04 (s, 1H), 442.31 (m, 5H), Acknowledgment. Koushik Das Sarma wishes to thank

4.14 (m, 1H), 3.38 (m, 1H), 3.07 (m, 1H), 2.82 (m, 1H), 1.36 Pfizer, Inc. for a postdoctoral fellowship.
(overlapping tJ = 7.2 Hz, 6H).13C NMR (100 MHz, CDC}) ¢:
167.4, 167.2, 164.8, 140.1, 137.8, 128.5, 128.4, 126.5, 78.9, 65.2,
63.6, 63.3, 44.7, 34.0, 13.6. HRMS (ESI) calcd fagk,CI,NOg
430.0819 (MH), found 430.0821.

Ethyl 2-(1-Benzyl-3,4-dichloro-5-ox0-2,5-dihydro-H-pyrrol-
2-yl)-2-hydroxyacetate (38, dr= 63:37).H NMR (400 MHz, JO062613L

Supporting Information Available: H and3*C NMR data of
all compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.
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