CHEMISTRY

AN ASIAN JOURNAL

DOI: 10.1002/asia.200700420

Enantiomer-Selective Carbamoylation of Racemic a-Hydroxy y-Lactones
with Chiral Cu" Catalysts: An Example of a Highly Active Lewis Acid

Catalyzed Reaction

Nobuhito Kurono,™ Tadahiro Kondo,™ Masanori Wakabayashi,™ Hirohito Ooka,*"!
Tsutomu Inoue,™ Hiroto Tachikawa,!! and Takeshi Ohkuma*!*!

Dedicated to Professor Ryoji Noyori on the occasion of his 70th birthday

Abstract: Enantiomer-selective carba-
moylation of racemic a-hydroxy y-lac-
tones with half equivalents of isocya-
nates in the presence of chiral Cu" cat-
alysts was studied. Among a series of
catalyst bearing chiral bis(oxazoline)
(box) and pyridine(bisoxazoline) li-
gands, [Cu(rBu-box)]X, [X=O0SO,CF;

pantolactone (1a). Use of n-C;H,NCO,
a small alkyl isocyanate, in CH,Cl, so-
lution was important to achieve a high
level of enantiomer selection. The rBu-
box-Cu" catalyst efficiently differenti-
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ated two enantiomers of B-substituted
o-hydroxy y-lactones under the opti-
mized reaction conditions, resulting in
a stereoselectivity factor (s=k¢/kgow)
of up to 209. Furthermore, this catalyst
is highly active, so that the carbamoyla-
tion can be conducted with a substrate-
to-catalyst molar ratio of 2000-3000. A

(3a), SbF; (3b)] showed the highest
enantioselectivity in the reaction of

acids - lactones

Introduction

Asymmetric reactions catalyzed by chiral Lewis acids have
provided a wide variety of optically active compounds.!"
Well-organized chiral environments of these catalysts enable
one to create optically pure molecules. Compared with the
great success of these catalytic reactions on the enantiose-
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catalytic cycle of this reaction is also
proposed.

lectivity, the number of catalyst turnovers or the catalyst
lifetime of many reactions seems to be unsatisfactory. The
substrate-to-catalyst molar ratio (S/C) is usually less than
100 for completion of reactions within a reasonable period!
because many Lewis acid catalysts have inherent drawbacks
such as high sensitivity to moisture and tendency towards
undergoing inhibition by the products. Thus, we propose
here four criteria for achieving high reactivity and enantio-
selectivity in the Lewis acid catalyzed reactions: 1) use of
moisture-robust late-transition-metal catalysts for achieving
a long life span; 2) choice of well-designed chiral ligands
preferably with C, symmetry for predicting the stereochem-
istry of the products; 3) use of substrates to form a rigid che-
late intermediate (and/or transition state) with a center
metal of the catalyst for achieving efficient enantioselection;
and 4) selection of a type of reaction that will form products
with only weak binding affinity for the catalyst, thereby
avoiding product inhibition. According to these criteria, we
planned a kinetic resolution of racemic o-hydroxy lactones
by enantiomer-selective carbamoylation with bis(oxazoline)-
Cu" (box-Cu") catalysts, which show high enantioselectivity
in a wide range of asymmetric reactions.*”

Our scenario for enantiomer-selective carbamoylation of
a-hydroxy lactones is depicted in Scheme 1. The S-enantio-
mer-selective reaction is exemplified. Some nonproductive
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Scheme 1. Enantiomer-selective carbamoylation and expected mecha-
nism.

or minor pathways are omitted for clarity. When a racemic
a-hydroxy lactone, (+)-A, is mixed with 0.5 equiv of alkyli-
socyanate, RNCO, in the presence of a chiral box-Cu" cata-
lyst, the unreacted (R)-A and the S carbamate, (S5)-B, are se-
lectively obtained. (R)-A and (S)-A with the box-Cu" cata-
lyst form diastereomeric chelate complexes, (R)-AM and
(5)-AM, respectively. The two diastereomers are in equilib-
rium. (S)-AM is more reactive with RNCO than (R)-AM to
give the (S)-B-Cu" complex, (S)-BM, selectively. The seven-
membered chelate complex, (S)-BM, is less stable than the
five-membered chelate complexes, (R)- and (S)-AM, so that
(5)-BM is easily converted into AM with release of the
product (S)-B.

Recently, Matsumura and co-workers reported asymmet-
ric carbamoylation of meso 1,2-diols using C;H;NCO to the
optically active hydroxy carbamates with a Ph-box-Cu" cata-
lyst.I**! The reactions were conducted with an S/C ratio of
10 in THF at —40°C to give the chiral products in up to
93% ee. We describe here our studies on the asymmetric
carbamoylation of a-hydroxy y-lactones in detail. The fea-
tures are different from Matsumura’s desymmetrization of
meso 1,2-diols. The reactions can be conducted with an S/C
ratio of 2000-3000, achieving a stereoselectivity factor (s=
Krasd/ Kgow)® 7 Of up to 209.

Abstract in Japanese:

(CEETEVESRSE A BIEIZ K D T Sfha-t PO Xy-5 7 O F U F A=
—BIRE I NS A MALRIE ORI £ 4T > 7246 R, [Cu(tBu-box)]X; [X = 0SO,-
CFi (3a), SbF, (30)| B 7= MMREA RT Z LA R LTz, Y/ on A8 Vi
g, EEIIH LT 05 HED p-CGHNCOAER S22 & T, RN LEE
WoEI AR LT, BEOB T o F A4~ —DORIGHEE L (s = kyalKaow) (B
20910 L7, RRIETEME L IEE I <. B/ 2000-3000 TRIGS 5 2
EWTET,
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Results and Discussion
Screening of Chiral Cu" Catalysts

We first selected the enantiomer-selective carbamoylation of
racemic  pantolactone  [(+)-1a]®*?  with n-C;H,NCO
(0.5 equiv to 1a) to find a chiral Cu" catalyst that showed
sufficiently high activity and enantiomer discrimination abil-
ity. Optically active pantolactone!'” is a key intermediate for
synthesizing biologically active pantothenic acid and its de-
rivatives,®!"! as well as other naturally occurring com-
pounds.'? It is also utilized as an efficient chiral auxiliary
for many stereoselective transformations.'”’®! The chiral
Cu" complexes 3 shown in Table 1 were freshly prepared

Table 1. Carbamoylation of racemic pantolactone [(+)-1a] with chiral
Cu" catalysts 3.1%

o
n-CsH;NCO )J\N n-CsHz
(8,5)-3
(+)—1a (R)—1a (S)-Za
R! R —| 2+ \((j\( —‘2+
0
SJ)K'/\) 2% 3/ 2TfO"
R2 Cu i? R3

(S,S)-3a: R'=CHj3, R2=tC4Hg X=TIO  (S,5)-3j: R®= t-C4Hg
(5,S)-3b: R'=CHa, R?=+-C4Hg X = SbFs  (S,5)-3k: R®=CgHj
(S,9)-3c: R1 CHs;, R? = j-C3H; X = TfO

(S,8)-3d: R' =CHj, R? = CH3 X =TfO

(S,S)-3e: R1 CH3, R? = CgH5 X = TfO

(8,S)3f. R'=CyHs, R? = £C4Hg X = TFO

(S,S)y-3g: R'=C,Hs, R? = -CaH; X = TfO

(S,S)-3h: R'=CyHs, R? = CgHg X = TfO

(8,S)-3i: R' = n-C3H;, R? = t-C4Hg X = TfO
3 eer, [%]™ ey, [%]™ Conv. [%] stdl
3a 90.9 90.4 50.1 62
3b 86.8 91.5 48.7 64
3¢ 64.2 86.9 2.5 28
3d 485 83.4 36.8 18
3e 328 77.0 29.8 11
3f 84.5 89.0 48.7 46
3g 76.3 87.4 46.6 34
3h 542 76.6 41.4 13
3i 89.1 87.5 50.5 45
3j 1.1 6.7 14.1 1
3k 2.0 8.1kl 19.8 1

