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1. Introduction

Since its very first appearance, the Mukaiyama-Michael aldol
reaction (MMAR), that is, the 1,4-conjugate addition of enol silanes
(or silyl ketene acetals) to Lewis acid-activated vinylogous carbonyl
(or carboxyl-type) acceptors, excels as a preeminent synthetic
methodology in the jurisdiction of the carbon-carbon bond-form-
ing reactions (Scheme 1).! Even more appealing and less exploited
is the vinylogous version of the reaction (VMMAR), where a con-
jugated silyl dienolate species couples to a Michael acceptor giving
rise to useful a,B-unsaturated C4+C3 homologated 1,7-dicarbonyl
compounds.?

In the vinylogous realm, Katsuki and colleagues documented the
asymmetric Michael addition of 2-(trimethylsiloxy)furans to
oxazolidinone enoates in the presence of BINOL-lanthanide or
bis(oxazoline) Cu(1l) triflate catalysts.? There, the use of preformed
silyl dienolate donors and mild reaction conditions provided for-
mation of the expected doubly vinylogous addition products, with
complete chemo- and regiocontrol, and with moderate to high
levels of diastereo- and enantioselectivity (e.g., Scheme 2, Eq.1).% As
a further elegant example, MacMillan and co-workers utilized the
same furan-based silyldienolates in the first enantioselective
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organocatalytic vinylogous Mukaiyama-Michael addition to cro-
tonaldehyde (Scheme 2, Eq. 2).> In that occasion, the imidazolidi-
none-based organocatalyst, while serving as the chiral activator of
the electrophile through iminium ion formation, provided tempo-
rary protection of the aldehyde function, resulting in high enan-
tioinduction and complete regiocontrol.’

In these and other examples of VMMAR,” a common operational
modality is emphasized, according to which the reagent destined to
become the donor species first undergoes a stoichiometric activa-
tion to give rise to a silyl dienolate, and the reagent destined to
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Scheme 1. Conjugate addition of silyl enolate (MMAR) or silyl dienolate (VMMAR)
donors to conjugated carbonyl acceptors. X, Y=H, R, OR, NR;; LA=Lewis acid.
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Scheme 2. Examples of indirect VMMAR (Egs. 1 and 2) and direct vinylogous Mu-
kaiyama aldol reaction (Eq. 3).

become the acceptor species is subjected to proper activation as
well. An alternative, technically simplified modality would be es-
pecially desirable, where both unmodified partners are put in the
same flask, while a suitable reagent or reagent mixture establishes
their simultaneous in situ activation, while dictating the chemo-,
regio- and stereoselectivity of the process. Direct, biomimetic
routes have been indeed pursued in recent organic synthesis pro-
grammes, and development of direct-type aldol reactions using
metal catalysts,® organocatalysts® and Bronsted or Lewis acid/base
systems'? has been the focus of intense research.

Our own contribution in the field encompasses the use of tri-
ethyl amine/trialkylsilyl triflate reagent couple in both the intra-
molecular direct and silylative aldolization reaction involving

Table 1
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suitable aldehydo-lactams,!! and in the intermolecular direct,

silylative aldol addition of N-(tert-butoxycarbonyl)pyrrol-2(5H)-
one (1a) to a number of aldehyde and ketone acceptors (e.g.,
Scheme 2, Eq. 3).12

We now report that the EtsN/TMSOTf reagent mixture is also
adaptable for the direct and vinylogous Mukaiyama-Michael addi-
tion reaction. Specifically, selection of suitable pyrrolinone donors
and their conjugate addition to a limited array of non-enolizable and
enolizable Michael acceptors are here described in detail.

2. Results and discussion

We embarked on the present investigation to firmly probe the
virtues of pyrrolin-2-one-based rings as easily available conjugated
donors and to assess the properties of the TMSOTI/Et3N couple as
a soft activating mix during VMMAR. To begin, N-Boc-pyrrolinone
1a was selected as the nucleophile component to be coupled to
trifluoroethyl acrylate (2), a mildly activated ester electrophile. The
addition of 1a to 2 was carried out in the presence of TMSOTf/EtsN
reaction mixture (2.0:1.5 mol equiv) at —78 °C in dichloromethane
(Table 1, entry 1), according to the optimized reaction conditions
previously discovered in the aldol domain (vide supra).’? In the
event, complete absence of reactivity was observed, even when the
reaction temperature was raised to 0 °C. An analogous trial using
N-deprotected pyrrolinone 1b (entry 2) proved unsuccessful, with
almost complete recovery of untouched starting pyrrolinone.'

We reasoned that the intrinsically lower reactivity of conjugated
ester electrophiles such as 2 as compared to that of carbonyl sub-
strates would have been responsible for the observed apathy of 1a
or 1b towards acrylate 2, which instead would have required ‘more
activated’ nucleophiles. Our attention thus turned to known com-
pounds 1c-1e, whose pyrrolin-2-one structure tightly resembles
that of 1a, 1b, though the presence of an additional 4-methoxy
substituent confers them increased reactivity. Indeed, the 4-
alkoxytetramate ring is a well represented structural motif in the
field of naturally occurring substances, many of which exhibiting
attractive antibiotic and cytostatic activities.!#13

Preparatory evaluation of VMMAR between pyrrolinone donors 1 and trifluoroethyl acrylate 22

1
R (o] TMSOTF, Et;N, R! o
S \)J\o/\ca Do, /) 0" CF;
", T, t
o R R?
1 2 o 3
Entry Donor (R, R?) TMSOTF equiv Et3N equiv T (°C) t (h) Product(s) (R, R?),” yield %¢ Recovered 1€ (%)
1 1a (H, Boc) 2.0 1.5 —78to 0 12 96
2 1b (H, H) 2.0 2.0 -25 12 94
3 1c (OMe, H) 20 20 —40 to —25 12 3c (OMe, H), 10; 4c (OMe, H), 36 35
4 1c (OMe, H) 2.0 2.0 _78 18 3¢ (OMe, H), 54; 4c (OMe, H), 15 16
5d 1c (OMe, H) 20 20 _25 4 4c (OMe, H), 92 —
6 1c (OMe, H) 015 015 ~30 12 4c (OMe, H), 13 75
7 1c (OMe, H) 2.0 22 12 93
8¢ 1c (OMe, H) 2.0 22 12 95
9 1d (OMe, Boc) 1.0 1.0 —78 12 94
10 1d (OMe, Boc) 1.0 1.0 -20 4 92
11 1e (OMe, PMB) 1.0 1.0 78 12 3e (OMe, PMB), 15; 4e (OMe, PMB), 15 65
12 1e (OMe, PMB) 10 1.0 ~30 6 3e (OMe, PMB), 19: 4e (OMe, PMB), 23 57
13¢ 1e (OMe, PMB) 10 10 _25 6 4e (OMe, PMB), 94 -

2 Unless otherwise noted, the reactions were carried out in the presence of donor 1/acceptor 2 (1.0/1.0 equiv), with the indicated equivalents of TMSOTf and Et3N, with
a substrate concentration of 0.4 M in DCM (0.26 mmol scale) at the indicated temperature under nitrogen atmosphere. Quenching conditions: H,O and saturated aq NH,4CI. For

details, see Section 4.
b Products 3 are racemic substances.
¢ Isolated yield.
4 Donor 1/acceptor 2 (1.0/2.2 equiv).
¢ MeOH was used as the solvent.
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Table 2
Scope of TMSOTf/EtsN promoted VMMAR using tetramate donors 1c and 1e®

Entry Donor Acceptor T(°C) t (h) Product(s)™* Yield? % antifsyn ratio®

~_NO
1 1c Ph7 2 _78 8 73 >13:1
5
~_NO
2 1e Ph7 2 ~78 2 70 14:1
5
~_NO
3f 1e Ph 2 _78 8 g
5
CO,Et
4 1c N 78 12 98 >30:1
6 COEt
CO,Et
5 1e N 78 12 64 21
6 COEt
EtO,C
N
6 1c N -78 4 83h
\coza
7
EtO,C
\ .
7 1e S ~70 4 3780
\coza
7
T
X
8 1c \CozEt -20 12 g
8
. CO5Et
9 1c N _78to 22 12 g
9
10 1c /K(°°2E‘ —78 022 12 g
10 COEt
11 1c @o —20t022 24 g
1
12 1e @o 20 12 90 1:08
1
o
\:\L MeO _
gJ
13 1e N 2 12 ) 5 53
12 N,
JPme 4

@ Unless otherwise noted, the reactions were carried out in the presence of donor 1/acceptor 2 (1.0/2.0 equiv), TMSOT{/Et3N (2.0/2.0 equiv), with a substrate concentration of
0.4 M in DCM (0.26 mmol scale) at the indicated temperature under nitrogen atmosphere. Quenching conditions: H,O and saturated aq NH,4Cl. For details, see Section 4.

b Except for derivatives 17, 18, and 20, the indicated compounds are racemic substances.

€ Major isomer reported (skeleton numbering according to IUPAC rules).

4 Isolated, combined yield.

¢ Determined by 'H NMR analysis of crude reaction mixtures.

f Only Et5N used as the promoter.

& Starting pyrrolinone recovered.

" E-olefin geometry based on 2D NOESY experiments (see text).

