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Alkylations of proline-based imidazolidinones aresdribed based on the principle of self-
regeneration of stereocenters (SRS), affording keghbls of either theis or trans configurec
products. Stereoselectivity is dictated solelytba nature of thétemporary” group, whel
isobutyraldehyde-derived imidazolidinones providee tcis configured products and 1-
naphthaldehyde-derived imidazolidinones afford ¢benplementaryrans configured product
These stereodivergent products can be readily ettawe afford botha-alkylated prolin
enantiomers from readily availableproline. A series of imidazolidinones were alkglahttc
investigate the origin of thanti-selectivity. Potential contributions toward thieservedanti-
selectivity are discussed on the basis of thesererpnts,suggesting a refined hypothesis
selectivity may be in order.
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I ntroduction Background: ' In Seebach’s original self-regeneration of
stereocenters with proline, an oxazolidinone based o

The self-regeneration of stereocenters (SRS), piaae by
Seebach, has been well-established as a sound métho
generating compounds with extremely high levels

conserve the existing stereogenicity in a convehjesccessed
starting material via a sequence of diastereoseteprocesses.
The overall sequence, illustrated toalkylation in Fig. 1, can be
considered as follows: (1) diastereoselectively chttaa

“temporary” group to the starting material based tre

prevailing stereochemistry; (2) execute a secoadsformation
in a diastereoselective fashion, steered by theeatbemistry
associated with that temporary group; and (3) remtve

temporary group. This net process accomplishesrigadization

that, if executed differently, would destroy the gamating

stereochemistry. This generalized process has applied in a
multitude of contexts based on amino acidghydroxy acids,
among other motifs.
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Fig. 1. General concept for Self-Regeneration of Stemetezs (SRS).

As part of an overarching strategy for novel catalgtrected
C-H functionalizations based on temporary molecataffolds
we had discovered compounds reminiscent of the tstalc
classes that are synthesized via SRS chemistry, @gdel,
Fig. 2). These compounds were designed to covglatttich to
carbonyl substrates, and when attached (as imidtzolies),
could induce site-specific Pd-catalyzed acetoxgteti and
olefinations on bottsp> and sp*-hybridized bonds. Given the
observed ability of these molecules to impart teiactivity, we
desired a simple and direct approach to this otdisscaffolds,
ideally with sufficient modularity to accommodateriagions in
both amide and ligating group. More generally, greposed
approach could provide ready access to a rangedfaternary

proline derviatives:* Last year, we reported the complementaryhindered, concave face.

of
stereoenrichmerit. The general conceit of this method is to

pivalaldehyde is generated, and alkylation occuosflithium
enolate5 to form oxazolidinonecis-6 (Fig. 3)%’ The use of
pivalaldehyde is common in SRS chemistry; the mgks and
inertness of thdert-butyl group reliably imparts steric-driven
selectivities. Diastereoselection in this particydaocess have
been reported to be consistently excellent. AsyrBrelationship
between theert-butyl group and the electrophile is observed,
originating from the preference of the bulkyBu group to be
positioned on the convex face of the bicyclic systeA noted
oxidative sensitivity of this molecule was addresgdWang
and Germanas, where they applied the more robustatfiased
oxazolidinone exo-7 in similar alkylative processé&S. This
overall method has been widely employed to acaegsaternary
proline-based amino acids.

Seebach (ref 6)

H o OLi E
T\  LDA = E+ °
N\/ —_— N\/ —> N\/

A Me A Me j Me
Me/;e Me/ge Me/ye
exo-4 5 cis-6

Germanas (ref 8)

H 2 E P
e 2.
[o] E+ [o]
N\_/ N\_/
A Cl A Cl
CI/E CI/\;
exo-7 cis-8

Fig. 3. Seebach and Germanas SRS approaches|taternary proline
derivatives.

A report from Hughes and Trauner on the syntheses of

amathaspiramide F described an intriguing revexaklectivity
using structurally similar proline-based imidazoiohes (Fig.
4)1° In this particular case, the key transformatiovoived the
pregeneration of a silyl enol ether and a subsdqoenjugate
addition to a nitroolefin. Here, stereoselectivgyhypothesized
to be governed by the staggered orientations of-Bwe group,
the amide methyl substituent, and the bulky TBSugsoin the
enol ether. Both large groups reside on the corfsez of the
bicycle, and thus the electrophile approaches fitie less
This stereochemical hgsighwas

generation obi-quaternary proline-based amino amides based oBupported by the alkylation of lithium enolats which
SRS chemistry, where we found that the structure hef t demonstrated opposite facial selectivity in thejegate addition,

“temporary” substituent had a direct impact on
stereochemical outcome of enolate alkylations (E)§. Herein,
we report our overall observations in this alkylatichemistry,
including a more thorough analysis of this “tempgta
substituent that suggests the need for refinementooriginal
hypothesis of the stereochemical rationale.
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Fig. 2. Molecular scaffolds for C—H functionalizatiomsotivation for
complementargt-quaternary amino amide synthesis.

themore aligned with Seebach’s and others’ originaés&$
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Fig. 4. Trauner observation tafans-selectivity in silyl enol ether
alkylations.



Results and Discussion

With this backdrop, we set out to establish theesigenicity
that would arise from alkylation processes of thelipe-based
imidazolidinones using SRS chemistry. Taking irocount
Trauner's findings specificall¥y, it was important to confirm the
stereochemical outcome of these alkylations. &ensal he had
observed could have potentially arisen via two dbating
factors: (1) potentially differential alkylation$ oxazolindinones
vs. imidazolidinones, and (2) potentially diffenahtalkylations
of lithium enolates vs. silyl enol ethers. We apte investigate
lithium enolates as our nucleophilic species, natéd by our
desire to install a range of alkyl and other norboayl
electrophiles.

Imidazolidinoneexo-15 was synthesized via combination of
the phenyl amide of proline with isobutyraldehydelemnacidic
conditions (Scheme 1j. The imidazolidinone was formed

exclusively as thexo diastereomer, confirmed by NOE analysis.

This compound was then alkylated using LDA and Meid a
productcis-16a was formed as a single diastereomer. THe (
stereochemistry was confirmed via subsequent acidavage of
the imidazolidinone, where the optical rotation @ulting amino
amide matched the rotation of the amino amide ieddpntly
synthesized via the Germanas/Wang protdtol. This
stereochemical outcome is therefore consistent tith facial
selectivity expected based on Seebach’s originaeoations;’
in that the electrophile adds syn to the isoprogrdup. The
outcome also further corroborates Trauner's hymishéor his
observed stereochemical rever€ah that the silyl group of enol
ether10 (Fig. 4) was impactful, likely blocking the convéace
from reactivity.