[a] Reactions were conducted using (£ )-1a (5.0 mmol) and n-C;H;NCO
(2.5 mmol) in CH,Cl, (10 mL) containing (S,5)-3 with an S/C ratio of
2000 at 25°C for 1 h. [b] Determined by chiral GC analysis. [c] Conv.=
eey/(eertees,). [d] s=In[(1—conv.)(1—eey,))/In[(1—conv.)(1+eey,)].
[e] (S)-1a and (R)-2a were the major compounds.

before use according to the procedure reported by Evans
etal with slight modifications. The chiral ligand
(26.5 mmol) and Cu(OTf), (24 mmol) were dissolved in
THF (2 mL). The solution was stirred at ambient tempera-
ture for 10 min, and then THF was removed under reduced
pressure. The residue was dissolved in CH,Cl, (10 mL), and
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insoluble contents were removed by filtration with a mem-
brane filter. The obtained clear solution was used as a cata-
lyst solution (see the Experimental Section). The carbamoy-
lation was carried out with an S/C ratio of 2000 in CH,Cl, at
25°C for 1 h. The results are listed in Table 1. High reactivi-
ty and enantioselectivity were achieved in the reaction using
[Cu{(S,S)-tBu-box}](OTt), (TfO~ =trifluoromethanesulfo-
nate) [(S5,5)-3a] as a catalyst. The isocyanate was consumed
(50.1% conversion) to afford unreacted (R)-1a in 90.9 % ee
and the S carbamate, (S)-2a, in 90.4% ee. The s value was
calculated to be 62. [Cu(fBu-box)](SbFs), (3b)!* showed a
comparable efficiency, suggesting that the counteranion has
virtually no influence on the catalytic performance.’™ Thus,
we used the triflate complex for further screening because
of the operational simplicity. When box-Cu™ catalysts, 3¢-
3e, bearing smaller R? groups (i-C;H;, CH;, and C¢Hs) on
the oxazoline ring, were employed, the enantiomer selectivi-
ty was decreased. This tendency in the enantioselectivity
was also observed in a series of reactions with 3f (R!=
CHs, R*=+-C,H,), 3g (R'=C,H;, R*=i-C;H;), and 3h
(R'=C,H;s, R?=C¢H;). The alkyl substituent R' at the
spacer carbon atom also influenced the s value. Complex 3a
(R'=CH,;, R*=t-C,H,) showed better selectivity than 3f
(R'=C,H;, R*=¢-C,Hy) and 3i (R'=n-C;H,, R*=¢-C,H,).
The pyridine(bisoxazoline)-Cu" catalysts, "> 3j and 3k,
negligibly differentiated two enantiomers of la with rela-
tively low activity.

Effect of the Isocyanate Structure

We next surveyed the effect of the isocyanate structure on
the catalytic activity and enantioselectivity. Five characteris-
tic and commercially available reagents, »n-C;H;NCO,
C¢H;CH,NCO,  cyclo-CH;NCO, +CHNCO, and
CHsNCO, were selected. The more volatile and irritant
CH;NCO and C,H;NCO were excluded. As shown in
Table 2, the highest enantioselectivity (s=62) was obtained
by the use of n-C;H,NCO (catalyst: 3a, S/C=2000; solvent:
CH,Cl,, 25°C, 1h). More bulky alkyl isocyanates (R=
C¢HsCH,, cyclo-C¢H;,) caused lower stereoselectivity. The
reaction with -C,H,NCO showed the worst selectivity and
reactivity. Use of an aromatic isocyanate, CsHsNCO, gave
good reactivity and enantioselectivity (s=43). The small
alkyl isocyanate 3a is preferable for this transformation.

Optimization of Reaction Conditions

Screening experiments of catalysts and isocyanate structures
revealed that the tBu-box-Cu! complex 3a exhibits excellent
catalytic activity (S/C=2000) and enantiomer selectivity (s=
62) in the reaction of (+)-1a and n-C;H,NCO in CH,Cl, at
25°C (Table 3, entry 1). When the carbamoylation was con-
ducted at 0°C, a higher s value of 95 was attained, while it
took 4 h to reach 50% conversion (Table 3, entry 2). The s
value decreased to 53 in the reaction with an S/C of 3000
(Table 3, entry 3). Employment of a solvent other than
CH,(lI, resulted in a decline in the enantiomer selectivity
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Table 2. Effect of isocyanate structure in carbamoylation of racemic pan-
tolactone [(&)-1a] with chiral Cu" catalyst 3a.[?

O
OH RNCO OH Q)J\mR
AC\FO (5.5)-3a g{yo N
CH,Cl,
0] 25 °C (0] (0]
(£)>-1a (R)y-1a (S)-2a
(S)-2a: R=n-C3H;
(S)-2aa: R =CH,C4Hs
(S)-2ab: R = cyclo-CgH14
(S)-2ac: R = t-C4Hg
(S)-2ad: R = CgHs
R eeq, [% ] eey, [% ]! Conv. [%]¢! sl
n-C;H; 90.9 90.4 50.1 62
CsH;CH, 62.8 85.9 422 25
cyclo-C¢Hy, 71.7 87.4 45.1 32
-C,Hy 321 75.6 29.8 10
CeH;s 88.1 875 50.2 43

[a] Reactions were conducted using (+)-la (5.0 mmol) and RNCO
(2.5 mmol) in CH,Cl, (10 mL) containing (S,S)-3a with an S/C ratio of
2000 at 25°C for 1 h. [b] Determined by chiral GC and/or HPLC analysis.
[c] See footnotes of Table 1.

Table 3. Carbamoylation of racemic pantolactone [(+)-1a] with chiral
Cu" catalyst 3a: optimization of reaction conditions.!

X
OH n-C3H,NCO OH 0 u-n-CsH7
S,S5)-3 s
A{yo (SSy3a Ad\fo . o
O O O
(*)1a (R-1a (S)-2a
Entry Solvent T t SICP eeq, eey, Conv. s
[°C] [h] (%] [%]9 [%]9
1 CH,Cl, 25 1 2000 90.9 90.4 50.1 62
2 CH,Cl, 0 4 2000 93.3 93.0 50.1 95
3 CH,Cl, 0 12 3000 86.4 90.0 49.0 53
4 CHCl, 25 1 2000 61.2 83.5 42.4 21
5 (GH)O0 25 1 2000 634 852 427 24
6 THF 25 1 2000 764 85.4 472 29
7 DME 25 1 2000 65.1 81.9 443 20
8 toluene 25 1 2000 0.3 5.7 4.3 1
9 CH;CO,C,Hs 25 1 2000 482 85.0 36.2 20
10 CH;CN 25 1 2000 60.9 87.8 41.0 29

[a] Reactions were conducted using (£ )-1a (5.0 mmol) and n-C;H;NCO
(2.5 mmol) in solvent (10 mL) containing (S,S)-3a. [b] Substrate/catalyst
molar ratio. [c] Determined by chiral GC analysis. [d] See footnotes of
Table 1.

(Table 3, entries 4-10). Interestingly, various types of sol-
vents, such as CHCl,;, ethers, ethyl acetate, and acetonitrile,
resulted in an s value in the range of 20-29. The low conver-
sion of the reaction in toluene was caused by the limited sol-
ubility of the catalyst (Table 3, entry 8).