! VMMAR product also obtained (30% isolated yield, E/Z 1.5:1).

J Mono-alkylated y-isomer also obtained (17%).



11700 A. Sartori et al. / Tetrahedron 64 (2008) 11697-11705

When N-unprotected tetramate 1c¢ was subjected to the Et3N/
TMSOTf mixture (2.0:2.0 mol equiv, —40 to —25 °C, entry 3), the
expected vinylogous Mukaiyama-Michael product 3¢ was obtained
in very scarce yield (10%), accompanied by considerable amounts of
both the starting pyrrolinone (35%) and adduct 4c (36%), coming
from sequential double alkylation at the donor y-position. By per-
forming the reaction at lower temperature (—78°C, entry 4)
areverted result was witnessed, with nice production of 3¢ in a 54%
isolated yield, and minor quantities of 4c and 1c. This indicated that
competitive mono-y- and bis-vy,y- attacks could be partially con-
trolled by the reaction temperature, and conditions to exclusive and
high-yielding production of 4¢ could be found by simply doubling
the quantity of the acrylate component (entry 5).

Reaction between 1c and 2 under catalytic conditions (TMSOTf/
Et3N 0.15:0.15 mol equiv, entry 6) afforded small quantities of 4c
exclusively (13%), with almost complete recovery of the starting
reagent. This result showed that the silyl triflate and the tertiary
amine do not regenerate during the reaction course, and smooth
protonation and desilylation of the silyl ketene acetal from the
Michael addition solely occurs just after the quenching procedure.
With the use of triethyl amine alone at room temperature, reaction
of 1c with 2 completely failed, irrespective of the solvent used
(aprotic vs protic, entry 7 vs 8). These experiments clearly dem-
onstrated the crucial role displayed by the silicon Lewis acid in
promoting the VMMAR process.'

Changing N-unsubstituted tetramate 1c for the corresponding
N-protected derivatives 1d (N-Boc) and 1e (N-p-methoxybenzyl)
produced markedly different results: under almost the same re-
action conditions (TMSOTf/EtsN 1.0:1.0 mol equiv, —78 or —20/
—30°C, entries 9-13), 1d proved a totally incompetent donor
substrate, whilst 1e gave the corresponding mono- and/or bis-
alkylated products 3e/4e in variable proportions, according to the
reaction temperature and the equivalents of acrylate 2 employed
(entries 11-13).

On the bases of these preliminary studies, we concluded that the
dual TMSOTf/EtsN promoting system could be able to trigger a di-
rect VMMAR between pyrrolinone donors and acrylate 2, provided
that suitable tetramate rings of type 1c and 1e were used. Though
not brilliant, the best results in Table 1 (entries 4, 5 and 13)
prompted us to evaluate the scope of the reaction, by coupling 1c
and/or 1e with a functionally diverse array of electrophilic partners.
The results of this screening are displayed in Table 2.

Under optimized conditions, direct addition of tetramates 1c or
1e to B-nitrostyrene 5 gave easy entry to the expected VMMAR
products 13 and 14 in good isolated yields (73% and 70%, re-
spectively, entries 1 and 2) and with diastereoselectivities strictly
depending upon the donor employed. Indeed, when N-deprotected
pyrrolinone 1c was used, a separable mixture of anti-13 and syn-13
was obtained, which displayed a pronounced diastereomeric bias
(anti/syn ratio >13:1). The relative 5,1’-relative stereodisposition
was unequivocally established by X-ray crystallographic de-
termination of minor isomer syn-13 (Fig. 1). When, instead, N-p-
methoxybenzyl substituted donor 1e was employed, a mixture of
syn and anti isomers 14 was recovered, with only slight pre-
ponderance of the 5,1’-anti isomer. A plausible rationalization of
these results is given below.

In spite of its high reactivity, nitroalkene 5 failed to couple to 1e
in the presence of the sole EtsN base (entry 3), emphasizing, once
again, the crucial, vicarious role displayed by the silicon Lewis acid/
tertiary amine base couple in promoting the VMMAR process.

Enolizable ethylidene diethyl malonate 6 served as a superb
electrophile, which directly coupled to 1c or 1e to afford the desired
lactams 15 and 16 in high isolated yields, with no traces of self-
condensation products (98% and 64%, entries 4 and 5). Again, the
diastereoselectivity of the event heavily relied on the substituent at
the donor nitrogen, with exclusive formation of 1,2’ anti-configured

Figure 1. X-ray crystal structure of syn-13 establishing its 5,1’-syn relative stereo-
disposition (ORTEP plot, 50% thermal ellipsoids).

isomer anti-15 in the first case, and a 2:1 mix of anti/syn adducts 16 in
the latter, thus imitating the stereochemical behaviour reported
above. The 5,1’-anti relative configuration of compound anti-15, as
well as those of syn- and anti-16, were assigned mainly based on 'H
NMR spectral analogy to nitro-derivatives 13 and 14.

With alkyne 7 as the Michael acceptor, pyrrolinone 1c easily
converted into the expected VMMAR product (as evidenced by
TLC), but its isolation was precluded by rapid and complete trans-
formation into highly conjugated alkylidene isomer 17 during silica
gel flash chromatographic purification. The E-olefin geometry of
compound 17 was unambiguously assigned based on 2D NOESY
experiments, which revealed a diagnostic contact between pyrro-
linone NH and H3 methylene protons. In case of reaction of 1e with
7, alkylidene product 18 could be isolated in a 37% yield, along with
the expected VMMAR isomeric product (not shown) and unreacted
starting pyrrolinone (see Section 4).

Other less reactive unsaturated esters such as ethyl propiolate 8
and ethyl acrylate 9, or highly B-hindered malonate 10 were not
able to react under the scrutinized conditions, and returned the
starting tetramates 1c and 1e almost untouched (entries 8-10).

Finally, a couple of conjugated ketone electrophiles were se-
lected, to assay the viability of the direct VMMAR procedure on
carbonyl substrates. Thus, when enolizable cyclohexenone 11 was
reacted with 1e, smooth conversion into the Mukaiyama-Michael
adduct 19 was witnessed (90% yield, entry 12), with only partial
51’-anti diastereo-preference, as usual. Astonishingly enough,
however, tetramate 1c¢ was not able to couple to 11 under the
guidance of the TMSOTf/EtsN mixture, whichever the temperature
conditions used (entry 11, see infra). Reaction of 1e with acyclic
ethyl vinyl ketone 12 afforded achiral bis-alkylated y-adduct 20 as
the major product, accompanied by minor amounts of a mono-
y-substituted product (not shown). In this instance, the behaviour
of ketone 12 paralleled that of trifluoroethyl acrylate 2, breaking the
general trend followed by electrophiles in Table 2 where mono-y-
adducts were solely detected.!”

While a precise rationale accounting for the observed diaster-
eoselectivity awaits further study, we propose that with N-unsub-
stituted tetramate 1c, a favourable, ‘tight’ transition state such as I
may be invoked (Scheme 3, R=SiMej3), where the silicon atom from
the Lewis acid connecting to the vacant pyrrolinone nitrogen'
coordinates (or electronically interacts) to the oxygen atom of the
electron-withdrawing group of the Michael acceptor (e.g., nitro-,
carboxylate-, carbonyl-group). Analogous tight interaction such as
in transition state conformer VI would seem less favourable, thus
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Scheme 3. The Newman projections of possible transition state conformers I-VI dur-
ing VMMAR homologations of 1c¢ (R=SiMe3) or 1e (R=PMB) to B-nitrostyrene 5.

explaining preferential formation of anti-configured compounds
(e.g., anti-13, anti-15) over the respective syn-isomers, when tet-
ramate 1c is used. On the other hand, the presence of the p-
methoxybenzyl group within 1e would impede formation of such
cyclic transition states, and competitive open chain models (e.g., I
and IV, R=PMB) could be almost equally operative, thus resulting in
poor diastereocontrol (e.g., compounds 14 and 16).'8

3. Conclusion

In summary, it was possible to introduce a succinct methodol-
ogy for the vinylogous Mukaiyama-Michael reaction in a direct
modality by selecting a couple of especially functionalized pyrro-
linone conjugated donors (e.g., 1c and 1e) and by utilizing the
well-tested TMSOTf/EtsN promoter pair. This method could be
successfully applied to an array of differently functionalized
vinylogous acceptors as nitro-olefins, «,f-unsaturated esters and
conjugated ketones, allowing easy entry to y-substituted 2-pyrro-
linone products, whose plain functional decoration renders them
high calibre intermediary compounds.

According to a very easy technical execution, where donor, ac-
ceptor, and promoter couple are mixed together without the use of
sophisticated manoeuvres or ultra-delicate reagent systems, the
expected doubly vinylogous addition products were obtained in
acceptable to useful yields and diastereoselectivities strongly relying
upon the substituent at the pyrrolinone nitrogen. In limited cases,
the reaction failed or provided concurrent bis-alkylation products.

With these premises in hands, development of the present
study towards an asymmetric domain is felt as desirable further
step, and results in this field will be reported soon.