[o]

H
isobutyraldehyde B NOE
o MgSO, Interaction
- N-Ph
N - N/
H NHPh PhCH,4/AcOH (5:1)
110°C J~Me
14 86% yield Me
exo-15
>99% ee
o]
LDA Me
THF/hexanes (3:1) z TsOH-H,0 Me
78 >0°C N-Ph  PhNH, S0
—_— N/ —_— N
then Mel B MeOH, 100 °C H NHPh
THF/hexanes (5:1) /Me 86% yield
-78 — 23 ° Me
83% yield cis-16a (S)-17a
>95:5dr
H o LDA NHLi
H THF/hexanes ©/
() 78 —=0°C
N \/ N \/ —— > (S5)-17a
then Mel THF, -78 — 23 °C
THF/hexanes 64% yield
/g T o/5C
exo- 7 cis-8a

Scheme 1. Imidazolidinone formation, alkylation, and stechemical
confirmation.

The highly selective alkylations established a @ment
method for accessing tleequaternary amino amide motif with
high levels of enantioenrichment. lllustrated iable 1, we
evaluated both imidazolidinonexo-15 and the Na-Bu variant
(exo-19) with a variety of electrophiles under these alkyk
conditions (LDA, THF/hexanes, -78 23 °C). Good yields
were generally observed, with all transformationscpealing
with  excellent diastereoselecivity (>95:5 favoringyns
alkylation). Included in these electrophiles iflusropyridine,
representing a straightforward strategy for synttiegi our
aforementioned targeted molecular scaffdldsithium chloride
as an additive was notably helpful for this speciiectrophile.
The benefits of LiCl as an additive in anionic dudfis to glycine
methyl ester have been notédy similar Lewis acid coordination
of the pyridyl electrophile may be operative here.

Table 1
Syn-selective alkylations of isobutyraldehyde-basediarolidinones.
o LDA o
THF/hexanes (3:1)
-78 - 0°C syn-selective

H
</\|EK/N-R alkylations
F~m
Me/\ °
exo-15 (R =Ph)
exo-19 (R = n-Bu)

E
N~

/=\Me
Me
cis-16a-g (R = Ph)
cis-20a-g (R = n-Bu)

Alkylation dr |sol. yield of

then electrophile
THF/hexanes (5:1)
-78 - 23°C

Entry R Electrophile Product

(syn/anti)2  cis diast. (%)
1 Ph cis-16a >95: 5 83
2 n-Bu Mel cis-20a >95: 5 73
T Ten TR cis16b  >95:5 o
Anpu T emmn eSS s
5 Ph cis-16¢ >95:5 77
6 nBu n-BuBr cis-20c  95:5 83
T en T cis-16d  >95:5 82
8  nBu s cis-20d  >95:5 74
9 Ph Me cis-16e >95: 5 95
10 nBu Ve Br cis-20e  >95:5 62
T Ao~ o cisi6f | >95:5 - %
12 n-Bu cis-20f >95:5 31
13b Ph 1 = cis-16g >95: 5 92
146 p-Bu N F cis-20g >95: 5 64

aDi ic ratio

by 'H NMR. b LiCI (1.1 equiv) added.

Cleavage of the imidazolidinones would result iroawenient
route to enantioenrichedx-quaternary amino amides. As
mentioned above, acid-mediated aminolysis (PHNIHOHHO,
MeOH, 100 °C) was effective for the formation of amib&
(Scheme 1), but reactivity was not uniform. Stdlychindered
systems in general were much less reactive. Wethgpized
that hydroxylamine would lead to enhanced imidazotide
cleavage, due to its increased nucleophiltéitand/or the
resulting stability of the oxime byprodu@t:® Indeed, we found
that this proved to be true, and sevematjuaternary amino
amides were afforded via this aminolysis (Table 2).

Table2
Aminolysis of alkylated isobutyraldehyde-based iazdlidinones.
Rz 0
N_R!  H:NOHHCI o
N
\/ H,O/MeOH (5:1) N NHR!
J~Me 100-110 °C
Me 17a-c
cis-16a-c 21a-c
cis-20a-c
Entry  Imidazolidinone R? R2 Amide Isolated yield (%)
1 cis-16a Ph Me 17a >99
2 cis-16b Ph Bn 17b 80
3 cis-16¢ Ph n-Bu 17c >99
4 cis-20a n-Bu Me 21a >99
5a cis-20b n-Bu Bn 21b 70
62 cis-20c n-Bu  n-Bu 21c 88

2 H,0/1,4-Dioxane (3:2) solvent.

During the course of evaluating this overall proces®
guestioned if we may be able to access the oppeséetiomeric
series via a comparable SRS strategy. Althoughsthmplest
approach would be to apply the same sequencepmline, the
unnatural enantiomer is appreciably more expensind we
considered this process unattractive. Two othetesires, both
starting fromL-proline, were envisaged (Fig. 5). Strategy A
would entail a uniquendo-selective condensatidnfollowed by
a syn-selective alkylation, while Strategy B would involhem
exo-selective condensation followed by a nowetti-selective
alkylation’® We anticipated either or both strategies could
potentially be realized by investigating the naturé the
condensing aldehyde; the nature of the “temporamgup, if
different from a bulky aliphatic moiety, may infloee the
diastereoselectivity of the condensation and/omatkgation.
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Fig. 5. Two potential strategies for accessing enantianseries ofx-
quaternary amino amides via SRS.

We started by investigating benzaldehyde and
naphthaldehyde as our condensing units, positiag ttreir flat
nature and electronic tunability could induce d#fial
reactivity from those featuring the isopropyl grouplnitial
condensation of the aromatic aldehydes, however|dede
surprising results. For example, under acidic @mms using
amino amidel4 and 1-naphthaldehyde, tbeo diastereomer was
observed, but the enantioenrichment was substgntmthded
(Scheme 2). Presumably, an intermediate iminiumichvinay
be more long-lived when conjugated to an arene ,(23).

acidifies thea-proton and leads to racemization. This issue wa

circumvented using basic condensation conditionsCQX,
alcohol solvent, heat), and we could access th®
imidazolidinone in good yield and with complete cemstion of
chirality. The relative stereochemistry of thisidazolidinone
(ex0-23) was confirmed by X-ray.

o
N
H NHPh
14

1-naphthaldehyde
MgSo,

NHPh

PhCH,/AcOH (5:1)
110 °C

&

22
o

H
N—Ph
56% yield C’E‘(/
_— B

exo0-23
13% ee

1-naphthaldehyde
K,CO; N

MeOH, 80 °C

N
H
NHPh 84% yield

14

exo-23
>99% ee

Scheme 2. Dependency of conditions for imidazolidinonenfiation on
enantioenrichment.

Interestingly, this method for condensation was icaqrs for
attempts at endo-diastereoselection, affording

Tetrahedron

glycol, the exo diastereomer was the
imidazolidinone. These and other experiments sstggethat the
initial condensation was somewtenido-selective, but gradually
proceeded toward the thermodynamically-favored epaxyoct.
Further experimentation towarehdo-selectivity did not prove
fruitful, as no method for general endo enrichmeauld be
achieved. Ultimately our lack of confidence in depéng a

reliable endo-selective condensation compelled us to focus on

pursuing Strategy B, relying on axo-selective condensation
and subsequenhti-selective alkylation.

o [o}

H H
1-naphthaldehyde C"'l)(N -n-Bu Cl:‘(/N —n-Bu
K,CO3 {
_—>

o X
N y 7
H  NHnBu Solvent, 80 °C Q
24 Q
endo-25 exo-25
Solvent Time endo-25: exo-25
MeOH 55h 78: 22
MeOH 7h 56: 44
1- ethylene 511 0:100

glycol

Scheme 3. Attemptedendo-selective condensations.