Scope of the Reaction

Carbamoylation of racemic f,p-disubstituted a-hydroxy y-
lactones, (+)-1a—e, with a half equivalent of n-C;H,NCO in
CH,(Cl, in the presence of (§,5)-3a at an S/C ratio of 2000
was examined (Table 4). As described above, reaction of

www.chemasianj.org 1291
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Table 4. Carbamoylation of racemic oa-hydroxy carbonyl compounds
(£)-1 with chiral Cu" catalyst 3a.

o
OH n-C3H,NCO OH 0" 'N-n-C3Hy
R o (593 R o R A_ad
R 208 L R . Rﬁc\f
N CH,Cl N N
(¥)1 (R (S)-2
a R=CHs X=0 d: R-R=(CH,); X=0

b: R=C,Hs, X=0 e R=H,X=0
6 R=CgHg, X=0  R=CHgs X=NH

Substrate 1 T[°C] t[h] ee; [%]® ee, [%]* Conv. [%] sl

1a 25 1 90.9 90.4 50.1 62
1a 0 4 93.3 93.0 50.1 95
1b 25 1 83.4 93.0 473 72
1b 0 4 85.2 95.4 455 114
1c 25 9 92.7 94.1 49.6 113
1d 0 4 96.7 93.3 50.9 119
le 0 4 36.2 413 46.7 3
1£4 25 6 243 40.8 37.3 3

[a] Unless otherwise stated, reactions were conducted using (+)-1
(5.0 mmol) and n-C;H,NCO (2.5 mmol) in CH,Cl, (10 mL) containing
(S5,5)-3a with an S/C ratio of 2000. [b] Determined by chiral GC or
HPLC analysis. [c] See footnotes of Table 1. [d] This reaction was con-
ducted with 1f (2.0 mmol) and n-C;H,NCO (1.0 mmol) in CH,Cl,
(16 mL).

(£)-1a (R=CH,) selectively gave (S)-2a, leaving unreacted
(R)-1a. The s values were 62 at 25°C and 95 at 0°C. The re-
action of (3,3-diethyl substrate 1b gave even better selectivi-
ty (s=72 at 25°C, 114 at 0°C) without loss of reactivity.
Sterically more hindered 1¢ (R=C¢Hs) achieved an s value
of 113 at 25°C, while the reaction rate was slowed down.
The low solubility of 1¢ in CH,Cl, did not allow the reaction
at 0°C. The spiro compound 1d reacted in the same way
(s=119 at 0°C). The bulkiness around the § position of sub-
strates is crucially important to achieve high enantiomer se-
lectivity. Thus, the two enantiomers of simple o-hydroxy v-
lactone 1e (R=H) were hardly differentiated by the Cu cat-
alyst 3a. Racemic pantolactam (R=CH;, X=NH) [(+)-1f]
is a difficult substrate for differentiating two enantiomers by
this carbamoylation. The s value at 25°C was only 3.

Compound (R)-1a in greater than 99 % ee became avail-
able when (+)-la was treated with 0.55equiv of n-
C;H,NCO in the presence of (S,5)-3a (S/C=2000, 0°C,
22h, 54.0% conversion). The crude mixture was filtered
through a silica-gel pad to remove Cu contents followed by
a short-path distillation under reduced pressure to give (R)-
1a in 99.6% ee (99 % chemical purity determined by GC
analysis; see the Experimental Section).

Reaction with Diastereomeric Compounds

We next examined the carbamoylation of cis- and trans-o-
hydroxy p-phenyl y-lactones, (+)-cis-4 and (% )-trans-4, to
reveal the influence of each cis and trans 3 substituent on
the enantioselectivity. When (+)-cis-4 was treated with n-
C;H,NCO in the presence of (S,5)-3a at 23°C, unreacted
(R)-cis-4 in 93.3% ee and (S)-cis-5 in 87.1% ee were ob-
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tained with 51.6 % conversion (Table 5). The s value was cal-
culated to be 50. The enantiomer selectivity was notably in-
creased in the reaction at 0°C. Thus, the isocyanate was con-

Table 5. Carbamoylation of racemic a-hydroxylactones (+)-4 with chiral
Cu" catalyst 3a.1”

(¢]
, OH n-C3H;NCO , oH Q" NmCat
R*R;'C\Fo (5.5)22 R&C\F RUY
+ "
) CH,Cl, W
(x)-4 (R4

cis: R'=CgHs, R2=H
trans: R'=H, R? = CgHs

Substrate 4 T [°C] t[h] ee [%]° ee, [%]®  Conv. [%] sl

cis-4 23 1 93.3 87.1 51.6 50
cis-4 0 2 96.0 96.3 49.9 209
trans-4 23 7 31.5 36.5 46.3 3
trans-4 0 16 18.3 20.1 474 2

[a] Reactions were conducted using (+)-4 (1.0 mmol) and n-C;H,NCO
(0.50 mmol) in CH,Cl, (2.0 mL) containing (S,S)-3a with an S/C ratio of
2000. [b] Determined by chiral HPLC analysis. [c] See footnotes of
Table 1.

sumed within 2 h (S/C=2000), resulting in an s value of 209.
On the other hand, the carbamoylation of (+)-trans-4 with
(5,5)-3a at 23°C resulted in an s value of only 3 with much
lower reactivity than that of the reaction with (4 )-cis-4. No
increment of the enantiomer selectivity was observed under
lower-temperature conditions. These results clearly show
that the fBu-box-Cu" catalyst 3a recognizes the cis-f sub-
stituent of 1a-1e and 4 in the enantiomer discrimination.

Plausible Reaction Mechanism

Our proposed mechanism for the carbamoylation of a-hy-
droxy y-lactones catalyzed by box-Cu" complexes is shown
in Scheme 2. [Cu(box)]X, (3; X=OTf, SbF,) liberates the

car [Cu(box)S,I** HL

P

(box) ~ 12+
Cu(box) HL car /Cu\
O O ‘7’T HO o]
Z 0 HL car Z fO
8 7
RNCO

Scheme 2. Proposed mechanism for Cu'-catalyzed carbamoylation of o-
hydroxy vy-lactones (HL=a-hydroxy lactone, car=carbamate, S=sol-
vent).

counteranion, X, to be the solvated cationic species [Cu-
(box)S,]** (6; S=solvent) in the reaction mixture. The
weakly binding solvent molecules (S) are replaced by an a-

Chem. Asian J. 2008, 3, 1289-1297
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hydroxy lactone (HL) to form a chelation complex 7. The
species 7 reacts with RNCO to afford the carbamate-Cu"
(car-Cu™) complex 8. Catalytic species 6 and/or 7 are regen-
erated with release of the carbamate. Three cationic species
6, 7, and 8 could be in equilibrium. The HL-Cu" species 7
with a rigid bicyclo[3.3.0] structure is much more stable than
the solvated complex 6 and the car-Cu" complex 8 with a
bicyclo[5.3.0] structure, so that this reaction proceeds with-
out serious product inhibition.

No clear spectroscopic data to determine the structures of
the HL-Cu" intermediates 7 in Scheme 2 was available.
Therefore, we estimated the optimized structures of two dia-
stereomeric species, (R)-HL/(S,S)-tBu-box-Cu" [(R/S,S)-7]
and (S)-HL/(S,S)-tBu-box-Cu" [(S/S,S)-7], by calculation at
the B3LYP/LANL2DZ level." The obtained structures are
shown in Figure 1. Both species, (R/S,S)-7 and (S/S,S)-7,
have highly distorted square-planar structures, of which the
dihedral angles are (O1-Cu-N1-C1 35°, O2-Cu-N2-C2 35°)
and (O1-Cu-N1-C1 31°, 02-Cu-N2-C2 31°), respectively.'”)
As shown in Table 6, the difference of total energy between

open for .,
e 2 .
., isocyanate .

Figure 1. Calculated diastereomeric intermediates, (R/S,S)-7 (a) and (S/
S,5)-7 (b). Dihedral angles: (R/S,S)-7; O1-Cu-N1-C1 35°, O2-Cu-N2-C2
35°. (818,8)-7; O1-Cu-N1-C1 31°, O2-Cu-N2-C2 31°.
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Table 6. Natural atomic charges, and total and relative energies of inter-
mediates (R/S,S)-7 and (S/S,S)-7 calculated at the B3LYP/LANL2DZ
level.