4. Experimental section
4.1. General

Organic solvents were dried and freshly distilled before use
according to the literature procedures. Reactions were generally

run under a nitrogen atmosphere. TLC analysis was performed on
silica gel 60 F,s4 plates with visualization under short-wavelength
UV light or by dipping the plates with molybdate reagent (aq H,SO4
solution of cerium sulfate/ammonium molybdate) followed by
heating. Flash chromatography was performed on 40-63 pm silica
gel using the indicated solvent mixtures. Melting points were de-
termined with an optical thermomicroscope and are uncorrected.
'H and 3C NMR spectra were recorded at 300/75 MHz at 22 °C
unless otherwise noted. Chemical shifts (¢) are given in parts per
million (ppm) using chloroform-d or DMSO-dg as internal refer-
ences. Detailed peak assignments were performed using conven-
tional 1D and 2D NMR experiments, such as COSY, NOESY, HMQC
and DEPT sequences.

4.2. Materials

1-(tert-Butoxycarbonyl)-1H-pyrrol-2(5H)-one (1a) and 1H-pyr-
rol-2(5H)-one (1b) were prepared from pyrrole according to
a reported procedure.'? 4-Methoxy-1H-pyrrol-2(5H)-one (1c) and
1-(4-methoxybenzyl)-4-methoxy-1H-pyrrol-2(5H)-one (1e) were
prepared from condensation of commercial methyl (E)-4-chloro-3-
methoxy-2-butenoate and 10% aq ammonia or commercial p-
methoxybenzylamine, respectively (75% and 64% yields), according
to reported procedures.!® Compound 1c is also commercially
available.  1-(tert-Butoxycarbonyl)-4-methoxy-1H-pyrrol-2(5H)-
one (1d) was prepared from 1c using the standard (Boc);O/DMAP
conditions (98% yield). 2,2,2-Trifluoroethyl acrylate (2), 1-[(E)-2-
nitrovinyl]benzene (5), diethyl 2-ethylidenemalonate (6), diethyl
but-2-ynedioate (7), ethyl propiolate (8), ethyl acrylate (9), diethyl
2-(propan-2-ylidene)malonate (10), cyclohex-2-enone (11), and
pent-1-en-3-one (12) were commercially available and used as
such without further purification.

4.3. Experimental procedures and compounds
characterization

4.3.1. Representative procedure for the vinylogous Mukaiyama-
Michael addition reaction (VMMAR) between pyrrolinones 1 and
Michael acceptors: preparation of 2,2,2-trifluoroethyl 3-[(2R+)-2,5-
dihydro-3-methoxy-5-o0xo-1H-pyrrol-2-ylJpropanoate (3c) and
bis(2,2,2-trifluoroethyl) 3,3'-(2,5-dihydro-3-methoxy-5-oxo-1H-
pyrrole-2,2-diyl)dipropanoate (4c) (Table 1, entry 4)

To a solution of pyrrolinone 1c¢ (30 mg, 0.265 mmol) in dry
dichloromethane (DCM, 0.7 mL), kept under a nitrogen atmo-
sphere, were sequentially added triethyl amine (EtsN, 74 pL,
0.53 mmol) and trimethylsilyloxytriflate (TMSOTf, 97 pL,
0.53 mmol). The resulting pale yellow solution was stirred for
10 min at room temperature and then cooled to —78 °C. After
stirring at —78 °C for 10 min, 2,2,2-trifluoroethyl acrylate (2) (34 pL,
0.265 mmol) was added dropwise and the resulting solution was
stirred at the same temperature for 18 h. Water (2 mL) was then
added at —78 °C and, after stirring for 10 min, saturated aq NH4Cl
solution (3 mL) was added. The resulting mixture was allowed to
warm to room temperature (22 °C) and transferred to a separatory
funnel. The aqueous layer was separated and extracted with DCM
(3x5 mL). The combined organic layers were dried over MgSOy,
filtered and concentrated under reduced pressure to give a yel-
lowish oil, which was purified by silica gel flash chromatography
(DCM/MeOH 95:5) to afford compound 3¢ (38.2 mg, 54% yield),
compound 4c (16.7 mg, 15% yield), as well as recovered 1c (4.8 mg,
16%). Data for 3c: a white solid; mp 106-108 °C; IR (neat) ymax 2933,
1753,1674, 1621, 1282, 1161 cm’l; TH NMR (300 MHz, CDCl3) 6 6.92
(br s, 1H, NH), 5.06 (d, J=0.8 Hz, 1H, H4’), 4.51 (dq, J=12.6, 8.5 Hz,
1H, CH,CF3), 4.45 (dq, J=12.6, 8.2 Hz, 1H, CH,CF3), 4.18 (t, J=5.4 Hz,
1H, H2'), 3.82 (s, 3H, OMe), 2.52 (ddd, J=17.6, 8.9, 7.1 Hz, 1H, H2),
2.43 (ddd, J=17.6, 8.7, 6.1 Hz, 1H, H2), 2.10-2.20 (m, 1H, H3), 1.90-
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2.05 (m, 1H, H3); 13C NMR (75.4 MHz, CDCl3) 6 177.3 (Cq, C5'), 174.5
(Cq, C3'), 171.3 (Cq, C1), 122.0 (q, Ycr=275 Hz, Cq, CF3), 94.2 (CH,
C4), 60.4 (q, %Jc ;=36 Hz, CH,, OCH,CF3), 58.4 (CH3, OMe), 56.2 (CH,
C2'), 28.4 (CHy, C2), 26.3 (CH3, C3). Anal. Calcd for C19H12F3NO4: C,
44.95; H, 4.53; N, 5.24. Found: C, 45.07; H, 4.61; N, 5.01. Data for 4c:
a white solid; mp 121.5-123.5 °C; IR (neat) vmax 2945, 1757, 1682,
1626, 1281, 1167 cm™'; '"H NMR (300 MHz, CDCl3) 6 6.33 (br s, 1H,
NH), 5.08 (d, J=1.5 Hz, 1H, H4'), 4.51 (dq, J=12.7, 8.4 Hz, 2H, CH,CF3),
4.39 (dq, J=12.7, 8.4 Hz, 2H, CH,CF3), 3.83 (s, 3H, OMe), 2.41 (dt,
J=16.9, 7.8 Hz, 2H, H2), 2.27 (dt, J=16.6, 7.9 Hz, 2H, H2), 2.10 (t,
J=7.8 Hz, 4H, H3); 3C NMR (75.4 MHz, CDCl3) 6 176.9 (Cg, C5'),
173.2 (Cq, C3),171.3 (2C, Cq, C1),122.0 (2C, q, 'Jc =275 Hz, Cq, CF3),
95.0 (CH, C4'), 63.7 (Cq, C2'), 60.4 (2C, q, *Jc ;=37 Hz, CHy, OCH,CF3),
58.7 (CH3, OMe), 30.8 (2C, CH,, C2), 27.6 (2C, CHy, C3). Anal. Calcd
for C15H17F6NOg: C, 42.76; H, 4.07; N, 3.32. Found: C, 42.59; H, 3.95;
N, 3.40.

4.3.2. 2,2, 2-Trifluoroethyl 3-[(2R+)-1-(4-methoxybenzyl)-2,5-
dihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl[propanoate (3e) and
bis(2,2,2-trifluoroethyl) 3,3'-[1-(4-methoxybenzyl)-2,5-dihydro-3-
methoxy-5-oxo-1H-pyrrole-2,2-diyl]dipropanoate (4e) (Table 1,
entry 12)