Promising results for theanti-selective alkylation were
obtained with the aromatic aldehyde-derived imidiathobnes
(Scheme 4). When imidazolidinorexo-26 was treated with
LDA and BnBr, the alkylation facial selectivity wasryelow,
yielding a 60:40 mixture ofis andtrans isomers, respectively.
The 1-naphthaldehyde-derived imidazolidinoneexof23),
however, afforded remarkable selectivity for ttnans isomer
§92:8 dr). This outcome was highly surprising to nepresenting
a substantial departure from the generally obsesetectivities
for these bicyclic enolates. More notably, thisample
represents the lone case to our knowledge of congitary
stereoselectivities in the family of SRS reactibased solely on
the “temporary” substituent, where thePr and 1-naphthyl
groups induce markedly contrasting stereochemigtiomes-’

[o] [o]
j LDA Bn
T PhCH3/THF/hexanes (2:1:1)
N—Ph -78t00°C N—Ph
N~ » N
B then BnBr z
PhCH;/THF/hexanes (4:1:1)
-78 - 23°C
40: 60 trans/cis
o
ex0-26 1% yield 27b
o Bn O
: LDA
N—-Ph PhCH3/THF/hexanes (2:1:1) N —-Ph
N/ -78t0 0 °C o N/
7 then BnBr Z
PhCH3/THF/hexanes (4:1:1)
-78 — 23 °C
92: 8 trans/cis
exo0-23 66% yield trans-28b

(isolated trans only)

Scheme 4. Alkylations of aromatic aldehyde-based imidadiolones.

We explored the scope of thasti-selective reactivity and in
general obtained high levels of efficiency for fation of the
trans diastereomer (Table 3). Although THF/hexanes (8olid
be used as the solvent system (entries 2 and 9)ouna that a
toluene/THF/hexanes (4:1:1) was more effective fti-
selectivity. The smallest electrophile evaluatbtel) gave the
lowest diastereoselectivity, albeit still signifi¢gnfavoring an

inconsistent anti process. A spectrum of electrophiles generallgragd the

endo/exo ratios of these imidazolidinone diastereomers wherif@ns products with good to excellent selectivityoreover, the

varying substrate. An example is illustrated in&Sok 3. When
the condensation was performed for a relatively tsperiod of
time (5.5 h), using amino amidd, a 78:22 mixture oéndo and
exo diastereomers of the imidazolidinone was observedl.
longer reaction time (7 h) produced a 56ehtlo/exo mixture.
When the condensation was performed for 24 h inletley

diastereomers were chromatographically separablerelly
enabling ready access to the puemns diastereomers.

lone observed



Table3 Table4
Anti-selective alkylations of 1-naphthaldehyde-basedazolidinones. Further analyses of benzaldehyde-based imidazolis.
o £ O WO g O E 9
C'/‘( LDA H :
N-R PhCH3/THF/hexanes (2:1:1) N-R N—-Ph LDA., Mel or BnBi N~-Ph N—-Ph
N/ -78—>0°C - N/ anti-selective N \/ o > N \/ + N \/
B then electraphile - B alkylations z 5:1 THF/hexanes (T/H) or z z
4:1:1 PhCH3/THF/hexanes (T/T/H)
PhCH3/THF/hexanes (4:1:1) 7\ 28 939 \ \
78> 23°C O R 7823 - -
exo0-26,30-35 trans-27,36-41a/b  cis-27,36-41a/b
exo-23 (R =Ph) trans-28a-g (R = Ph) anti-alkylation syn-alkylation
exo0-25 (R = n-Bu) trans-29a-g (R = n-Bu) product product
I Alkylation dr  sol. yield of - . Alkylation dr
Ent R Electrophil Product y y
ntry ectrophile roduc (anti/syn)e  trans diast. (%) Entry Phenyl derivative Electrophile Solvent (anti/syn)?
1 Ph trans-28a 68: 32 53 1 Mel TH 45: 55
2>  ph Mel trans-28a 54 46 a4 ) Pl (ox0-26) el — 6. 54
3 n-Bu trans-29a 91: 9 91 :
4  Ph - trans-28b  92:8 66 . BnBr / W T 40:60
r
5 n-Bu " trans-29b  >95:5 90 4 Mel TH 35: 65
6 Ph trans-28c 78:22 60 5 * Mel T/TH 50: 50
n-BuBr . (ex0-30)
] s s 2 6 cFy Bner TH 24:76
8 Ph trans-28d  84:16 84 7 BnBr TTH 20: 80
gb Br _ 130 B3C e oS Ssssossssossssossssessessooee
Ph P vl trans-28d 70: 30 63¢ 8 )g BnBr ™H 26 74
10 n-Bu trans-29d 94:6 63 (exo0-31)
Vi e 9 CN BnBr T/TH 29: 71
1" Ph e trans-28e 74:26 [ i utntuiutletutiettelebeleteeteletietetelete ettt ettt ettt ettt
Ak 10 ¢ Mel T/TH 55: 45
12 n-Bu Me trans-29e  >95:5 93 O\ (ex0-32)
""""""""""""""""""""""""""""""""""""""""""" 1 OMe BnBr T/TH 36: 64
13 Ph B, trans-28f 91:9 22D
14 n-Bu trans-20f  92:8 69 12 . Mel H 14:86
154 ph @ wrans-28g 6214 - 13 ﬁ@ o, Mel T/TH 10: 90
169 pn-Bu N E trans-299  >95: 5 96 14 F BnBr TH 16: 84
aDi ic ratio by 'H NMR. ® Alkylation performed in THF/hexanes (5:1). 15 BnBr T/TH 19:81
clsolated yield of both diastereomers. 4LiCl (1.1 equiv)added. T T T e
. . . 16 P Mel TH 39: 61
As mentioned above, the alkylations using methyidedas 17 (ex0-34) o .
. . . . Me e
the electrophile afforded the lowest diastereoswites for

imidazolidinonesexo-23 and exo-25. These cases are likely 18 D (ex0-35) Mel 9:91
reflective of the size of the electrophile, where thvo faces of Meo
the enolate can be accessed more competitively svithller * Diastereomeric ratio measured by 'H NV,

Derivatives of the 1-naphthyl-based imidazolidinorvesre
unfortunately not much more informative (Table %.5-fluoro
substituent afforded similar selectivities to thargnt system
(entry 1-4 vs. 5-8). Th@-naphthyl variant €x0-43) was less
selective overall (entries 9-11). An 8-methyl sithent

species. Consistent with this hypothesis, using Ta$Fthe
solvent a simple protonation of the enolate by gherg with
H,O generated a 34:66 mixture @ido andexo imidazolinones
(Scheme 5endo- andexo-23), respectively. Curiously, attempts

to subsequently enolize this isolateddo imidazolidinone led o . .
primarily to decompositiof’ appeared to boost selectivity for the methyl iodéectrophile,

but BnBr was exclusivelgyn-selective insteat!. Fluorine at the
i LbA WP 7 8-position yielded a near complete reversal of ciisigy (93:7
C(«N-ph THF/hexanes (3:1) CHN—Ph C(«N-ph favoring thecis diastereomer) under one set of conditions; other
"~ "~ AR

LA tests of this imidazolidinone gave slight decomposi and

P then H,0 Z 7 . .
THF/hexanes (5:1) nothing more.  The 5-nitro-1-naphthyl and 9-antbrat
TBlo23C imidazolidinones &xo-46 and exo-47) were not effective

ex0-23 endo-23 ex0-23 reactants, decomposing under these reaction consliti It
27% yleld 52% yleld seems, based on this series of results, that #rer@mot readily
lth;{’,ﬁé{#ﬁ’;‘;’;‘;ﬁ;sj’g;j;‘3’oc discernible trends of reactivity that can explaie variances in

anti-selectivity.