Atom (RIS,S)-T (5/5,5)-7
O1 —0.86 —0.86
H1 +0.55 +0.55

Cu +1.38 +1.38
02 -0.70 —0.70
Total energy [a.u.] —1581.64378 —1581.64342
Relative energy [kcalmol '] 0.0 0.2

these two species is only 0.2 kcalmol™, suggesting that the
enantiomer selectivity in this reaction is kinetically deter-
mined at the irreversible step 7—8 (Scheme 2). The electro-
philic RNCO could approach the lone-pair orbital of the hy-
droxy oxygen atom (O1) from the side opposite the hydroxy
proton (H1) that is, from the upper side of 7. The RNCO
molecule may be activated by the Lewis acidic Cu species.?”!
Compound (§/S,5)-7 is much more reactive than the diaste-
reomeric (R/S,S)-7 because the approach of RNCO to (R/
S,5)-7 is blocked by the tert-butyl group of the box ligand
and the B-CH; moiety connects cis to the hydroxy group of
the substrate. This view is consistent with the observation
that the reaction of cis-a-hydroxy f-phenyl y-lactones, (+)-
cis-4, catalyzed by 3a showed much higher enantioselectivity
than the reaction of (+)-trans-4 (Table 5).

Conclusions

The tBu-box-Cu” complex performs high catalytic activity
and enantiomer selectivity in the carbamoylation of racemic
a-hydroxy y-lactones. The reaction is conducted with an S/C
ratio of 2000-3000 to achieve an s value of up to 209 under
the optimized conditions. A reaction mechanism is proposed
according to the experimental data and a computational
analysis. These results demonstrate that our proposed four
criteria for achieving high efficiency in the Lewis acid cata-
lyzed reactions are useful, that is, 1) use of late-transition-
metal catalysts, 2) choice of well-designed chiral ligands,
3) use of substrates to form a rigid chelate intermediate, and
4) selection of a reaction that will form products that bind
only weakly to the catalyst. We hope these criteria will help
in the development of new and efficient asymmetric Lewis
acid catalyzed reactions.

Experimental Section

General

Gas chromatographic (GC) analysis was conducted on a Shimadzu GC-
17A or Shimadzu GC-2010 instrument with a CP-Chirasil-Dex column
(chiral; 0.32mm inner diameterx25 m, df=0.25um, VARIAN) using
helium carrier gas (72 kPa) with a split ratio of 45:1 or a TC-5 column
(achiral; 0.53 mm inner diameter x30 m, df =1.50 um, GL Sciences) using
helium carrier gas (80 kPa) under a splitless setting. High-performance
liquid chromatographic (HPLC) analysis was conducted on a JASCO
PU-980 instrument with CHIRALPAK AD-H, AD-RH, and OD-RH
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columns (4.6 mm inner diameter x 150 mm, Daicel Chemical Ind.). 'H
and *C NMR spectra were recorded on a JEOL EX-270 (270/67.8 MHz)
or JNM-400 FT NMR (400/100 MHz) spectrometer. The chemical shifts
of 'H and “C NMR resonances are reported in ppm relative to tetrame-
thylsilane. Optical rotation measurements of chiral products were per-
formed on a JASCO DIP-360 polarimeter using a sodium lamp in the in-
dicated solvent in a 10 mm inner diameter x 10 cm cell.

Materials

Benzyl, tert-butyl, cyclohenyl, phenyl, and n-propyl isocyanates were pur-
chased from TCI Co., Ltd. Dehydrated solvents (THF, CH,Cl,, CHCl,,
diethyl ether, DME, toluene, ethyl acetate, and acetonitrile) were pur-
chased from Kanto Chemical Co., Inc. and used without further purifica-
tion. Racemic hydroxy lactones (+)-1a (Aldrich Co., Ltd.) and (+)-1e
(TCI Co., Ltd.) were used as purchased. Box ligands 3a-3i were pre-
pared as described in the literature."**) Pybox ligands 3j and 3k were
purchased from Aldrich Co., Ltd. and used without further purification.
Anhydrous Cu(OTf), (TCI Co., Ltd.) and AgSbFg (Aldrich Co., Ltd.)
were used as purchased. Racemic carbamates 2a-2h were prepared as
described in the literature.”” Argon gas of 99.99% purity (Air Water
Inc.) was used. For preparative column chromatography and thin layer
chromatography, silica gel 60N (100-210 pm, Kanto Chemical. Co., Inc.)
and Merck precoated TLC (silica gel 60 F254 1.0 mm) were used, respec-
tively.

Syntheses

Preparation of [Cu{(S,S)-bis(tert-butyloxazoline)}](OTf), [(S.S)-3a]:!
Cu(OTTf), (8.65 mg, 24 mmol) and (S)-2,2-isopropylidene-bis(4-tert-butyl-
2-oxazoline) (7.80 mg, 26.5 mmol) were placed in an oven-dried 20-mL
Schlenk tube equipped with a teflon-coated magnetic stirring bar and a
serum rubber cap. After the air in the flask had been replaced with
argon, THF (2 mL) was added at ambient temperature to give a light-
blue solution. After 10 min of stirring, THF was evaporated under re-
duced pressure. The light-green residue was dissolved in CH,Cl, (10 mL)
at ambient temperature. The obtained green solution of [Cu{(S,S)-rBu-
box}](OTY), [(S,S)-3a] was used for asymmetric carbamoylation.
Representative procedure for enantiomer-selective carbamoylation of
racemic pantolactone [(+)-1a]: Racemic pantolactone [(+)-1a] (653 mg,
5.02 mmol) and CH,Cl, (9 mL) were placed in an oven-dried, 25-mL
two-necked flask equipped with a teflon-coated magnetic stirring bar, a
serum rubber cap, and a rubber balloon filled with argon. The CH,Cl, so-
lution of (S,S)-3a described above (1.0 mL, 2.4 mmol) was added to this
flask through a syringe filter unit (pore size of 450 nm; Toyo Roshi
Kaisha, Ltd.) to remove unreacted solid Cu(OTf),. The resulting solution
was stirred for 30 min at 0°C. To this solution was added n-C;H,NCO
(0.23 mL, 2.5 mmol), and the reaction mixture was stirred for 4 h at 0°C.
Methanol (5 mL) was added to the mixture, which was then concentrated
under reduced pressure. The residue was passed through a silica gel pad
eluted with ethyl acetate to remove metal components, affording a mix-
ture of recovered (R)-1a and the carbamate (S)-2a. The ee values of 1a
and 2a, eey, and ee,,, respectively, were determined by GC analysis. The
conversion (conv.) was estimated by the following equation: conv.=ee;,/
(eeuteey,). %" The estimated conv. value agreed well with that deter-
mined by GC analysis using tetralin as an internal standard. The stereo-
selectivity factor (s=kgg/kgo,) Was calculated by the following equation:
s=In[(1—conv.)(1—eey,)]/In[(1—conv.)(1+eey,)] 17

Isolation of (R)-1ain >99% ee

Preparation of catalyst: The CH,Cl, solution of (S,S)-3a was prepared as
described above. Conditions: 1) Cu(OTf), (30.6 mg, 84.8 mmol), (S)-2,2-
isopropylidene-bis(4-tert-butyl-2-oxazoline) (25.0 mg, 84.9 mmol), THF
(3mL), ambient temperature, 30 min; 2) concentration under reduced
pressure; 3) dissolution in CH,Cl, (10 mL).