Prepared according to the representative VMMAR procedure
and utilizing 1-(4-methoxybenzyl)-4-methoxy-1H-pyrrol-2(5H)-
one (1e) (62 mg, 1.0 equiv) in place of 1c. Reaction conditions:
TMSOTTf (48 uL, 1.0 equiv), EtsN (37 uL, 1.0 equiv), reaction temper-
ature —30 °C, reaction time 6 h. Purification via silica gel flash
chromatography (hexane/EtOAc 30:70) afforded compound 3e
(19.5 mg, 19% yield), compound 4e (33 mg, 23% yield), as well as
recovered 1e (35 mg, 57%). Data for 3e: a pale yellow oil; IR (neat)
Vmax 2941, 1756, 1682, 1627, 1512, 1246, 1173 cm™!; 'H NMR
(300 MHz, CDCl3) 6 7.18 (br d, J=8.6 Hz, 2H, Ar), 6.83 (br d, J=8.6 Hz,
2H, Ar), 513 (s, 1H, H4'), 5.00 (1/2 ABq, J=15.1 Hz, 1H, CH»Ar), 4.48
(dq, J=12.6, 8.4Hz, 1H, CH,CF3), 440 (dq, J=12.6, 8.4Hz, 1H,
CH-CFs), 3.96 (1/2 ABq, J=15.1 Hz, 1H, CH»Ar), 3.92 (t, J=3.8 Hz, 1H,
H2’), 3.80 (s, 3H, OMe), 3.79 (s, 3H, OMe), 2.20-2.30 (m, 2H, H2),
2.05-2.15 (m, 2H, H3); 3C NMR (75.4 MHz, CDCl3) 6 174.8 (Cq, C5'),
171.7 (Cq, C1),171.2 (Cq, C3),159.0 (Cq, Ar), 129.4 (Cq, Ar), 129.3 (2C,
CH, Ar), 122.0 (q, YJcr=275 Hz, Cq, CF3), 114.1 (2C, CH, Ar), 94.6 (CH,
C4'), 60.3 (q, 2Jcr=37 Hz, CH,, OCH,CF3), 58.2 (CH3, OMe), 57.8 (CH,
C2'),55.2 (CH3, OMe), 42.7 (CH,, NCH>Ar), 26.7 (CH, C2), 22.8 (CHy,
C3). Anal. Calcd for C1gH20F3NOs: C, 55.81; H, 5.20; N, 3.62. Found:
C, 55.69; H, 5.33; N, 3.50. Data for 4e: a white solid; mp 87.2-
88.9°C; IR (neat) vmax 2943, 1757, 1684, 1633, 1512, 1280, 1244,
1171 cm~; TH NMR (300 MHz, CDCl3) 6 7.34 (br d, J=8.6 Hz, 2H, Ar),
6.80 (br d, J=8.6 Hz, 2H, Ar), 5.31 (s, 1H, H4’), 4.20-4.50 (m, 6H,
CH,Ar and OCH,CF3), 3.78 (s, 3H, OMe), 3.77 (s, 3H, OMe), 1.80-2.10
(m, 8H, H2 and H3); '*C NMR (75.4 MHz, CDCl3) ¢ 174.5 (Cq, C5),
170.9 (Cq, C3),170.7 (2C, Cq, C1),159.1 (Cq, Ar), 130.1 (Cq, Ar), 130.0
(2C, CH, Ar), 122.0 (2C, q, YJc =275 Hz, Cq, CF3), 113.9 (2C, CH, Ar),
95.2 (CH, C4'), 67.3 (Cq, C2'), 60.2 (2C, q, 2Jc ;=36 Hz, CHp, OCH,CF3),
58.4 (CH3, OMe), 55.1 (CH3, OMe), 41.4 (CHa, NCH2Ar), 29.0 (2C, CHa,
C2), 27.0 (2C, CHy, C3). Anal. Calcd for Cy3Hs5FgNO7: C, 51.02; H,
4.65; N, 2.59. Found: C, 50.85; H, 4.83; N, 2.71.

4.3.3. (R+)-4-Methoxy-5-[(R*)-2-nitro-1-phenylethyl]-1H-pyrrol-
2(5H)-one (anti-13) and (R*)-4-methoxy-5-[(S*)-2-nitro-1-
phenylethyl]-1H-pyrrol-2(5H)-one (syn-13) (Table 2, entry 1)
Prepared according to the representative VMMAR procedure
and utilizing 1-[(E)-2-nitrovinyl]benzene (5) in place of 2. Reaction
conditions: pyrrolinone 1c (30 mg, 1.0 equiv), nitrostyrene 5
(79 mg, 2.0equiv), TMSOTf (97 uL, 2.0equiv), EtsN (74 L,
2.0 equiv), reaction temperature —78 °C, reaction time 8 h. "H NMR
analysis of the crude reaction mixture revealed a >13:1 anti/syn
diastereomeric ratio. The crude residue was purified by silica gel
flash chromatography (DCM/MeOH 97.5:0.5) to afford compounds

anti-13 (48 mg, 69% yield) and syn-13 (3 mg, 4% yield). Data for anti-
13: a white solid; mp 62.0-64.0 °C; IR (neat) vpax 2941, 1687, 1624,
1552, 1348, 1228 cm ™ !; 'H NMR (300 MHz, CDCl3) 6 7.2-7.4 (m, 5H,
Ph), 6.46 (br's, 1H, NH), 5.08 (s, 1H, H3), 4.84 (dd, J=13.4, 9.1 Hz, 1H,
H2'), 4.64 (dd, J=13.4, 5.7 Hz, 1H, H2'), 4.35 (br d, J=2.5 Hz, 1H, H5),
4.05 (ddd, J=9.0, 5.7, 3.0 Hz, 1H, H1’), 3.87 (s, 3H, OMe); 3C NMR
(75.4 MHz, CDCl3) é 175.1 (Cq, C2), 173.9 (Cq, C4), 135.9 (Cq, Ph),
129.2 (2C, CH, Ph), 128.4 (CH, Ph), 127.7 (2C, CH, Ph), 95.9 (CH, C3),
74.2 (CHa, C2'), 60.2 (CH, C5), 58.7 (CH3, OMe), 44.3 (CH, C1'). Anal.
Calcd for C13H14N204: C, 59.54; H, 5.38; N, 10.68. Found: C, 59.66; H,
5.51; N, 10.55. Data for syn-13: colourless crystals; mp 183-185 °C;
IR (neat) vmax 2921, 1685, 1624, 1554, 1357, 1226 cm™'; 'H NMR
(300 MHz, CDCl3) 6 7.20-7.40 (m, 5H, Ph), 6.28 (br s, 1H, NH), 4.99
(dd, J=13.0, 8.0 Hz, 1H, H2'), 4.90 (s, 1H, H3), 4.78 (dd, J=13.0, 7.7 Hz,
1H, H2'), 4.38 (br d, J=5.8 Hz, 1H, H5), 3.85 (td, J=7.8, 5.9 Hz, 1H,
H1'), 3.74 (s, 3H, OMe); >C NMR (75.4 MHz, CDCl3) 6 175.9 (Cq, C2),
174.8 (Cq, C4), 133.7 (Cq, Ph), 128.7 (2C, CH, Ph), 128.5 (CH, Ph),
128.2 (2C, CH, Ph), 95.2 (CH, C3), 76.9 (CH,, C2), 58.5 (CH, C5), 58.4
(CH3, OMe), 45.4 (CH, C1’). Anal. Calcd for C3H5FgNO7: C, 51.02; H,
4.65; N, 2.59. Found: C, 51.13; H, 4.71; N, 2.65. For crystal data, see
infra. ORTEP plot, see Figure 1.

4.34. (R+)-1-(4-Methoxybenzyl)-4-methoxy-5-[(R*)-2-nitro-1-
phenylethyl]-1H-pyrrol-2(5H)-one (anti-14) and (R+)-1-(4-
methoxybenzyl)-4-methoxy-5-[(S*)-2-nitro-1-phenylethyl]-1H-
pyrrol-2(5H)-one (syn-14) (Table 2, entry 2)

Prepared according to the representative VMMAR procedure
and utilizing 1-[(E)-2-nitrovinyl]benzene (5) in place of 2 and
pyrrolinone 1e in place of 1c. Reaction conditions: pyrrolinone 1e
(62 mg, 1.0equiv), nitrostyrene 5 (79 mg, 2.0 equiv), TMSOTf
(96 uL, 2.0 equiv), EtsN (74 uL, 2.0 equiv), reaction temperature
—78°C, reaction time 2 h. 'TH NMR analysis of the crude reaction
mixture revealed a 1.4:1 anti/syn diastereomeric ratio. Silica gel
flash chromatographic purification (hexane/EtOAc 25:75) afforded
71 mg of an inseparable mixture of anti-14 and syn-14 in a 70%
combined yield. Data for 1.4:1 anti-14/syn-14 mixture: a glassy
solid; "H NMR (300 MHz, CDCl3) 6 7.25-7.35 (m, 5x1.4H, Ph), 7.00-
7.20 (m, 7H and 2x1.4H, Ar), 6.80-6.90 (m, 2H and 2x1.4H, Ar), 5.24
(1/2ABq, J=15.3 Hz, 1.4H, CH»Ar), 5.16 (1/2ABq, J=15.1Hz, 1H,
CHAr), 5.03 (s, 1.4H, H3), 4.96 (dd, J=13.9, 8.0 Hz, 1H, H2’), 4.93 (s,
1H, H3), 4.84 (dd, J=13.9, 7.1 Hz, 1H, H2’), 4.75-4.90 (m, 1.4H, H2'),
4.60-4.65 (m, 1.4H, H2’), 4.05-4.25 (m, 1H and 2x1.4H, H1’ and H5),
4.01 (br d, J=2.9 Hz, 1H, H5), 3.95 (1/2ABq, J=15.3 Hz, 1.4H, CH,AT),
3.91 (1/2ABq, J=15.0 Hz, 1H, CH>Ar), 3.81 (s, 3x1.4H, OMe), 3.80 (s,
3H, OMe), 3.78 (s, 3H, OMe), 3.70 (s, 3x1.4H, OMe); *C NMR
(75.4 MHz, CDCl3) 6 173.4 and 173.7 (Cq, C2), 172.3 and 171.6 (Cq,
C4), 159.3 and 159.2 (Cq, Ar), 134.7 and 133.7 (Cq, Ar), 129.6 and
129.3 (3C, Cq, CH, Ar), 128.9 and 128.7 (2C, CH, Ar), 128.3 and 128.2
(CH, Ar), 128.1 and 127.8 (2C, CH, Ar), 114.3 and 114.2 (2C, CH, Ar),
96.0 and 95.3 (CH, C3), 75.0 and 74.9 (CHj, C2’), 61.6 and 60.6 (CH,
C5), 58.3 and 58.2 (CH3, OMe), 55.3 and 55.2 (CH3, OMe), 44.2 and
441 (CH, C1), 43.2 and 42.5 (CH», NCH2ATr).