Decomposition

Scheme 5. Deprotonation/reprotonation of imidazolidinaae-23.

We attempted to interrogate theswi-selective alkylations by
evaluating other imidazolidinones based on a rafgaromatic
aldehydes. The imidazolidinones were tested usthgreMel or
BnBr as the electrophile, and using either 5:1 Tigkanes (T/H)
or 4:1:1 toluene/THF/hexanes (T/T/H) as the reactizedium.
Select examples are presented in Tables 4 and Sar\be seen,
several of the imidazolidinones bearing benzeneaval@res
predominantly affordedyn-selective alkylations instead afiti-
selective ones. Notable are tperifluoromethylphenyl and-
cyanophenyl examples (Table 4, entries 4-9); coegdo the
parent phenyl case, these systems generally showgeater
preference fosyn alkylations. Ortho-substituted phenyl systems
also showed a significant trend fgn-selectivity in most cases.
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Table5
Further analyses of naphthaldehyde-based imidazohes.
HQ E 9 E 9
N-Ph CH N—Ph C'/« N-—Ph
N LDA, Mel or BnBr N/ N/
> +
Z 5:1 THF/hexanes (T/H) or z Z
4:1:1 PhCH4/THF/hexanes (T/T/H)
R 4 J823°C R 7 R 4
-~ -~ -~
ex0-23,42-47 trans-28,48-53a/b  cis-28,48-53a/b
prochl g prod’uct
Entry Naphthyl derivative Electrophile Solvent Alkylation dr
(anti/syn)2

Mel TH 54:46
TMTH 68: 32

L N
°
8
N
K
9 =
m 2
[
d
==
©
Q
©

BnBr T/TH 92:8
5 A Mel TH 64:36
6 Mel TTMH 68: 32
(exo-42)
7 BnBr TH 91:9
F
8 BnBr TTH 94:6
9 - Mel ™ 53: 47
10 O (ex0-43) Mel T/TH 50: 50
1 O BnBr TH 27:73
12 Mel TH >95: 5
Me
13 e Mel TTH >95: 5
(exo-44)
14 BnBr TH <5:95
15 BnBr T/TH <5:95
16 F Mel TH 7:93
~in
17 OO (exo-45) Mel TTH b
18 BnBr TH b
!
19 (exo-46) Mel TH ©
NO,
e
(exo-47) Mel TH c

a Diastereomeric ratio measured by 'H NMR. P Only starting material and slight decomposition were
observed. ¢ Complete decomposition was observed.

Analogous to the alkylations affording tlees diastereomers,
the imidazolidinone products of the successénti-selective
alkylations (i.e., Table 3) could be readily amimed to afford

pyramidalization was not fully established. Weeedstis by the
evaluation of enantioenriched imidazolidinobé, featuring no
substituent at the aminal position. Alkylation untiee standard
conditions with Mel as the electrophile affordeddadolidinone
55 as a racemate. Although it does not wholly elir@na
“memory effect” rationalization for the substituted
imidazolidinones, this observation highly implicatethat
enolization proceeds via planarization of twearbon prior to
addition to the electrophile.

LDA
(o} THF/hexanes (3:1) (o}
C?/‘( -78 - 0°C dni‘(
N—Ph then Mel N—Ph
N THF/hexanes (5:1) N
79 > 23 °C
54 90% yield 55

>99% ee 0% ee

Scheme 6. Absence of “memory effect” in imidazolidinondylation.

If planarization of the enolate carbon indeed oscuhe
stereochemistry of the addition to the electroplsteuld be
dictated by the nature of the group that has bestalied. We
believe the isopropyl-based alkylation are aligméth the prior
alkylative transformations using proline-derived
oxazolidinone$® Diastereoselectivity arises primarily from the
steric influence of the bulky, aliphatic isopropgtoup. In
enolateb6, the all-staggered orientation of the substituectess
the N-C-N bonds positions the pyrrolidine ring abothe
enolate plane (Fig. 6J. As the alkylating agent approaches the
bicyclic system, the enolate carbon pyramidalizesvard
forming the cisfused 5,5-ring framework. In this reaction
trajectory, the-Pr group moves toward a position on the convex
face of the forming bicycle, avoiding steric cortig@as on the
concave side.

[o} H [0}
y\JLNv ﬂn enolization OLi%LR V\JLN ﬂn
H7\N_< x\ N7 ppr 7\N_<

i-Pr N E i-Pr
Et -
exo-15,19
Fig. 6. Rationalization fosyn-selective alkylations.
The anti-selective processes are much more difficult to
rationalize. With the 1-naphthyl imidazolidinonerivatives
(i.e., Table 3), the magnitude and direction ofesiselectivity

cis-16,20

the enantiomeric set of tiequaternary amino amides. Identical Were relatively consistent for téphenyl andN-n-butyl amides,
conditions (HNOHsHCI, H,0/MeOH) were employed, and the Suggesting that potential arene-arene interactiofss the N-

products were obtained in excellent yields (Table/&$ a whole,
this series of processes constitutes an SRS apprimadoth

phenyl system are not primarily contributing torsteselection.
We had originally hypothesized that thati-selectivity arises

enantiomeric series of-quaternary amino amides and a&ids from lone pair delocalization from the central ogen atom into

from the same inexpensive and
enantiomer of proline.

readily availableunaht

Table6
Aminolysis of alkylated 1-naphthaldehyde-based amalidinones.
Rz O
—R1
N\/N R H,NOH-HCI F‘;o
7 H,O/MeOH (5:1) N
Q #100-110 °C H o NHRY
O ent-17a-c
ent-21a-c
trans-28a-c
trans-29a-c¢
Entry  Imidazolidinone R! R2 Amide Isolated yield (%)
1 trans-28a Ph Me ent-17a >99
2 trans-28b Ph Bn ent-17b 92
3 trans-28c Ph n-Bu ent-17c >99
4 trans-29a n-Bu Me ent-21a 98
5 trans-29b n-Bu Bn ent-21b 90
6 trans-29c n-Bu n-Bu ent-21c 99
The origins of the stereochemical bifurcation ofisth

transformation intrigued us. A “memory effect” wiileely not

operational her& although the ability of imidazolidinone

the C-C o* orbital (Fig. 7). This delocalization would
necessitate that the 1-naphthyl group is situateal pseudoaxial
position, but perhaps the arene planarity would eertide group
sufficiently “small” to adopt this position. Thekglation of the
phenyl-based imidazolidinone (Scheme &o0-26 - 27b)
appeared to support this idea, as the phenyl gsbopld be less
electron-withdrawing than a 1-naphthyl group.