Carbamoylation: Racemic substrate (+)-la (19.3 g, 148 mmol) and
CH,Cl, (291 mL) were placed in an oven-dried 300-mL three-necked
flask equipped with a teflon-coated magnetic stirring bar, a serum rubber
cap, and a rubber balloon filled with argon. The CH,Cl, solution of (S,S)-
3a (8.8 mL, 75 mmol) was added to this flask through a syringe filter
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unit. The resulting solution was stirred for 30 min at 0°C. To this solution
was added n-C;H,NCO (6.99 g, 82.1 mmol, 0.55 equivalents to 1a), and
the reaction mixture was stirred for 22 h at 0°C. Methanol (50 mL) was
added to the mixture, which was then concentrated under reduced pres-
sure to give the crude product (25.8 g) as a green viscous oil. The yield
and ee value of (R)-la determined by GC analysis were 45% and
99.0% ee, respectively. The crude product was passed through a silica gel
pad eluted with ethyl acetate to remove metal components, affording a
mixture of recovered (R)-1a and the carbamate (S)-2a. A short-path dis-
tillation of the mixture without water cooling afforded (R)-la in
99.6% ee (8.19 g, 43% yield based on (+)-1a, 99% chemical purity de-
termined by GC analysis). B.p. 64°C/0.15 mmHg; m.p. 48-49°C; [a]p®
—50 (c=0.90, H,0) (reference [23]: [a]p® —54.0 (c=0.25, H,0), 94 % ee
(R)); '"HNMR (400 MHz, CDCl;) 6=1.09 (s, 3H; CH;C), 1.23 (s, 3H;
CH;C), 3.89 (br, 1H; OH), 3.96 (d, /=8.8 Hz, 1H; CHH), 4.03 (d, /=
8.8 Hz, 1H; CHH), 420ppm (s, 1H; CHOH); “CNMR (100 MHz,
CDCl;) 6=18.76, 22.70, 40.71, 75.56, 76.41, 178.04 ppm; GC: column,
CP-Chirasil-Dex; column temp., 130°C; injection temp., 220°C; reten-
tion time (tz) of (R)-1a, 7.2 min;  of (S)-1a, 6.6 min.
(S)-Dihydro-4,4-dimethyl-3-propylaminocarbonyloxy-2(3H)-franone [(S)-
2a] (Table 3): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 44 %
yield. B.p. 135°C/0.25 mmHg (bulb-to-bulb); m.p. 37-38°C; [a]p® +28
(c=1.30, CHCL3), 93% ee; '"HNMR (400 MHz, CDCl;) 6=0.94 (t, /=
7.4 Hz, 3H; CH;CH,), 1.05 (s, 3H; CH;C), 1.09 (s, 3H; CH;C), 1.50-1.63
(sext, J=74Hz, 2H; CH,CH,), 3.16-323 (q, J=7.4Hz, 2H;
CH,CH,NH), 4.02 (s, 2H; CH,0), 5.00 (br, 1H; NH), 5.29 ppm (s, 1H;
CHOCO); "CNMR (100 MHz, CDCl;) 6=11.05, 19.65, 22.83, 40.09,
4293, 7540, 76.0, 154.92, 173.35ppm; IR (KBr): ©#=3344, 1793,
1717 cm™'; MS (EI, relative intensity): 215 (4), 186 (58), 113 (40), 99 (23),
86 (45), 71 (100); HRMS (EI): m/z caled for C,\H;;NO,: 215.1157
([M]*); found: 215.1153; GC: column, CP-Chirasil-Dex; initial column
temp., 130°C (10 min); final column temp., 160°C (15 min); progress
rate, 10°Cmin"; injection temp., 220°C; ty of (R)-2a, 23.6 min; ty of (S)-
2a, 24.1 min.
(8)-3-Benzylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3H)-franone [(S)-
2aa)] (Table 2): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 41 %
yield. M.p. 110-113°C; [a]p? +26 (¢=0.08, CHCl;), 86 % ee; '"H NMR
(270 MHz, CDCl;) 6=1.10 (s, 3H; CH;C), 1.24 (s, 3H; CH;C), 4.03 (s,
2H; CH,0), 442 (d, J=5.9 Hz, 2H; PhCH,), 5.27 (bs, 1H; NH), 5.32 (s,
1H; CHOCO), 7.23-7.46 ppm (m, 5H; aromatics); *C NMR (67.8 MHz,
CDCly) 6=19.71, 22.85, 40.11, 45.22, 75.72, 76.00, 127.49, 128.64, 137.74,
154.99, 173.15 ppm; IR (KBr): #=3314, 3029, 2969, 2918, 2879, 1786,
1731, 1706, 1538 cm™'; MS (EL relative intensity): 263 (2.6), 150 (46), 132
(3.3), 114 (20), 106 (100), 99 (48), 91 (80), 79 (7.4), 65 (8.6); HRMS (EI):
mlz caled for C,H;;NO,: 263.1157 ([M]*); found: 263.1159; HPLC:
column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate, 1.0 mLmin~';
detection, 254 nm light; #; of (R)-2aa, 8.6 min; #y of (S)-2aa, 7.6 min.
(8)-3-Cyclohexylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3 H)-franone
[(S)-2ab] (Table 2): Isolation: TLC (eluent, 2:1 diethyl ether/hexane),
43% yield. M.p. 144-145°C; [a]p" +25 (¢=0.70, CHCly), 87 % ee;
'"H NMR (270 MHz, CDCl;) §=1.09 (s, 3H; CH;C), 1.23 (s, 3H; CH;C),
0.96-2.10 (m, 10H; cyclohexyl CH,), 3.37-3.61 (m, 1H; cyclohexyl CH),
4.02 (s, 2H; CH,0), 476495 (br s, 1H; NH), 527 ppm (s, 1H;
CHOCO); "C NMR (67.8 MHz, CDCl,) 6 =19.73, 22.90, 24.67 (two sig-
nals), 25.30, 32.95, 33.09, 40.17, 50.28, 75.35, 76.01, 153.98, 173.37 ppm;
IR (KBr): 7=3311, 2940, 2856, 1790, 1704, 1546 cm™'; MS (EI, relative
intensity): 255 (5.7), 212 (43), 174 (57), 142 (42), 131 (13), 113 (47), 98
(100), 83 (60), 71 (20), 55 (38), 41 (26); HRMS (EI): m/z caled for
C;3H,NO,: 255.1470 ([M]"); found: 255.1467; HPLC: column, AD-RH;
eluent, 50:50 H,O/CH,CN; flow rate, 0.5 mLmin™"; detection, RI; tz of
(R)-2ab, 9.7 min; t of (S)-2ab, 7.9 min.
(8)-3-tert-Butylaminocarbonyloxy-dihydro-4,4-dimethyl-2(3H)-franone
[(S)-2ac] (Table 2): Isolation: TLC (eluent, 1:1 ethyl acetate/hexane),
30% yield. M.p. 114-116°C; [a]p"™ +32 (¢=0.50, CHCL), 76% ee;
"H NMR (270 MHz, CDCl;) §=1.08 (s, 3H; CH;C), 1.22 (s, 3H; CH;C),
1.35 (s, 9H; tert-butyl CHj;), 4.02 (s, 2H; CH,0), 4.93 (br s, 1H; NH),
523 ppm (s, 1H; CHOCO); "CNMR (67.8 MHz, CDCl;) 6=20.21,
23.46, 29.09 (three signals), 40.65, 51.21, 75.40, 76.52, 153.39, 173.91 ppm;
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IR (KBr): #=3327, 2974, 1784, 1709, 1533 cm™'; MS (EI, relative intensi-
ty): 230 (1.6), 214 (100), 174 (2.3), 131 (52), 113 (20), 102 (9.0), 84 (61),
72 (12), 57 (78), 43 (15); HRMS (EI): m/z caled for C,;H,NO,: 230.1392
(IM+H]™"); found: 230.1394; HPLC: column, AD-RH; eluent, 60:40
H,0/CH,CN; flow rate, 0.5 mLmin'; detection, RI; t; of (R)-2ac,
8.5 min; t of (S)-2ab, 7.4 min.
(S)-Dihydro-4,4-dimethyl-3-phenylaminocarbonyloxy-2(3H)-franone [(S)-
2ad] (Table 2): Isolation: GPC (eluent, CHCl;), 40% yield. M.p. 149-
151°C: [a]p? +28 (c=0.80, CHCl;), 88% ee; 'HNMR (270 MHz,
CDCl;) 6=1.15 (s, 3H; CH;C), 1.28 (s, 3H; CH;C), 4.07 (s, 2H; CH,0),
5.39 (s, 1H; CHOCO), 6.95 (br s, 1H; NH), 7.05-7.48 ppm (m, 5H; aro-
matics); C NMR (67.8 MHz, CDCl;) 6 =19.80, 22.85, 40.26, 75.77, 76.17,
118.84, 123.89, 129.01 (three signals), 137.14, 151.95, 173.22 ppm; IR
(KBr): #=3365, 3048, 2970, 2912, 1793, 1715, 1604, 1541 cm™"; MS (EI,
relative intensity): 249 (74), 177 (12), 137 (9.0), 119 (100), 93 (27);
HRMS (EI): m/z caled for C;3H;sNO,: 249.1001 ([M]*); found: 249.1001;
HPLC: column, AD-RH; eluent, 60:40 H,O/CH;CN; flow rate,
0.5 mLmin~'; detection, 230 nm light; tz of (R)-2ad, 14.3 min; t; of (S)-
2ad, 12.5 min.