4.3.5. Diethyl 2-{(R*)-1-[(R*)-2,5-dihydro-3-methoxy-5-oxo-1H-
pyrrol-2-ylJethylymalonate (anti-15) (Table 2, entry 4)

Prepared according to the representative VMMAR procedure
and utilizing diethyl 2-ethylidenemalonate (6) in place of 2. Re-
action conditions: pyrrolinone 1c¢ (30 mg, 1.0 equiv), malonate 6
(97 pL, 2.0 equiv), TMSOTf (97 puL, 2.0 equiv), EtsN (74 pL, 2.0 equiv),
reaction temperature —78 °C, reaction time 12 h. 'H NMR analysis
of the crude reaction mixture revealed a 30:1 anti/syn di-
astereomeric ratio. The crude residue was purified by silica gel flash
chromatography (EtOAc) to afford compound anti-15 in 98% yield.
Data for anti-15: a pale yellow oil; IR (neat) rmax 2981, 2941, 1731,
1685, 1622, 1460, 1367, 1269, 1230, 1174, 1032cm™!; 'H NMR
(300 MHz, CDCl3) 6 5.92 (br s, 1H, NH), 5.06 (d, J=0.8 Hz, 1H, H4"),
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4.10-4.30 (m, 5H, OCH,CH3 and H2"), 3.81 (s, 3H, OMe), 3.58 (d,
J=9.1Hz, 1H, H2), 2.71 (dqd, J=9.1, 7.0, 3.2 Hz, 1H, H1’), 1.28 (br t,
J=71Hz, 6H, OCH,CH3), 0.98 (d, J=7.0Hz, 3H, H2'); 3C NMR
(75.4 MHz, CDCl3) 6 176.7 (Cq, C5"), 173.8 (Cq, C3”), 168.3 and 168.2
(2Cq, COzEL), 95.2 (CH, C4"), 61.6 (2C, CH,, OCH,CH3), 59.2 (CH,
C2"), 58.4 (CH3, OMe), 53.5 (CH, C2), 34.9 (CH, C1"), 14.0 (2C,
0CH2CH3), 12.2 (CH3, C2’). Anal. Calcd for C14H2]N062 C, 56.18; H,
7.07; N, 4.68. Found: C, 56.01; H, 7.18; N, 4.50. The presence of
minor isomer syn-15 evidenced by 'H NMR analysis of the crude
reaction product could no longer be detected after column chro-
matography purification. Data for syn-15 (taken from the reaction
mixture): 'H NMR (300 MHz, CDCl3) 6 5.90 (br s, 1H, NH), 5.07 (br s,
1H, H4"), 4.10-4.30 (m, 5H, OCH,CH3 and H2"), 3.82 (s, 3H, OMe),
3.38 (d, J=8.2 Hz, 1H, H2), 2.70-2.85 (m, 1H, H1’), 1.25-1.35 (m, 6H,
OCH,CH3), 0.83 (d, J=6.8 Hz, 3H, H2').

4.3.6. Diethyl 2-{(R*)-1-[(R*)-1-(4-methoxybenzyl)-2,5-dihydro-3-
methoxy-5-oxo-1H-pyrrol-2-yl]ethyl}malonate (anti-16) and
diethyl 2-{(S*)-1-[(R*)-1-(4-methoxybenzyl)-2,5-dihydro-3-
methoxy-5-oxo-1H-pyrrol-2-yljethyl}malonate (syn-16) (Table 2,
entry 5)

Prepared according to the representative VMMAR procedure
and utilizing diethyl 2-ethylidenemalonate (6) in place of 2 and
pyrrolinone 1e in place of 1c. Reaction conditions: pyrrolinone 1e
(60 mg, 1.0 equiv), malonate 6 (94 pL, 2.0 equiv), TMSOTf (94 pL,
2.0 equiv), EtsN (72 uL, 2.0 equiv), reaction temperature —78 °C,
reaction time 12 h. '"H NMR analysis of the crude reaction mixture
revealed a 2:1 anti/syn diastereomeric ratio. Silica gel flash chro-
matographic purification (hexane/EtOAc 40:60) afforded anti-16 as
a colourless glassy solid (49.6 mg, 43% yield) and syn-16 as a pale
yellow glassy solid (24.2 mg, 21% yield). Data for anti-16: IR (neat)
vmax 2979, 2937, 1753, 1732, 1687, 1628, 1512, 1246 cm™'; '"H NMR
(300 MHz, CDCl3) 6 712 (d, J=8.6 Hz, 2H, Ar), 6.84 (br d, J=8.7 Hz,
2H, Ar), 5.15 (s, 1H, H4"), 5.11 (1/2ABq, J=15.6 Hz, 1H, CHAr), 4.00-
4.20 (m, 4H, OCH,CH3), 3.90 (1/2ABq, J=15.3 Hz, 1H, CH»Ar), 3.87
(br s, 1H, H2"”), 3.80 (s, 3H, OMe), 3.79 (s, 3H, OMe), 3.28 (d,
J=9.9 Hz, 1H, H2), 2.94 (dqd, J=9.8, 7.3, 2.6 Hz, 1H, H1’), 1.27 (t,
J=71 Hz, 3H, OCH,CH3), 1.23 (t, J=7.0 Hz, 3H, OCH,CH3), 0.98 (d,
J=7.2 Hz, 3H, H2'); 13C NMR (75.4 MHz, CDCl3) 6 175.1 (Cq, C5"),
172.3 (Cq, C3”), 168.0 (2C, Cq, COzEt), 158.9 (Cq, Ar), 129.3 (Cq, Ar),
129.1 (2C, CH, Ar), 114.1 (2C, CH, Ar), 95.1 (CH, C4"), 61.9 (CH, C2"),
61.6 and 61.5 (2C, CH,, OCH,CH3), 58.2 (CH3, OMe), 55.2 (CH3, OMe),
53.5 (CH, C2), 43.2 (CHy, NCH>Ar), 33.0 (CH, C1’), 14.0 and 13.9 (2C,
CHs, OCH,CH3), 12.9 (CH3, C2'). Anal. Calcd for CyH29NO7: C, 62.99;
H, 6.97; N, 3.34. Found: C, 63.11; H, 7.08; N, 3.14. Data for syn-16: IR
(neat) vmax 2977, 2934, 1755, 1732, 1689, 1626, 1511, 1240 cm™'; 'H
NMR (300 MHz, CDCl3) 6 7.30 (d, J=8.6 Hz, 2H, Ar), 6.84 (br d,
J=8.7Hz, 2H, Ar), 5.12 (s, 1H, H4"), 5.01 (1/2ABq, J=15.1 Hz, 1H,
CH,Ar), 4.00-4.20 (m, 4H, OCH,CH3), 4.02 (1/2ABq, J=15.1 Hz, 1H,
CH»Ar), 3.96 (d, J=2.4 Hz, 1H, H2"), 3.80 (s, 3H, OMe), 3.79 (s, 3H,
OMe), 3.70 (d, J=11.4 Hz, 1H, H2), 2.85 (dqd, J=11.0, 7.0, 2.4 Hz, 1H,
H1’), 127 (t, J=71Hz, 3H, OCH,CH3), 120 (t, J=7.0Hz, 3H,
OCH,CHs), 0.73 (d, J=6.9 Hz, 3H, H2'); '3C NMR (75.4 MHz, CDCl3)
0175.0(Cq, C5”),171.9 (Cq, C3"”),168.2 (Cq, CO,Et), 168.0 (Cq, COLEL),
158.9 (Cq, Ar), 129.8 (Cq, Ar), 129.7 (2C, CH, Ar), 113.8 (2C, CH, Ar),
95.5 (CH, C4”), 61.6 and 61.5 (2C, CH,, OCH,CH3), 60.3 (CH, C27),
58.2 (CH3, OMe), 55.2 (CH3, OMe), 54.2 (CH, C2), 43.6 (CHy,
NCH»Ar), 32.2 (CH, C1’), 14.0 and 13.9 (2C, CH3, OCH,CH3), 10.2
(CH3, C2'). Anal. Calcd for CyHa9NO7: C, 62.99; H, 6.97; N, 3.34.
Found: C, 62.82; H, 7.05; N, 3.50.

4.3.7. (2E)-Diethyl 2-[3-methoxy-5-0xo-1H-pyrrol-2(5H)-
ylidene|succinate (17) (Table 2, entry 6)

Prepared according to the representative VMMAR procedure
and utilizing diethyl but-2-ynedioate (7) in place of 2. Reaction
conditions: pyrrolinone 1c¢ (30 mg, 1.0 equiv), alkyne 7 (85 pL,

2.0 equiv), TMSOTf (97 uL, 2.0 equiv), EtsN (74 uL, 2.0 equiv), re-
action temperature —78 °C, reaction time 4h. Silica gel flash
chromatographic purification (hexane/EtOAc 33:67) afforded
compound 17 (68.5 mg, 83% yield). Data for 17: a white solid; mp
124-126 °C; IR (neat) vmax 2983, 1738, 1697, 1602, 1333, 1274,
1176 cm~!; TH NMR (300 MHz, CDCl3) 6 9.02 (br s, 1H, NH), 5.21 (d,
J=1.5Hz, 1H, H4'), 4.23 (q, J=7.1 Hz, 2H, OCH,CH3), 4.15 (q, J=7.1 Hz,
2H, OCH,CHs), 3.81 (s, 3H, OMe), 3.47 (s, 2H, H3), 1.30 (t, J=7.1 Hz,
3H, OCH,CH3), 1.24 (t, J=7.1 Hz, 3H, OCH,CH3); >*C NMR (75.4 MHz,
CDCl3) 6 171.4 and 169.0 (2C, Cq, C3’ and C5’), 167.2 and 165.9 (2C,
Cq, COEt), 1361 (C2'), 108.1 (C2), 95.1 (C4'), 614 (2C, CHy,
OCH,CHj3), 58.5 (CH3, OMe), 35.9 (CHa, C3), 14.0 and 13.9 (2C, CHs,
OCH,CH3). Anal. Calcd for C13H17NOg: C, 55.12; H, 6.05; N, 4.94.
Found: C, 55.24; H, 5.94; N, 4.79.