N-inversions
H

o]
H
y%JNLN - 0 enolization

ex0-23,25
E* n— o*
}: LiO_~ overlap E o .
S

oLi
=~N_H H
VN'/LE;R N- E R
= >
58 trans-28,29
Fig. 7. Original hypothesis ainti-selectivity; inconsistent with complete

electronic analysis.
The substituted phenyl-based imidazolidinone systehat

enolate carbons to planarize as opposed to maimgain were examined (Table 4) appear to refute this hygmish



however. Specifically, the electron-withdrawing trdfomethyl
and cyano groups should inductively increase tHecdézation
capacity by lowering the C—@* orbital in question, thereby

Conclusion

To summarize, we have described a highly unique

increasing overallnti-selectivity relative to the parent phenyl complementarity in stereoselective alkylations ine tSRS

case. Instead, these two moieties appear to indigtesr syn-
selectivity. Since steric attributes are unlik&yfactor into this
specific comparison, these observations appeagdate a purely
inductive rationalization foanti-selectivity.

lower o*

orbital
LiO (\ energy E ° .
—
N : 6«4 NTH
_ improved
"E_\{V_(_}:_(?!‘I_,_(?-F? anti-selectivity
not observed
EWG EWG
59 trans-36,37

Fig. 8. Electron-withdrawing groups do not induce imprdeanti-
alkylation selectivity.

We had also considered an electrostatic interactisna
potential influence on reactivity. Specificallyf, the naphthyl

reaction class. Proline-based imidazolidinones lanreadily
synthesized and subsequently alkylated with excdellen
diastereoselectivities. These species can theanbeolyzed to
produce enantiomeric series @fquaternary amino amides from
the same natural enantiomer of proline. The diffier
characteristics of the isopropyl and 1-naphthyldiaziolidinone
substituents dictate this stereodifferentiatiothaligh the exact
origins of these outcomes remain unclear. To cwwiedge,
this system is the only example of contrastingesteelectivities
in the family of SRS reactions where complementasitgictated
solely by the “temporary” substituent. Importantlye anticipate
that this method will serve as a general and coevgrdpproach
toward accessing both enantiomersoeduaternary amino acids
and amides in highly enantioenriched form.

Experimental Section

ring of enolates57 were to rotate to reside underneath the bicycle, Materialsand Methods. Reactions were performed under an

then the (modestly acidic) naphthyl C-8 hydrogenldengage
in a favorable interaction with the electron-riclokte 60, Fig.

argon atmosphere unless otherwise noted. Tetrafuydrg
dichloromethane, and toluene were purified by pas#imough

9)25?7 The increasednti-selectivity using toluene over THF as activated alumina columns. Diisopropylamine wasiltigtover

the primary solvent (Table 3, entries 1/8 vs. 2@eed with this
hypothesis, as electrostatic interactions shoulddmentuated in
nonpolar media. Although a reversal of selectiwhs observed
with the 8-fluorinated derivative (Table 5, entry)16is was a
lone case, and the unusual results with the 8-metasivative
(Table 5, entries 12-15) render this hypothesisspdve at best.
Certainly the comparisons between phenyl and ngpkiistems
have several differences that could be quite imfiia¢ beyond
electronic factors (e.g., rotational barriers); tii@ta we have
obtained thus far unfortunately does not lend fiteeimmediate
direct and obvious interpretation, and additiongpegimental
and computational evidence will ideally yield a cgpicture of
this intriguing differential reactivity.

Fig. 9. Potential arene C-H/enolate electrostatic itéva.

It should also be noted that attempts to compageutiique
effects of the 1-naphthyl group in proline-base@zolidinone
alkylations were unsuccessful. We anticipated thia¢

CaH,. 2-Fluoropyridine was freshly distilled before uskiCl
was dried at 150 °C for 12 h under high vacuum (<Ort)
before use. All other reagents were used as receivdess
otherwise noted.  Commercially available chemicaleren
purchased from Alfa Aesar (Ward Hill, Ma), Sigma-Aldri¢St.
Louis, MO), Oakwood Products (West Columbia, SC), rStre
(Newport, MA), TCI America (Portland, OR), and Bachem
(Torrance, CA). Qualitative TLC was performed on 26Mh
thick, 60 A, glass backed, F254 silica (Silicycle,eQec City,
Canada). Visualization was accomplished with UV lighd a
exposure to ninhydrirp-anisaldehyde, or KMngstain solutions
followed by heating. Qualitative TLC of amino amigdeducts
required  pretreatment of TLC plates with 9:1
hexanes/triethylamine followed by evaporation undeduced
pressure (basic plates). Visualization of aminodanproducts
required pretreatment of the plate with 19:1 1.0 N
HClqfisobutyraldehyde and heating to dryness befor@gusi
ninhydrin stain solution.  Flash column chromaépdry was
performed using Silicylce silica gel (230-400 mesh)

General procedure for the formation of isobutyraldehyde-
derived proline imidazolidinones. A suspension of amino
amide, isobutyraldehyde (1.3 equiv), and Mg%05 equiv) in
5:1 PhCH/glacial AcOH (0.08 M) was heated to reflux and
stirred overnight. Upon cooling, to the solution veekled sat.

alkylations of oxazolidinon&3 (Scheme 7) could be compared ag. NaHCQ and the mixture was extracted with EtOAc. The

to the Seebach and Germanas examples provide analogous
relationships, and thus ideally shed insight inte tunique

behavior of the 1-naphthyl species. Unfortnuately were

unable to isolate the oxazolidinone in questioncoadensation
of proline with 1-naphthaldehyde; Blackmond and okers

had noted a similar difficulty in isolating oxazgiliones from

aromatic aldehyde3.

H
CHCl, H
° H Dean-Stark o
O\(O apparatus N
NN mmmmmemmemmae »
N
H  OH OO OQ

63
not observed

Scheme 7. Failed oxazolidinone formation.

combined organic layers were dried over ,8, and
concentrated by rotary evaporation. The crude uméxtwas
purified by flash column chromatography to afforcdurg
imidazolidinone.

General procedure for the alkylation of isobutyraldehyde-
derived proline imidazolidinones. In a flame-dried flask, to a
suspension of isobutyraldehyde-derived proline amaidinone
in THF (1.0 M) cooled to -78 °C was added a cooledt®n of
lithium diisopropylamide (1.1 equiv, 0.9 to 1.1 M i~1:1
hexanes/THF, -4 °C). The solution was then alloveedidrm to
0 °C and stirred for 20 min, generally turning gell The
solution was recooled to -78 °C, and to the solutias added an
equal volume of THF (bringing the reaction concatidn to ~0.3
M; the additional THF improves stirring upon adaliti of the
electrophile). The electrophile (1.1 equiv) wasetidt -78 °C,
and the reaction mixture stirred at -78 °C for i.before the ice
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gradually to ambient temperature. Upon completiba,reaction
was quenched with water, and the mixture was extraicted
EtOAc. The combined organic layers were washed withebri

Tetrahedron
bath was removed and the suspension was allowed to wamaached pH  ~12.