(R)-4,4-Diethyl-dihydro-3-hydroxy-2(3H)-franone [(R)-1b] (Table 4): Iso-
lation: TLC (eluent, 1:1 ethyl acetate/hexane), 40 % yield. M.p. 48-49°C;
[a]p?* —6.3 (c=0.10, CH;OH), 85% ee (reference [23]: [a]p® —12.0 (c=
0.33, CH;0H), 95% ee (R)); '"HNMR (400 MHz, CDCly) 6=0.91 (t, J=
7.5Hz, 3H; CH;), 0.99 (t, J=7.5Hz, 3H; CH;), 1.39-1.67 (m, 4H;
2CH;CH,), 2.41 (br, 1H; OH), 3.87 (d, J=9.4 Hz, 1H; CHHO), 4.16 (d,
J=9.4Hz, 1H; CHHO), 420 ppm (s, 1 H; CHOH); *C NMR (100 MHz,
CDCl;) 0=8.04, 8.42, 21.50, 28.05, 46.53, 73.14, 74.63, 178.52 ppm; IR
(KBr): #=3434, 1771cm™'; GC: column, CP-Chirasil-Dex; column
temp., 145°C; injection temp., 220°C; tz of (R)-1b, 10.4 min; tz of (5)-
1b, 9.5 min.
(8)-4,4-Diethyl-dihydro-3-propylaminocarbonyloxy-2(3H)-franone  [(5)-
2b] (Table 4): 47% yield. M.p. 42-43°C; [a]p? 46.1 (c=0.50, CHCl,),
95% ee; 'HNMR (400 MHz, CDCl;) 6=0.89-0.97 (m, 9H; 2CH;CH,
and CH;CH,CH,NH), 145-162 (m, 6H; 2CH;CH, and
CH;CH,CH,NH), 3.20 (q, /=7.0 Hz, 2H; CH;CH,CH,NH), 3.99 (d, /=
9.3 Hz, 1H; CHHO), 4.15 (d, /=93 Hz, 1H; CHHO), 4.93 (br, 1H;
NH), 5.44 ppm (s, 1H; CHOCO); "C NMR (100 MHz, CDCl;) 6 =8.08
(two signals), 11.07, 22.90, 23.12, 27.58, 42.96, 45.69, 72.61, 73.78, 154.84,
174.02 ppm; IR (KBr): #=23435, 3327, 1794, 1702 cm™'; elemental analy-
sis: caled (%) for C,,H,NO,: C59.24, H8.70, N 5.76; found: C 59.02,
H 8.66, N 5.68; MS (EI relative intensity): 243 (8), 214 (29), 113 (42), 85
(100), 86 (45); HRMS (EI): m/z caled for C,,H,NO,: 243.1470 ([M]*);
found: 243.1462; GC: column, CP-Chirasil-Dex; initial column temp.,
145°C (12 min); final column temp., 180°C (10 min); progress rate,
5°Cmin~'; injection temp., 220°C; tz of (R)-2b, 25.5 min; t of (5)-2b,
26.2 min.