4.3.8. (2E)-Diethyl 2-[1-(4-methoxybenzyl)-3-methoxy-5-oxo-1H-
pyrrol-2(5H)-ylidene]succinate (18) (Table 2, entry 7)

Prepared according to the representative VMMAR procedure
and utilizing diethyl but-2-ynedioate (7) in place of 2 and pyrroli-
none 1e in place of 1c. Reaction conditions: pyrrolinone 1e (62 mg,
1.0 equiv), alkyne 7 (85 pL, 2.0 equiv), TMSOTf (96 uL, 2.0 equiv),
Et3N (74 pL, 2.0 equiv), reaction temperature —70 °C, reaction time
4 h. Silica gel flash chromatographic purification (hexane/EtOAc
40:60) afforded compound 18 (42.4 mg, 37% yield), along with the
expected VMMAR products (maleate isomer, 12%; fumarate isomer,
18%), as well as recovered pyrrolinone 1e (13%). Data for 18: IR
(neat) ymax 2981, 2937,1731,1707,1612, 1514, 1336,1246,1174 cm™;
TH NMR (300 MHz, CDCl3) ¢ 7.08 (d, J=8.8 Hz, 2H, Ar), 6.86 (br d,
J=8.7Hz, 2H, Ar), 5.32 (s, 1H, H4’), 4.92 (s, 2H, CH)Ar), 4.23 (q,
J=7.2 Hz, 2H, OCH,CH3), 4.16 (q,J=7.2 Hz, 2H, OCH,CH3), 3.85 (s, 3H,
OMe), 3.80 (s, 3H, OMe), 3.32 (s, 2H, H3), 1.32 (t, J=7.2 Hz, 3H,
OCH,CH3), 1.26 (t, J=7.2 Hz, 3H, OCH,CHs); 3C NMR (75.4 MHz,
CDCl3) 6 170.7 and 169.3 (2C, Cq, C3’ and C5’), 168.8 and 166.1 (2C,
Cq, CO,Et), 158.8 (Cq, Ar), 136.9 (C2’), 129.9 (Cq, Ar), 128.0 (2C, CH,
Ar), 114.3 (2C, CH, Ar), 108.8 (C2), 93.2 (C4’), 61.5 and 61.4 (2C, CH,,
OCH,CH3), 58.6 (CH3, OMe), 55.3 (CH3, OMe), 43.9 (CHy, NCH»Ar),
35.9 (CHy, C3), 14.1 and 14.0 (2C, CH3, OCH,CH3). Anal. Calcd for
Co1H25NO7: C, 62.52; H, 6.25; N, 3.47. Found: C, 62.39; H, 6.37; N,
3.40. Data for diethyl 2-[(2R*)-1-(4-methoxybenzyl)-2,5-dihydro-3-
methoxy-5-oxo-1H-pyrrol-2-yljmaleate (not shown): 'H NMR
(300 MHz, CDCl3) 6 7.16 (d, J=8.5 Hz, 2H, Ar), 6.86 (br d, J=8.6 Hz,
2H, Ar), 5.97 (d, J=0.5Hz, 1H, H3), 5.18 (1/2ABq, J=15.0 Hz, 1H,
CH,Ar), 5.11 (d, J=0.5 Hz, 1H, H4’), 4.41 (br s, 1H, H2’), 4.10-4.40 (m,
4H, OCH,CH3), 3.80 (s, 3H, OMe), 3.79 (1/2ABq, J=14.9 Hz, 1H,
CH,Ar), 3.78 (s, 3H, OMe), 1.25-1.35 (m, 6H, OCH,CHs); *C NMR
(75.4 MHz, CDCl3) ¢ 173.2 (Cq, C5"), 171.3 (Cq, C3"), 164.8 (Cq,
CO,Et), 163.8 (Cq, COzEt), 159.1 (Cq, Ar), 143.1 (Cq, C2),129.7 (2C, CH,
Ar), 129.0 (Cq, Ar),125.5 (CH, C3), 114.1 (2C, CH, Ar), 94.4 (CH, C4'),
62.0 and 61.8 (2C, CH,, OCH,CH3), 61.4 (CH, C2’), 58.6 (CH3, OMe),
55.3 (CH3, OMe), 42.7 (CH;, NCH>Ar), 14.0 (2C, CH3, OCH2CH3). Data
for diethyl 2-[(2R*)-1-(4-methoxybenzyl)-2,5-dihydro-3-methoxy-5-
oxo-1H-pyrrol-2-yl]fumarate (not shown): 'H NMR (300 MHz,
DMSO-dg, 85 °C) 6 7.02 (d, J=8.6 Hz, 2H, Ar), 6.82 (d, J=8.6 Hz, 2H,
Ar), 6.80 (s, 1H, H3), 5.70 (br s, 1H, H2’), 5.25 (s, 1H, H4’), 4.56 (1/
2ABq, J=15.3 Hz, 1H, CH»Ar), 4.10 (m, 4H, OCH,CH3), 3.97 (1/2ABq,
J=15.3 Hz, 1H, CH>Ar), 3.75 (s, 3H, OMe), 3.72 (s, 3H, OMe), 1.18 (m,
6H, OCH,CH3).

4.3.9. (Rx)-1-(4-Methoxybenzyl)-4-methoxy-5-[(R*)-3-
oxocyclohexyl]-1H-pyrrol-2(5H)-one (anti-19) and (R*)-1-(4-
methoxybenzyl)-4-methoxy-5-[(S*)-3-oxocyclohexyl]-1H-pyrrol-
2(5H)-one (syn-19) (Table 2, entry 12)

Prepared according to the representative VMMAR procedure
and utilizing cyclohex-2-enone (11) in place of 2 and pyrrolinone 1e
in place of 1c. Reaction conditions: pyrrolinone 1e (60 mg,
1.0 equiv), ketone 11 (50 puL, 2.0 equiv), TMSOTf (94 uL, 2.0 equiv),
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Et3N (72 pL, 2.0 equiv), reaction temperature —20 °C, reaction time
12 h. "H NMR analysis of the crude reaction mixture revealed a 1.2:1
anti/syn diastereomeric ratio. Silica gel flash chromatographic pu-
rification (hexane/EtOAc 20:80) afforded anti-19 and syn-19 as
a white solid in a 90% combined yield (75.3 mg). Data for 1.2:1 anti-
19/syn-19 mixture: 'H NMR (300 MHz, CDCl3) 6 7.13 (d, J=8.5 Hz,
2x1.2H, Ar), 7.09 (d, J=8.4 Hz, 2H, Ar), 6.80-6.85 (m, 2x1.2H and
2H, Ar), 5.14 (s, 1.2H and 1H, H3), 5.12 (1/2ABq, J=15.2 Hz, 1H,
CH,Ar), 5.00 (1/2ABq, J=15.2Hz, 1.2H, CH,Ar), 4.04 (1/2ABq,
J=15.2 Hz, 1.2H, CH,Ar), 3.86 (1/2ABq, J=15.2 Hz, 1H, CH»Ar), 3.79
(s, 6x1.2H and 6H, OMe), 3.75-3.80 (m, 1H, H5), 3.71 (d, J=2.1 Hz,
1.2H, H5), 2.45-2.55 (m, 1.2H, Alk), 2.35-2.40 (m, 1.2H and 1H, Alk),
2.1-2.3 (m, 3x1.2H and 3H), 1.9-2.1 (m, 1x1.2H and 2H), 1.3-1.9 (m,
3x1.2H and 3H); *C NMR (75.4 MHz, CDCl3) ¢ 183.2 and 182.8 (Cq,
C3'),175.1 and 174.7 (Cq, C2),172.1 and 171.8 (Cq, C4), 159.0 (2C, Cq,
Ar),129.4 (2C, Cq, Ar), 129.2 and 129.1 (2C, CH, Ar), 114.1 and 114.0
(2C, CH, Ar), 95.3 and 94.9 (CH, C3), 62.6 and 62.2 (CH, C5), 58.2 (2C,
OMe), 55.2 (2C, OMe), 43.5 and 43.0 (CH;, NCHAr), 43.4 and 41.8
(CHy, Alk), 41.3 and 41.2 (CHj, Alk), 38.5 and 38.3 (CH,, Alk), 26.8
and 24.8 (CH,, Alk), 25.4 and 25.2 (CH, Alk).