The aqueous solution was extracidd w
EtOAc (the products are very water soluble), and timabined
organic layers were dried over J)$0, and concentrated by
rotary evaporation. The crude film was dissolve@HCL, and

and dried over N&Q,. The solvent was then removed by rotarythe solution was transferred to another containeetsove any

evaporation, and the crude imidazolidinone was pariby flash
column chromatography.

General procedure for the formation of aromatic
aldehyde-derived proline imidazolidinones. A solution of
amino amide, aromatic aldehyde (1.3 equivyC®s (2.0 equiv)
in either methanol or ethylene glycol (0.33 M) wasted to 80
°C and stirred for >2 h. Upon cooling, to the solutwas added
water, and the mixture was extracted with EtOAc. Téramined
organic layers were washed with brine, dried ovesS@ and
concentrated by rotary evaporation. The crude umixtwas
purified by flash column chromatography to affordurgp
imidazolidinone.

General procedure for the alkylation of aromatic
aldehyde-derived proline imidazolidinones (THF/hexanes

insoluble materials. This solution was concentratgdrotary
evaporation to afford analytically pure amino amside

Characterization Data. Characterization data has been
previously reported for the following compoundsts-8a,® 14,
exo-157 cis-16a,cf,> cis-16b,g? 17a-c’° exo-19,° cis-20a-g,’
21a-c,” endo-23,° exo-23,° 24,° endo-25,° ex0-25,° ex0-26,% 27b,’
trans-28a-g,” trans-29a-g,” 54,° and55.”

(3R,7aS)-2-phenyl-3-(4-
(trifluoromethyl)phenyl)hexahydro-1H-pyrrolo[1,2-
climidazol-1-one (ex0-30): 89% vyield. Beige solid (R= 0.21 in
39:1 CHCYELO). 'H NMR (400 MHz, CDCJ) 5 7.61 (d,J =
8.0 Hz, 2H), 7.46 (dJ = 8.8 Hz, 2H), 7.43 (d] = 8.8 Hz, 2H),
7.31 (dd,J = 8.0, 7.2 Hz, 2H), 7.13 (§ = 7.2 Hz, 1H), 5.74 (s,
1H), 4.00 (tJ = 7.0 Hz, 1H), 3.45 (dfl = 10.0, 4.5 Hz, 1H), 2.90

conditions). In a flame-dried flask, to a suspension of aromatic(q, J = 4.5 Hz, 1H), 2.22 (q] = 7.0 Hz, 2H), 1.95-1.85 (comp. m,

aldehyde-derived proline imidazolidinone in THFO(M) cooled
to -78 °C was added a cooled solution of
diisopropylamide (1.1 equiv, 0.9 to 1.1 M in ~1éxane/THF, -

4 °C). The solution was then allowed to warm to Gah@ stirred
for 70 min. The solution was recooled to -78 °Cd aa the
solution was added an equal volume of PhQbtinging the
reaction to ~0.3 M; the additional THF improvesrsig upon
addition of the electrophile). The electrophilel(quiv) was
added at -78 °C, and the reaction mixture stirted& °C for 1.5

h before the cooling bath was removed, and the ssgpewas
allowed to gradually warm to ambient temperature. rUpo
completion, the reaction was quenched with water, tred
mixture was extracted into EtOAc. The combined oig&yers
were washed with brine and dried over8@,. The solvent was
then removed by rotary evaporation, and the
imidazolidinone was purified by flash column chroowaphy.

General procedure for the alkylation of aromatic
aldehyde-derived proline imidazolidinones
(Toluene/THF/hexanes conditions). In a flame-dried flask, to a
suspension of aromatic aldehyde-derived prolinel@molidinone
in PhCH (1.0 M) cooled to -78 °C was added a cooled salutio
of lithium diisopropylamide (1.1 equiv, 0.9 to 1M in ~1:1
hexane/THF, -4 °C). The solution was then alloweddom to 0
°C and stirred for 70 min. The solution was recddie-78 °C;
and to the solution was added an equal volume ofHRhC
(bringing the reaction to ~0.3 M; the additionald®h improves
stirring upon addition of the electrophile). THeatrophile (1.1
equiv) was added at -78 °C, and the reaction mixdtireed at -
78 °C for 1.5 h before the cooling bath was remowsd] the

suspension was allowed to gradually warm to ambien

temperature. Upon completion, the reaction was duezhevith
water, and the mixture was extracted into EtOAc. ddmabined
organic layers were washed with brine and dried oveS8a
The solvent was then removed by rotary evaporatiom the
crude imidazolidinone was purified by flash column
chromatography.

General procedure for the imidazolidinone aminolysis for
formation of e-alkylated proline amides. In a sealed vial, a
suspension of imidazolidinone and,NMDHeHCI (3 equiv) in
5.2:1 HO/MeOH (0.16 M) or 1.5:1 pD/dioxane (0.20 M) was
heated at 100-110 °C and stirred for >3 h. Thelamolidinones
slowly dissolved over the course of the reactiorpot cooling,
the reaction was added to 1 M KHS@nd was washed with
EtOAc. To the aqueous layer was added satCRa until it

crud

2H); *C NMR (100 MHz, CDGJ) & 174.9, 143.6, 137.4, 130.9

lithium (g, J = 32.4 Hz), 129.3, 126.7, 126.2 @@= 13.9 Hz), 125.5,

124.0 (q,J = 270.6 Hz), 121.2, 83.0, 64.5, 56.3, 27.7, 28®;
NMR (377 MHz, CDC)) 5 -63.9; IR (film) 1697, 1496, 1379,
1329, 1111 ci, HRMS (ESI+) m/z calc’'d for (M + HY
[C1H17FsN,0O + HJ': 347.1366, found 347.1366.

4-((3R,7aS)-1-oxo-2-phenylhexahydro-1H-pyrrolo[1,2-

climidazol-3-yl)benzonitrile (exo-31): 36% yield. Beige solid
(Rf=0.30 in 7:3 EtOAc/hexanesjH NMR (400 MHz, CDCJ) &
7.64 (d,J = 8.0 Hz, 2H), 7.42 (d] = 8.0 Hz, 4H), 7.31 (1 = 8.0
Hz, 2H), 7.14 (tJ = 8.0 Hz, 1H), 5.72 (s, 1H), 3.97 @¢,= 6.4
Hz, 1H), 3.43 (dtJ = 10.0, 4.8 Hz, 1H), 2.90 (4,= 4.8 Hz, 1H),
2.25-2.17 (comp. m, 2H), 1.96-1.86 (comp. m, 2KE NMR
100 MHz, CDC})) 6 174.7, 144.8, 137.2, 132.9, 129.5, 127.2,
25.7,121.2, 118.5, 112.6, 82.9, 64.5, 56.3, 258); IR (film)
2232, 1700, 1494, 1379, 730 ¢nHRMS (ESI+)m/z calc’d for
(M + H)" [C1gH17N3O + H]: 304.1444, found 304.1445.