(R)-Dihydro-3-hydroxy-4,4-diphenyl-2(3H)-furanone [(R)-1¢] (Table 4):
Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 44 % yield. M.p. 179—
180°C; [a]p” +204 (c=0.20, CHCl), 93% ee; 'HNMR (400 MHz,
CDCl) 6=225 (d, /J=7.8Hz, 1H; OH), 448 (d, /J=9.7Hz, 1H;
CHHO), 511 (d, J=7.8Hz, 1H; CHOH), 519 (d, /=9.7Hz, 1H;
CHHO), 7.12-7.44ppm (m, 10H; aromatics); CNMR (100 MHz,
[Dg]DMSO) 6=55.29, 72.43, 72.93, 126.82, 127.07 (two signals), 127.29,
127.95 (two signals), 128.79 (two signals), 128.94 (two signals), 139.92,
143.56, 176.32 ppm; IR (KBr): #=3435, 1780 cm™'; elemental analysis:
caled (%) for C¢H,,05: C75.58, H 5.55; found: C 75.65, H 5.65; MS (EI,
relative intensity): 254 (24), 180 (100), 165 (28); HRMS (EI) m/z caled
for CisH,,05: 254.0943 ([M]*); found: 254.0934; HPLC: column, AD-H;
eluent, 10:90 2-propanol/hexane; flow rate, 0.5 mLmin"'; detection,
230 nm light; #z of (R)-1¢, 21.7 min; tz of (S)-1¢, 15.4 min. The absolute
configuration was estimated by "H NMR analysis after conversion to the
(R)- and (S)-2-methoxy-2-phenyl-2-(trifluoromethyl)acetic acid (MTPA)
esters (see the Supporting Information).*!
(S)-Dihydro-4,4-diphenyl-3-propylaminocarbonyloxy-2(3H)-franone [(S)-
2¢] (Table 4): 50% yield. M.p. 138°C; [a]p® —76 (c=0.10, CHCI),
94% ee. The carbamate 2c¢ existed as an 85:15 mixture of conformational
isomers in CDCI; at ambient temperature: 'H NMR (400 MHz, CDCl)
0=0.68 (br m, 3H; a set of signals of CH,CH,CH,), 0.91 (t, J=7.3 Hz,
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3H; CH;CH,CH,), 1.26 (br m, 2H; a set of signals of CH;CH,CH,), 1.53
(sext, J=7.3 Hz, 2H; CH;CH,CH,), 2.72 (br m, 2H; a set of signals of
CH;CH,CH,), 3.19 (q, J=7.3 Hz, 2H; CH;CH,CH,), 4.47 (d, J=9.6 Hz,
1H; CHH), 4.65 (br s, 1H; NH), 5.11 (d, J=9.6 Hz, 1H; CHH), 6.38 (s,
1H; CH), 7.09-7.41 ppm (m, 10H; aromatics). This compound was de-
tected as a single isomer in [Dg]DMSO at 80°C, the NMR behavior of
which is described in the Supporting Information. *C NMR (100 MHz,
CDCl;) 6=11.09, 22.90, 42.99, 55.14, 72.32, 74.05, 126.69 (two signals),
127.50, 127.78, 128.28 (two signals), 128.47 (two signals), 123.08 (two sig-
nals), 139.05, 141.36, 154.49, 172.09 ppm; IR (KBr): #=3320, 2964, 1796,
1721, 1704, 1529 cm™'; elemental analysis: caled (%) for C,H,NO,:
C70.78, H 6.24, N 4.13; found: C 70.49, H 6.25, N 4.03; MS (EI relative
intensity): 339 (8), 254 (27), 180 (100), 165 (16), 149 (19); HRMS (EI)
mlz caled for C,H,NO,: 339.1470 ([M]*); found: 339.1462; HPLC:
column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate, 0.5 mLmin;
detection, 230 nm light; i of (R)-2¢, 26.7 min; t of (S)-2¢, 23.0 min.
(R)-4-Hydroxy-2-oxaspiro[4,4|nonan-3-one [(R)-1d] (Table 4): Isolation:
TLC (eluent, 1:1 ethyl acetate/hexane), 44 % yield. M.p. 74-75°C; [a]p?
—12 (¢=0.19, CHCl;), 97% ee (reference [25]: [a]p® +18.6 (CHCLy),
94% ee (S)); '"HNMR (400 MHz, CDCl;) 6=1.40-2.06 (m, 8H; cyclo-
pentyl), 2.82 (d, J=3.3 Hz, 1H; OH), 4.02 (dd, /J=8.9 and 0.7 Hz, 1H;
OCHH), 4.13 (d, J=89 Hz, 1H; OCHH), 4.29 ppm (d, /J=3.5Hz, 1H;
CHOH); "CNMR (100 MHz, CDCl;) 6=24.76, 24.87, 28.96, 33.35,
51.45, 73.41, 76.00, 178.04 ppm; IR (KBr): #=3389, 2965, 2869,
1765 cm™'; GC: column, CP-Chirasil-Dex; column temp., 160°C; injec-
tion temp., 220°C; tz of (R)-1d, 8.5 min; t; of (5)-1d, 7.6 min.
(8)-2-Oxa-4-(propylaminocarbonyloxy)spiro[4,4|nonan-3-one [(S)-2d]
(Table 4): 49% yield. B.p. 147°C/0.14 mmHg (bulb-to-bulb); [a]p® +26
(c=0.20, CHCL,), 93% ee; '"HNMR (400 MHz, CDCl;) 6=0.94 (t, J=
7.3 Hz, 3H; CHj;), 1.49-1.96 (m, 10H; cycropentyl, NCH,CH,), 3.15-3.22
(m, 2H; NH,), 4.08 (d, /=89 Hz, 1H; OCHH), 4.13 (d, J=9.0Hz, 1H;
CHOH), 5.06 (br s, 1H; NH), 5.45 ppm (d, /=9.0 Hz, 1H; CHOCO);
BCNMR (100 MHz, CDClLy) 6=11.15, 22.97, 24.75, 24.78, 30.35, 33.22,
43.04, 50.81, 73.59. 75.63, 154.94, 173.35 ppm; IR (KBr): #=3360, 2963,
2875, 1793, 1725, 1531 cm™'; elemental analysis: calcd (%) for
C,H;(NO,: C59.73, H7.94, N 5.81; found: C59.47, H8.02, N 5.80; MS
(EIL relative intensity): 241(10), 212 (49), 156 (40), 139 (100), 112 (72), 94
(66), 81 (57); HRMS (EI): m/z caled for C,H(2NO,: 241.1314 ([M]*);
found: 241.1316; GC: column, CP-Chirasil-Dex; column temp., 180°C;
injection temp., 220°C; i of (R)-2d, 17.5 min; # of (S)-2d, 18.2 min.
(R)-Dihydro-3-hydroxy-2(3H)-furanone [(R)-le] (Table 4): Isolation:
TLC (eluent, Et,0), 45% yield. B.p. 74°C/0.25 mmHg (bulb-to-bulb);
[a]p® +32 (c=0.30, CHCl;), 36% ee (reference [26]: [a]p® —60.1 (c=
0.67, CHCL3), 99% ee (S)); '"H NMR (270 MHz, CDCl;) 6 =2.17-2.44 (m,
1H; CHCHH), 2.52-2.77 (m, 1H; CHCHH), 3.24-3.57 (br, 1H; OH),
4.16-4.34 (m, 1H; CHOH), 4.38-4.62 ppm (m, 2H; OCH,); "C NMR
(67.8 MHz, CDCl;) 6=30.72, 65.24, 67.25, 178.37 ppm; IR (KBr): 7=
3377, 1772 em™'; GC: column, CP-Chirasil-Dex; column temp., 100°C;
injection temp., 220°C; i of (R)-1e, 17.5 min; t; of (S)-1e, 17.0 min.
(8)-Dihydro-3-propylaminocarbonyloxy-2(3H)-franone [(S)-2e] (Table 4):
46% yield. B.p. 135°C/0.18 mmHg (bulb-to-bulb); [a]p® —2.0 (c=0.40,
CHCl;), 41% ee; "HNMR (400 MHz, CDCl;) 6=0.93 (t, J=7.3 Hz, 3H;
CH,CH,CH,), 1.48-1.62 (sext, J=7.3 Hz, 2H; NCH,CH,), 2.22-2.38 (m,
1H; CHHCH,0), 2.67-2.78 (m, 1H; CHHCH,0), 3.14-3.21(m, 2H;
NCH,), 4.24-4.33 (m, 1H; CH,CHHO), 4.43-4.50 (m, 1H; CH,CHHO)),
4.99 (br s, 1H; NH), 5.36 ppm (dd, /=8.7 and 9.7 Hz, 1H; CHOCO);
C NMR (100 MHz, CDCl;) 6=11.14, 22.96, 29.34, 42.97, 64.92, 68.15,
154.85, 173.44, 154.9, 173.4 ppm; IR (KBr): 7=3326, 1794, 2971, 1702,
1544 cm™'; MS (EI, relative intensity): 188 ([M+H]*, 6), 158 (100), 86
(99), 58 (37), 43 (57); HRMS (EI): m/z caled for CgH;,NO,: 188.2011
([IM+H]"); found: 188.0923; GC: column, CP-Chirasil-Dex; initial
column temp., 100°C (25 min); final column temp., 170°C (11 min);
progress rate, 10°Cmin"'; injection temp., 220°C; t of (R)-2e, 40.2 min;
tg of (S)-2e, 40.8 min.

(R)-3-Hydroxy-4,4-dimethyl-2-pyrrolidinone [(R)-1f] (Table 4): Isolation:
TLC (eluent, 2:1 ethyl acetate/hexane), 46% yield. M.p. 158-159°C;
[a]p® +5.0 (¢=0.20, CH;OH), 24 % ee (reference [27]: [a]p> +25.6 (c=
1.0, C,H;OH), (R)); '"H NMR (270 MHz, CDCl;) 6 =1.07 (s, 3H; CH;C),
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1.24 (s, 3H; CH;C), 3.08 (dd, /=9.5 and 10.5 Hz, 2H; CH,NH), 3.41 (d,
J=3.6 Hz, 1H; CHOH), 3.95 (d, J=3.6 Hz, 1H; CHOH), 6.34 ppm (br s,
1H; NH); "CNMR (67.8 MHz, CDCl;) 0=19.86, 24.86, 40.88, 51.98,
77.07, 177.61 ppm; IR (KBr): #=3355, 3218, 1705, 1683 cm™'; elemental
analysis: caled (%) for CsH;NO,: C55.80, H8.58, N 10.84; found:
C55.72, H8.50, N 10.84; MS (EI, relative intensity): 129 (100), 71 (56);
HRMS (EI): m/z caled for C;H NO,: 129.0790 ([M]*); found: 129.0785;
HPLC: column, AD-RH; eluent, 5:95 2-propanol/hexane; flow rate,
0.5 mLmin~'; detection, 210 nm light) tz of (R)-1f, 11.3 min; # of (S)-1f,
13.1 min.

(8)-4,4-Dimethyl-3-propylaminocarbonyloxy-2-pyrrolidinone [(5)-21]
(Table 4): 45% vyield. M.p. 95-97°C; [a]p® —7.9 (c=0.50, CH;OH),
40.8% ee; 'HNMR (270 MHz, CDCly) 6=0.93 (t, J=73Hz, 3H;
CH;CH,CH,), 1.07 (s, 3H; CCH,), 1.24 (s, 3H; CCHs;), 1.55 (sext, J=
7.3 Hz, 2H; CH,;CH,CH,), 3.05 (dd, /=13 and 94 Hz, 1H; CHH of
lactam), 3.17 (t, J=7.3 Hz, 2H; CH;CH,CH,), 3.20 (d, /J=9.4 Hz, 1H;
CHH of lactam), 5.05 (br s, 1H; NH of carbamate), 5.12 ppm (s, 1H;
CHOCO), 6.51 (br s, 1H; NH of lactam); *C NMR (67.8 MHz, CDCl,)
0=11.16, 20.87, 22.96, 25.03, 40.02, 42.92, 5221, 77.61, 155.66,
174.37 ppm; IR (KBr): #=3422, 1702 cm'; elemental analysis: calcd (%)
for C,(H;jN,05: C 56.06, H 8.47, N 13.07; found: C 55.82, H 8.13, N 12.8;
MS (EI, relative intensity): 214 (3), 185 (12), 156 (12), 129 (45), 111
(100), 98 (31); HRMS (EI): m/z caled for C,(H;sN,O;: 214.1318 ([M]*);
found: 214.1326. The ee value was determined after conversion into 1 £%*!
HPLC: column, AD-RH; eluent, 5:95 2-propanol/hexane; flow rate,
0.5 mLmin~'; detection, 210 nm light; tz of (R)-1f, 11.3 min; t of (S)-1f,
13.1 min.