4.3.10. 1-(4-Methoxybenzyl)-4-methoxy-5,5-bis(3-oxopentyl)-1H-
pyrrol-2(5H)-one (20) (Table 2, entry 13)

Prepared according to the representative VMMAR procedure
and utilizing pent-1-en-3-one (12) in place of 2 and pyrrolinone 1e
in place of 1c. Reaction conditions: pyrrolinone 1e (60 mg,
1.0 equiv), ketone 12 (51 pL, 2.0 equiv), TMSOTf (94 pL, 2.0 equiv),
EtsN (72 pL, 2.0 equiv), reaction temperature 22 °C, reaction time
12 h. Silica gel flash chromatographic purification (hexane/EtOAc
40:60) afforded compound 20 (56 mg, 53% yield), along with
a mono-alkylated y-isomer (14 mg, 17%, not shown), as well as
recovered 1e (13 mg, 22%). Data for 20: a white solid; IR (neat) ymax
2937, 1712, 1676, 1630, 1512, 1342, 1244 cm~'; "H NMR (300 MHz,
CDCl3) 6 7.35 (br d, J=8.7 Hz, 2H, Ar), 6.78 (br d, J=8.6 Hz, 2H, Ar),
5.13 (s, 1H, H3), 4.29 (s, 2H, CH»Ar), 3.75 (s, 3H, OMe), 3.74 (s, 3H,
OMe), 2.0-2.2 and 1.8-2.0 (m, 12H, H1/, H2/, H4’), 0.93 (t, J=7.3 Hz,
6H, H5'); 3C NMR (75.4 MHz, CDCl3) 6 209.7 (2C, Cq, C3'),175.7 (Cq,
C2),171.3 (Cq, C4), 158.9 (Cq, Ar), 130.6 (Cq, Ar), 130.3 (2C, CH, Ar),
113.8 (2C, CH, Ar), 94.6 (CH, C3), 67.8 (Cq, C5), 58.2 (CH3, OMe), 55.2
(CH3, OMe), 41.3 (CH2, NCH3Ar), 35.7 (2C, CHp, C2’ or C4'), 35.3 (2C,
CH,, C4’ or C2'), 28.2 (2C, CH,, C1"), 7.6 (2C, CH3, C5’). Anal. Calcd for
C23H31NOs: C, 68.80; H, 7.78; N, 3.49. Found: C, 68.65; H, 7.91; N,
3.40.

4.3.11. X-ray structure determination of compound syn-13

Mp 183-185°C; Cy3H14N204, M=262.29, T=298(2)K,
2=0.710373 A, monoclinic, space group P2i/a, a=9.406(1)A,
b=10.874(1) A, c=13.126(2) A, 8=98.906(2)°, V=1326.4(3) A3, Z=4,
deaica=1.313 Mg/m?,  p=0.086 mm~!,  F000)=552, crystal
size=0.30x0.30x0.20 mm°>, reflections collected=14,733, in-
dependent reflections=2618 [R(int)=0.0305], refinement method-
=full-matrix least-squares on F?, goodness-of-fit on F?=1.075, final
R indices [I>20(I)] R1=0.0652, wR»=0.2271, largest diff. peak and
hole=0.70 and —0.31 e A3,

Crystallographic data for the structure in this paper have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 695318. Copies of the data can
be obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44 (0) 1223 336033 or e-mail:
deposit@ccdc.cam.ac.uk).

Acknowledgements
This work was supported by Universita di Parma. We thank the

Centro Interdipartimentale Misure ‘G. Casnati’ (Universita di
Parma) for instrumental facilities. A post-doctoral fellowship to P.B.

from Centro Interdisciplinare di Studi Bio-Molecolari e Applicazioni
Industriali (CISI, Milano, Italy) is gratefully acknowledged.

References and notes

Ju

. (@) Narasaki, K.; Soai, K.; Mukaiyama, T. Chem. Lett. 1974, 1223-1224; (b) Oare,
D. A.; Heathcock, C. A. In Topics in Stereochemistry; Eliel, E. L., Wilen, S. H., Eds.;
Wiley: New York, NY, 1991; Vol. 20, pp 124-170; (c) Comprehensive Asymmetric
Catalysis; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: New York, NY,
1999; Chapter 31; (d) Evans, D. A.; Scheidt, K. A.; Johnston, J. N.; Willis, M. C.
J. Am. Chem. Soc. 2001, 123, 4480-4491.

. For comprehensive review articles on the chemo- and regiochemical issues and
notable applications of the vinylogous aldol-type chemistry, see: (a) Hosokawa,
S.; Tatsuta, K. Mini-Rev. Org. Chem. 2008, 5, 1-18; (b) Denmark, S. E.; Heemstra,
J. R, Jr.J. Org. Chem. 2007, 72, 5668-5688; (c) Kalesse, M. Top. Curr. Chem. 2005,
244, 43-76; (d) Denmark, S. E.; Heemstra, . R,, Jr.; Beutner, G. L. Angew. Chem.,
Int. Ed. 2005, 44, 4682-4698; (e) Soriente, A.; De Rosa, M.; Villano, R.; Scettri, A.
Curr. Org. Chem. 2004, 8, 993-1007; (f) Casiraghi, G.; Zanardi, F.; Appendino, G.;
Rassu, G. Chem. Rev. 2000, 100, 1929-1972.

. (a) Kitajima, H.; Ito, K.; Katsuki, T. Tetrahedron 1997, 53, 17015-17028; (b) Ki-
tajima, H.; Ito, K.; Katsuki, T. Synlett 1997, 568-570; (c) Nishikori, H.; Ito, K.;
Katsuki, T. Tetrahedron: Asymmetry 1998, 9, 1165-1170.

4. In similar reactions involving 2-(trimethylsilyloxy)furans and 3-alkenoyl-1,3-
oxazolidin-2-ones, good to excellent diastereo- and enantioselectivity were
obtained, by exploiting pyridine bis(oxazoline) (pybox)-lanthanide complexes
or binaphthyldiimine-Ni(Il) complexes: (a) Desimoni, G.; Faita, G.; Filippone, S.;
Mella, M.; Zampori, M. G.; Zema, M. Tetrahedron 2001, 57, 10203-10212; (b)
Suga, H.; Kitamura, T.; Kekahi, A.; Baba, T. Chem. Commun. 2004, 1414-1415.

. Brown, S. P.; Goodwin, N. C.; MacMillan, D. W. C. J. Am. Chem. Soc. 2003, 125,
1192-1194.

6. This reaction was also exploited during the enantioselective synthesis of

(+)-compactin; here, a crucial role played by the unsaturated aldehyde ac-

ceptor was highlighted in guiding the overall stereoselection of the organo-

catalyzed process: Robichaud, J.; Trembaly, F. Org. Lett. 2006, 8, 597-600.

For examples of ‘indirect’ VMMAR, see: (a) Marcos, I.; Redero, E.; Bermejo, F.

Tetrahedron Lett. 2000, 41, 8451-8455; (b) Arroyo, Y.; de Paz, M.; Rodriguez, ]. F.;

Sanz-Tejedor, M. A.; Garcia Ruano, J. L. J. Org. Chem. 2002, 67, 5638-5643; (c)

Huang, Y.; Walji, A. M.; Larsen, C. H.; MacMillan, D. W. C. J. Am. Chem. Soc. 2005,

127, 15051-15053; (d) Barluenga, J.; de Prado, A.; Santamaria, J.; Tomas, M.

Angew. Chem., Int. Ed. 2005, 44, 6583-6585; (e) Suga, H.; Takemoto, H.; Kekehi,

A. Heterocycles 2007, 71, 361-371; (f) He, W.; Huang, J.; Sun, X.; Frontier, A. J. J.

Am. Chem. Soc. 2008, 130, 300-308; (g) Takahashi, A.; Yanai, H.; Taguchi, T.

Chem. Commun. 2008, 2385-2387.

. Recent achievements: (a) Evans, D. A.; Downey, C. W.; Hubbs, J. L. J. Am. Chem.
Soc. 2003, 125, 8706-8707; (b) Saito, S.; Kobayashi, S. J. Am. Chem. Soc. 2006,
128, 8704-8705; (c) Shibasaki, M.; Yoshikawa, N. Chem. Rev. 2002, 102, 2187~
2209; (d) Abramite, J. A.; Sammakia, T. Org. Lett. 2007, 9, 2103-2106; (e) Ya-
maguchi, A.; Matsunaga, S.; Shibasaki, M. Org. Lett. 2008, 10, 2319-2322; (f)
Schetter, B.; Ziemer, B.; Schnakenburg, G.; Mahrwald, R. J. Org. Chem. 2008, 73,
813-819.

9. Leading references: (a) Tetrahedron Symposia-in-Print Number 116; KoCovsky, P.,
Malkov, A. V., Eds.; Organocatalysis in Organic Synthesis; 2006; 62, pp 243-502;
(b) Mukherjee, S.; Yang, J. W.; Hoffmann, S.; List, B. Chem. Rev. 2007, 107, 5471-
5569; (c) Tsogoeva, S. B. Eur. J. Org. Chem. 2007, 1701-1716; (d) Garcia-Garcia, P.;
Ladépéche, A.; Halder, R.; List, B. Angew. Chem., Int. Ed. 2008, 47, 4719-4721.