(3R,7aS)-3-(4-methoxyphenyl)-2-phenylhexahydr o-1H-
pyrrolo[1,2-climidazol-1-one (ex0-32): 72% yield. White solid
(Rf = 0.18 in 3:2 EtOAc/hexanesjH NMR (400 MHz, CDCJ) &
7.47 (d,J = 8.0 Hz, 2H), 7.28 (dd] = 8.0, 7.6 Hz, 2H), 7.22 (d,
= 8.4 Hz, 2H), 7.10 (t) = 7.6 Hz, 1H), 6.86 (d] = 8.4 Hz, 2H),
5.63 (s, 1H), 4.03 () = 7.2 Hz, 1H), 3.76 (s, 3H), 3.41 (dt=
9.4, 5.2 Hz, 1H), 2.85 (dfl = 9.4, 8.4 Hz, 1H), 2.20 (d,= 7.2
Hz, 2H), 1.93-1.84 (comp. m, 2H)IC NMR (100 MHz, CDG))
0 175.0, 159.8, 137.8, 131.7, 129.1, 127.4, 12522,3, 114.5,
83.4, 64.5, 56.0, 55.4, 27.6, 24.9; IR (film) 17Q@379, 1252,
910, 731 cnf; HRMS (ESI+) m/z calc'd for (M + HY
[CagH20N0, + H]": 309.1598, found 309.1599.

(3R,7a9)-3-(2,6-difluor ophenyl)-2-phenylhexahydr o-1H-
pyrrolo[1,2-c]limidazol-1-one (ex0-33): 73% vyield. White solid
(R = 0.21 in 7:3 hexanes/EtOAc)H NMR (400 MHz, CDC)) &
7.47 (d,J = 8.0 Hz, 2H), 7.28 () = 8.0 Hz, 2H), 7.23-7.14 (m,
1H), 7.10 (tJ = 7.2 Hz, 1H), 6.82 (dd] = 8.0, 7.2 Hz, 2H), 6.14
(s, 1H), 4.24 (dd) = 8.8, 5.2 Hz, 1H), 3.41 (di,= 10.0, 6.4 Hz,
1H), 2.97 (dt,J = 10.0, 6.4 Hz, 1H), 2.31-2.11 (comp. m, 2H),
1.87 (quint,J = 6.4 Hz, 2H);**C NMR (100 MHz, CDG)) &
174.5, 160.9 (ddJ = 248.1, 7.5 Hz), 136.7, 130.5 @&,= 11.0
Hz), 129.2, 125.8, 121.9, 116.1 Jt= 14.7 Hz), 112.2 (dd] =
22.3, 3.6 Hz), 76.3 (tJ = 3.3 Hz), 65.9, 57.7, 28.9, 25.5F
NMR (377 MHz, CDCYJ) & -118.2; IR (film) 1700, 1468, 1379,
1120, 1005 ci;, HRMS (ESI+) m/z calc’'d for (M + HY
[C1gH16FN,0O + HJ': 315.1303, found 315.1303.



9
(3R,7aS)-2-phenyl-3-(o-tolyl)hexahydr o-1H-pyrrolo[1,2- 124.5,119.9, 81.2, 63.9, 54.3, 26.5, 26.1, 245(film) 1699,
cJimidazol-1-one (exo-34): 82% yield. White solid (R= 0.33in 1598, 1498, 1390, 1296 CmHRMS (ESI+)m/z calc’d for (M +
7:3 hexanes/EtOAc)'H NMR (400 MHz, CDCJ) 3 7.50 (dJ=  H)" [CosHN,0O + H": 343.1805, found 343.1812.
8.8 Hz, 2H), 7.32-7.25 (comp. m, 3H), 7.22X& 7.6 Hz, 1H), (3R,7a9)-3-(8-fluor onaphthalen-1-yl)-2-phenylhexahydr o-
7.15-7.04 (comp. m, 3H), 5.87 (s, 3H), 3.92 (dd; 8.8, 4.0 Hz, o . .
_ 1H-pyrrolo[1,2-c]imidazol-1-one  (ex0-45): 74% vyield.
1H), 3.49-3.42 (m, 1H), 2.86 (di,= 9.2, 7.2 Hz, 1H), 2.54 (s, e o
Colorless oil (R= 0.61 in 7:3 hexanes/EtOAc)H NMR (400
3H), 2.31-2.13 (comp. m, 2H), 1.97-1.84 (comp. m, 283, ! "
MHz, CDCk) & 7.82 (d,J = 8.0 Hz, 1H), 7.71 (d) = 8.4 Hz,
NMR (100 MHz, CDC)) & 175.9, 138.2, 136.5, 135.8, 131.6,
1H), 7.63 (d,) = 8.4 Hz, 2H), 7.47 (df] = 7.6, 4.8 Hz, 1H), 7.40-
129.1, 128.5, 126.6, 124.8, 124.3, 120.1, 80.31,685.8, 27.1, 708 5H) 7.00 (4= 7.2 Hz. 1H). 6.82 (5. 1H). 3.89
25.0, 19.3: IR (film) 1700, 1594, 1500, 1379, 75T ¢ HRMS /2> (Comp. m, 5H), 7.09 (3= 7.2 Hz, 1H), 6.82 (s, 1H), 3.

, > (dd,J = 9.2, 3.2 Hz, 1H), 3.66-3.64 (m, 1H), 2.97-2.87 UH),
gusr:g)zggfgigd for (M + H)' [CoeHN-O + HI': 293.1648, 5 35 o301 11y, 2.21-2.10 (m, 1H), 1.98-1.81 (comp2 H):

¥%C NMR (100 MHz, CDGJ) & 176.3, 159.5 (dJ = 249.8 Hz),

(3R,7aS)-3-(2-methoxyphenyl)-2-phenylhexahydr o-1H- 138.4, 137.2 (dJ = 5.9 Hz), 132.7 (d) = 7.3 Hz), 129.2 (d] =
pyrrolo[1,2-c]limidazol-1-one (ex0-35);: 95% vyield. White solid 2.7 Hz), 129.1, 126.3 (d,= 4.8 Hz), 126.2 (d] = 3.0 Hz), 125.5
(R = 0.17 in 3:2 hexanes/EtOAc)H NMR (400 MHz, CDC)) &  (d,J = 3.7 Hz), 124.6, 123.5, 121.1 (= 13.1 Hz), 119.8, 112.6
7.52 (d,J = 8.0 Hz, 2H), 7.30-7.23 (comp. m, 3H), 7.10-7.04(d, J = 24.1 Hz), 80.8 (dJ = 14.3 Hz), 63.7, 55.3, 26.8, 248
(comp. m, 2H), 6.94 (dl = 8.4 Hz, 1H), 6.85 (1} = 7.6 Hz, 1H), NMR (272 MHz, CDC}) & -107.9; IR (film) 1699, 1597, 1498,
6.11 (s, 1H), 4.03 (1) = 6.8 Hz, 1H), 3.93 (s, 3H), 3.47 (dt= 1388, 1308 ci;, HRMS (ESI+) m/z calc’'d for (M + HY
9.0, 5.2 Hz, 1H), 2.87 (dfl = 9.0, 8.4 Hz, 1H), 2.21 (d,= 6.8  [C,H:sFN,O + HJ": 347.1554, found 347.1557.
g21’725H7)’ isgg’ 91'?_?3;08 m1p2.9m7, 21;2% N:IIT/ZB élofzgg:z&igg% (3R,7aS)-3-(5-nitronaphthalen-1-yl)-2-phenylhexahydr o-