(3R ,4R)-Dihydro-3-hydroxy-4-phenyl-2(3H)-furanone [(R)-cis-4] (Table 5):
Isolation: TLC (eluent, ethyl acetate), 45% yield. M.p. 97°C; [a]p? —11
(c=0.10, CHCl;), 96% ee; '"H NMR (270 MHz, CDCL;) §=2.14 (d, /=
6.3 Hz, 1H; OH), 3.86 (ddd, /=2.8, 5.2, and 7.9 Hz, 1H; PhCH), 4.63
(dd, J=2.8 and 9.7Hz, 1H; CHH), 4.66 (dd, J=52 and 9.7Hz, 1H;
CHH), 4.73 (dd, J=6.3 and 7.9 Hz, 1H; CHOH), 7.19-7.44 ppm (m, 5H;
aromatics); "C NMR (67.8 MHz, CDCl;) 6=45.90, 69.94, 70.61, 128.05
(two signals), 128.13, 129.00 (two signals), 134.90, 176.51 ppm; IR (KBr):
7#=23440, 1765, 1189 cm™'; elemental analysis: calcd (%) for C,oH,;O;:
C 6741, H5.66; found: C 67.45, H5.72; MS (EI, relative intensity): 178
(61), 121 (30), 104 (100), 91 (59), 78 (27); HRMS (EI): m/z caled for
C,0H,005: 178.0630 ([M]*); found: 178.0622; HPLC: column, AD-H;
eluent, 10:90 2-propanol/hexane; flow rate, 1.0 mLmin~'; detection,
254 nm light; ty of (R)-cis-4, 7.2 min; ty of (S)-cis-4, 6.0 min. The absolute
configuration was estimated by '"H NMR analysis after conversion into
the corresponding (R)- and (§)-MTPA esters (see the Supporting Infor-
mation).?*!
(35,4S)-Dihydro-4-phenyl-3-propylaminocarbonyloxy-2(3H)-furanone
[(S)-cis-5] (Table 5): 45% vyield. M.p. 118°C; [a]p® +135 (c=0.20,
CHCl;), 96 % ee. The carbamate cis-5 existed as an 87:13 mixture of con-
formational isomers in CDCl; at ambient temperature: 'H NMR
(270 MHz, CDCl;) 6 =0.52-0.74 (m, 0.4H; CH,CH,CH, (minor isomer)),
0.83 (t, J=7.3Hz, 2.6H; CH;CH,CH, (major isomer)), 0.98-1.30 (m,
0.3H; CH;CH,CH, (minor isomer)), 1.42 (sext, J=7.3Hz, 1.7H;
CH;CH,CH, (major isomer)), 2.59-2.82 (m, 0.3H; CH;CH,CH, (minor
isomer)), 2.95-3.17 (m, 1.7H; CH;CH,CH, (major isomer)), 4.00-4.13
(m, 1H; CHOCO), 4.57-4.78 (m, 3H; CH,O and PhCH), 5.60 (d, J=
8.2Hz, 0.9H; NH (major isomer)), 5.63-5.73 (m, 0.1H; NH (minor
isomer)), 7.10 ppm (m, 5H; aromatics); *C NMR (100 MHz, CDCl;) 0 =
11.0, 22.8, 42.7, 44.5, 70.5, 70.9, 127.7 (two signals), 127.8, 128.8 (two sig-
nals), 135.6, 154.4, 172.7 ppm; IR (KBr): #=3342, 1776, 1705, 1548 cm™h;
elemental analysis: caled (%) for C,H;;NO,: C63.87, H6.51, N 5.32;
found: C63.88, H 6.55, N 5.31; MS (EI, relative intensity): 263 (8), 234
(13), 178 (9), 161 (13), 133 (10), 117 (9), 104 (100), 92 (16), 77 (11);
HRMS (EI): m/z caled for C,H;;NO,: 263.1157 ([M]*); found: 263.1160;
HPLC: column, AD-H; eluent, 10:90 2-propanol/hexane; flow rate,
1.0 mLmin~!; detection, 254 nm light; # of (R)-cis-5, 6.7 min; tg of (S)-
cis-5, 7.6 min.

(3R.4S)-Dihydro-3-hydroxy-4-phenyl-2(3H)-furanone [(R)-trans-4] (Table 5):
Isolation: TLC (eluent, 1:1 ethyl acetate/hexane), 43% yield. M.p. 83—
84°C; [a]p" +17 (¢=0.30, CHCl,), 32% ee; '"H NMR (270 MHz, CDCl;)
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0=3.05 (d, /=3.3 Hz, 1H; OH), 3.61-3.83 (m, 1 H; PhCH), 4.16-4.83 (m,
1H; OCHH), 4.58 (dd, J=3.3 and 10.9 Hz, 1H; CHOH), 4.67 (t, J=
8.6Hz, 1H; OCHH), 7.18-7.54ppm (m, SH; aromatics); *C NMR
(67.8 MHz, CDCl;) 6=48.73, 69.42, 72.85, 127.11 (two signals), 128.02,
129.07 (two signals), 135.82, 176.95 ppm; IR (KBr): #=3381, 1763 cm™;
elemental analysis: caled (%) for C,,H;(O;: C67.41, H5.66; found:
C67.22, H5.67; MS (EI, relative intensity): 178 (97), 134 (21), 121 (22),
104 (100), 91 (88), 78 (42); HRMS (EI): m/z caled for C,H,,0;: 178.0630
([M]*); found: 178.0633; HPLC: column, AD-H; eluent, 10:90 2-propa-
nol/hexane; flow rate, 1.0 mLmin~'; detection, 254 nm light; tz of (R)-
trans-4, 8.1 min; ty of (S)-trans-4, 9.5 min. The absolute configuration was
determined after conversion into (S)-cis-4 (see the Supporting Informa-
tion).
(3S,4R)-Dihydro-4-phenyl-3-propylaminocarbonyloxy-2(3H)-furanone
[(S)-trans-5] (Table 5): 45% yield. M.p. 75-76°C; [a]p® —17 (c=0.10,
CHCl;), 37% ee; '"H NMR (270 MHz, CDCl;) 6=0.90 (t, J=7.3 Hz, 3H;
CH;CH,CH,), 1.51 (sext, J=7.3 Hz, 2H; CH;CH,CH,), 3.15 (m, 2H;
CH;CH,CH,), 3.87 (dd, J=8.5 and 10.7 Hz, 1H; PhCH), 4.19-4.28 (m,
1H; OCHH), 4.67 (t, J=8.6 Hz, 1H; OCHH), 4.92 (br s, 1H; CHOCO),
572 (d, J=109Hz, 1H; NH), 7.24-747 ppm (m, 5H; aromatics):
“C NMR (67.8 MHz, CDCl;) 6 =11.05, 22.83, 42.91, 46.77, 69.69, 72.50,
127.09 (two signals), 128.14, 129.11 (two signals), 135.09, 154.58,
172.63 ppm; IR (KBr): #=3363, 3064, 3033, 2966, 2934, 2876, 1793, 1730,
1530, 1148 cm™'; elemental analysis: caled (%) for C,H;;NO,: C 63.87,
H 6.51, N 5.32; found: C63.61, H6.57, N 5.02; MS (EI, relative intensi-
ty): 264 ((M+H]*, 1), 233 (14), 190 (12), 161 (100), 131 (67), 120 (7), 104
(35), 91 (20), 77 (12); HRMS (EI): m/z calcd for C,H;sNO,: 264.1236
(IM+H]"); found: 264.1228; HPLC: column, AD-H; eluent, 10:90 2-
propanol/hexane; flow rate, 1.0 mLmin~'; detection, 254 nm light) #z of
(R)-trans-5, 19.2 min; ty of (S)-trans-5, 13.2 min.
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