10. Recent achievements: (a) Hoye, T. R.; Dvornikovs, V.; Sizova, E. Org. Lett. 2006,
8, 5191-5194; (b) Downey, C. W.; Johnson, M. W. Tetrahedron Lett. 2007, 48,
3559-3562; (c) Downey, C. W.; Johnson, M. W.; Tracy, K. J. J. Org. Chem. 2008,
73,3299-3302; (d) Luo, S.; Xu, H.; Chen, L.; Cheng, J.-P. Org. Lett. 2008, 10, 1775-
1778; (e) Garzelli, R.; Samaritani, S.; Malanga, C. Tetrahedron 2008, 64, 4183-
4186.

11. (a) Rassu, G.; Auzzas, L.; Pinna, L.; Battistini, L.; Zanardi, F.; Marzocchi, L.; Ac-
quotti, D.; Casiraghi, G. J. Org. Chem. 2000, 65, 6307-6318; (b) Rassu, G.; Auzzas,
L.; Pinna, L.; Zambrano, V.; Battistini, L.; Zanardi, F.; Marzocchi, L.; Acquotti, D.;
Casiraghi, G. J. Org. Chem. 2001, 66, 8070-8075; (c) Zanardi, F.; Battistini, L.;
Marzocchi, L.; Acquotti, D.; Rassu, G.; Pinna, L.; Auzzas, L.; Zambrano, V.; Ca-
siraghi, G. Eur. J. Org. Chem. 2002, 1956-1964; (d) Rassu, G.; Auzzas, L.; Pinna, L;
Zambrano, V.; Zanardji, F.; Battistini, L.; Marzocchi, L.; Acquotti, D.; Casiraghi, G.
J. Org. Chem. 2002, 67, 5338-5342; (e) 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; (f) Rassu, G.; Auzzas, L.; Zambrano, V.; Burreddu, P.; Pinna, L.;
Battistini, L.; Zanardi, F.; Casiraghi, G. J. Org. Chem. 2004, 69, 1625-1628. See
also: (g) Rassu, G.; Auzzas, L.; Pinna, L.; Battistini, L.; Curti, C. In Studies in
Natural Products Chemistry; Atta-ur-Rahman, Ed.; Bioactive Natural Products
(Part]); Elsevier Science B.V.: Amsterdam, 2003; Vol. 29, pp 449-520; (h) Rassu,
G.; Auzzas, L.; Battistini, L.; Casiraghi, G. Mini-Rev. in Org. Chem. 2004, 1,
233-247; (i) Arjona, O.; Gémez, A. M.; Lopez, ]. C.; Plumet, ]. Chem. Rev. 2007,
107,1919-2036.

12. Curti, C.; Sartori, A.; Battistini, L.; Rassu, G.; Burreddu, P.; Zanardi, F.; Casiraghi,
G. J. Org. Chem. 2008, 73, 5446-5451.

13. During the reaction course, clear evidence of formation of the N-trimethylsilyl
adduct from the starting pyrrolinone was observed (TLC, NMR), which returned
N-deprotected pyrrolinone under the slightly acidic quenching conditions.

14. For a comprehensive survey on these topics, see: Noteworthily, the presence of

an alkoxy substituent at the C4 position of the ring influences the chemical

N

w

w

~

oo


mailto:deposit@ccdc.cam.ac.uk

16.

17.

A. Sartori et al. / Tetrahedron 64 (2008) 11697-11705 11705

behavior of the pyrrolinone nucleus, deeply affecting the acidity of the H5-
protons, as well as the diverse nucleophilic character at the C3 and C5 carbon
atoms. For a comprehensive survey on these topics, see: Royles, B. J. Chem. Rev.
1995, 95, 1981-2001.

. Compounds 1c-1e are known substances, which have been nicely exploited in

both alkylation and aldol additions/condensations: Li or Na-dienolates: (a)
Jones, R. C. E; Patience, J. M. J. Chem. Soc., Perkin Trans. 11990, 2350-2351; (b)
Jones, R. C. F.; Bates, A. D. Tetrahedron Lett. 1986, 27, 5285-5288; (c) Hunter, R.;
Richards, P. Synlett 2003, 271-273; (d) Fiirstner, A.; Radkowski, K.; Peters, H.;
Seidel, G.; Wirtz, C.; Mynott, R.; Lehmann, C. W. Chem.—Eur. J. 2007, 13, 1929-
1945; (e) Reeves, ]. T. Org. Lett. 2007, 9, 1879-1881; (f) Si-dienolates: Hunter, R.;
Rees-Jones, S. C. M.; Su, H. Tetrahedron Lett. 2007, 48, 2819-2822.

For examples of tertiary amine-catalyzed direct aldol reactions, see: (a) Sarma,
K. D.; Zhang, ].; Curran, T. T. J. Org. Chem. 2007, 72, 3311-3318; (b) Markert, M.;
Mulzer, M.; Schetter, B.; Mahrwald, R. J. Am. Chem. Soc. 2007, 129, 7258-7259.
Addition of 1c to cinnamaldehyde was also tested, with exclusive, low-yielding
production of the trimethylsilyl-protected carbinol from 1,2-carbonyl addition attack.

18. According to this line of reasoning, complete lack of reactivity between 1c¢ and

Z-configured cyclic acceptor 11 could be attributed to the fact that both possible
tight transition state models VII and VIII are sterically encumbered and in-
herently unfavoured.

19. Duc, L.; McGarrity, J. E; Meul, T.; Warma, A. Synthesis 1992, 391-394.



	Direct-type vinylogous Mukaiyama-Michael addition reactions involving pyrrolinone donors
	Introduction
	Results and discussion
	Conclusion
	Experimental section
	General
	Materials
	Experimental procedures and compounds characterization
	Representative procedure for the vinylogous Mukaiyama&ndash;Michael addition reaction (VMMAR) between pyrrolinones 1 and Michael acceptors: preparation of 2,2,2-trifluoroethyl 3-[(2R&lowast;)-2,5-d
ihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl]propanoate (3c) and bis(2,2,2-trifluoroethyl) 3,3&prime;-(2,5-dihydro-3-methoxy-5-oxo-1H-pyrrole-2,2-diyl)dipropanoate (4c) (Table 1, entry 4)
	2,2,2-Trifluoroethyl 3-[(2R&lowast;)-1-(4-methoxybenzyl)-2,5-dihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl]propanoate (3e) and bis(2,2,2-trifluoroethyl) 3,3&prime;-[1-(4-methoxybenzyl)-2,5-dihydro-3
-methoxy-5-oxo-1H-pyrrole-2,2-diyl]dipropanoate (4e) (Table 1, entry 12)
	(R&lowast;)-4-Methoxy-5-[(R&lowast;)-2-nitro-1-phenylethyl]-1H-pyrrol-2(5H)-one (anti-13) and (R&lowast;)-4-methoxy-5-[(S&lowast;)-2-nitro-1-phenylethyl]-1H-pyrrol-2(5H)-one (syn-13) (
Table 2, entry 1)
	(R&lowast;)-1-(4-Methoxybenzyl)-4-methoxy-5-[(R&lowast;)-2-nitro-1-phenylethyl]-1H-pyrrol-2(5H)-one (anti-14) and (R&lowast;)-1-(4-methoxybenzyl)-4-methoxy-5-[(S&lowast;)-2-nitro-1-phen
ylethyl]-1H-pyrrol-2(5H)-one (syn-14) (Table 2, entry 2)
	Diethyl 2-{(R&lowast;)-1-[(R&lowast;)-2,5-dihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl]ethyl}malonate (anti-15) (Table 2, entry 4)
	Diethyl 2-{(R&lowast;)-1-[(R&lowast;)-1-(4-methoxybenzyl)-2,5-dihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl]ethyl}malonate (anti-16) and diethyl 2-{(S&lowast;)-1-[(R&lowast;)-1-(4-methoxybenzyl)
-2,5-dihydro-3-methoxy-5-oxo-1H-pyrrol-2-yl]ethyl}malonate (syn-16) (Table 2, entry 5)
	(2E)-Diethyl 2-[3-methoxy-5-oxo-1H-pyrrol-2(5H)-ylidene]succinate (17) (Table 2, entry 6)
	(2E)-Diethyl 2-[1-(4-methoxybenzyl)-3-methoxy-5-oxo-1H-pyrrol-2(5H)-ylidene]succinate (18) (Table 2, entry 7)
	(R&lowast;)-1-(4-Methoxybenzyl)-4-methoxy-5-[(R&lowast;)-3-oxocyclohexyl]-1H-pyrrol-2(5H)-one (anti-19) and (R&lowast;)-1-(4-methoxybenzyl)-4-methoxy-5-[(S&lowast;)-3-oxocyclohexyl]-1H-
pyrrol-2(5H)-one (syn-19) (Table 2, entry 12)
	1-(4-Methoxybenzyl)-4-methoxy-5,5-bis(3-oxopentyl)-1H-pyrrol-2(5H)-one (20) (Table 2, entry 13)
	X-ray structure determination of compound syn-13


	Acknowledgements
	References and notes