T e y . o L i ~ 1H-pyrrolo[1,2-climidazol-1-one (exo-46): 58% vyield. Red

1205, 1413, 185, 645, 503 551, 2716, 250 1100, [0 A S TEEECAE SRS, e 400 e
’ ! ' CDCly) 5 8.47 (d,J = 8.4 Hz, 1H), 8.41, (d] = 8.8 Hz, 1H), 8.19

H)™ [C1gH20N,O, + H]: 309.1598, found 309.1598. (dd,J = 8.8, 7.2 Hz, 1H), 7.71 (@ = 8.0 Hz, 1H), 7.57 (dd] =

(3R,7aS)-3-(5-fluoronaphthalen-1-yl)-2-phenylhexahydr o- 8.4, 7.6 Hz, 1H), 7.51 (dl = 7.6 Hz, 2H), 7.40 (d) = 7.2 Hz,
1H-pyrrolo[1,2-climidazol-1-one (exo0-42): 74% yield. Beige  1H), 7.26 (ddJ = 8.0, 7.6 Hz, 2H), 7.09 (§,= 7.6 Hz, 1H), 6.45
solid (R = 0.61 in 7:3 hexane/EtOAc).'H NMR (400 MHz, (s, 1H), 3.89 (ddJ = 9.2, 3.6 Hz, 1H), 3.67-3.60 (m, 1H), 3.00
CDCl;) 68.12 (d,J = 8.4 Hz, 1H), 7.96 (d] = 8.4 Hz, 1H), 7.60 (dt,J = 7.2, 2.4 Hz, 1H), 2.34-2.23 (m, 1H), 2.23-2.12 {H),
(dt,J = 8.0, 5.6 Hz, 1H), 7.55 (d,= 8.0 Hz, 2H), 7.43 (app.d,  2.05-1.86 (m, 2H)**C NMR (100 MHz, CDCJ) 3 175.7, 148.1,
= 7.8 Hz, 1H), 7.33 (app. d,= 7.1 Hz, 1H), 7.29-7.22 (comp m, 138.1, 134.1, 132.0, 129.3, 128.9, 128.7, 126.5.312125.1,
3H), 7.09 (tJ = 7.6 Hz, 1H), 6.44 (s, 1H), 3.94 (di= 9.2, 3.6  124.4, 124.1, 123.5, 119.8, 79.9, 64.4, 55.3, Z5); IR (film)
Hz, 1H), 3.68-3.61 (m, 1H), 3.00 (td= 9.4, 7.0 Hz, 1H), 2.36- 1701, 1522, 1498, 1388, 1341 tnHRMS (ESI+)m/z calc'd for
2.25 (m, 1H), 2.25-2.14 (m, 1H), 2.03-1.89 (m, 2HE NMR (M + H)" [C,;H1gN5O; + H]": 374.1499, found 374.1498.

(100 E/IHZ, CDC}) 6176.0, E59.6 (d) = 251.3 Hz), 138.4,_133.4 (3R,7a5)-3-(anthr acen-0-yl)-2-phenylhexahydr o-1H-
(d,J = 2.4 Hz), 132.4 (d) = 4.4 Hz), 129.2, 127.0 (d,= 8.5 N 4 .
_ L pyrrolo[1,2-c]imidazol-1-one (exo-47): 79% vyield. Orange
Hz), 125.8 (dJ = 1.8 Hz), 125.0 (dJ = 16.2 Hz), 124.8, 123.6, - e
_ _ _ powder (R=0.33 in 1:1 hexanes/EtOAc)lH NMR (400 MHz,
121.8 (d,J = 6.1 Hz), 119.8, 118.7 (d,= 4.0 Hz), 110.0 (d] = CDCL) 5857 (b >H). 8.39 1H) 7.95 8.4 Hz. 2H
20.0 Hz), 80.0, 64.5, 554, 27.1, 254 NMR (272 MHz, 5) ©8.57 (br. s, 2H), 8.39 (s, 1H), 7.95 (= 8.4 Hz, 2H),

CDCl) & -120.8; IR (film) 1701, 1599, 1499, 1388, 12297%cm /-27 (1L.3=7.6 Hz, 2H),7.44 (J = 7.6 Hz, 2H), 7.18 (d] = 7.6

) - Hz, 2H), 7.11 (s, 1H), 6.97 (§,= 7.6 Hz, 2H), 6.85 (1) = 7.6
HRMS (ESI+) mvz calc'd for (M + HY [CpHioFN,O + HJ™: =
347.1554. found 347.1548. Hz, 1H), 4.50 (tJ = 7.2 Hz, 1H), 3.26-3.05 (comp. m, 2H), 2.42-

2.32 (comp. m, 2H), 2.21-2.07 (m, 1H), 2.06-1.95 {H); °C
(3R,7aS)-3-(naphthalen-2-yl)-2-phenylhexahydro-1H- NMR (100 MHz, CDC}) & 173.4, 139.5, 130.4, 129.9, 128.6,
pyrrolo[1,2-c]imidazol-1-one (ex0-43): 64% yield. Beige solid 127.1, 125.9, 124.8, 123.3, 79.2, 66.7, 55.2, 3M®M; IR (film)
(Rr=0.11in7:3 hexane/EtOAc)1H NMR (400 MHz, CDC)) 1693, 1598, 1499, 1395, 1312 tnHRMS (ESI+)nVz calc’d for
7.88 (d,J = 8.4 Hz, 1H), 7.85-7.75 (comp m, 2H), 7.70 (s, 1H),(M + H)" [Ca6H,,N,O + H]: 379.1805, found 379.1813.
7.53 (d,J = 7.6 Hz, 2H), 7.51-7.44 (comp. m, 3H), 7.27J)
7.6 Hz, 2H), 7.09 (t) = 7.6 Hz, 1H), 5.83 (s, 1H), 4.10 (dii=  Acknowledgments
7.6, 6.0 Hz, 1H), 3.51-3.44 (m, 1H), 3.94 (g= 4.4 Hz, 1H),
2.28-2.20 (comp. m, 2H), 1.98-1.88 (comp. m, 2HE NMR
(100 MHz, CDC}) & 175.2, 137.8, 136.9, 133.4, 133.3, 129.4
129.1, 128.3, 127.8, 126.6, 126.5, 125.2, 125.4.0,2121.2,
83.9, 64.6, 56.1, 27.7, 25.0; IR (film) 1684, 159494, 1405,
820 cm; HRMS (ESI+)miz calc’d for (M + H) [CyH,oN,0 + References and notes
H]": 329.1648, found 329.1649.
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