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Interactions, Not from Steric Hindrance

Eeva K. Kemppainen,® Gokarneswar Sahoo,” Antti Piisola,” Andrea Hamza," Bianka Kétai,"

Imre Papai,*® and Petri M. Pihko*™

/Abstract: The scope of the enantioselective Mukaiyama-Mi-
chael reactions catalyzed by trans-2,5-diphenylpyrrolidine
has been expanded to include both a- and p-substituted
enals. However, the rationalization of the observed enantio-
selectivity is far from obvious since the catalyst is not very
sterically hindered. DFT calculations were carried out to ra-
tionalize the observed stereoselectivities. Transition states of
the C—C bond formation between iminium intermediates
and silyloxyfurans were located and their relative energies

were used to estimate the stereoselectivity data. We find ex-
cellent agreement between the predicted and observed ste-
reoselectivities. The analysis of intermolecular forces reveals
that the enantioselectivity is mostly due to stabilizing nonco-
valent interactions between the reacting partners, not due
to steric hindrance. The role of attractive noncovalent
interactions in enantioselective catalysis may be under-
appreciated.

/

Introduction

In enantioselective catalysis with organocatalysts or metal
complexes, a typical rationalization for the observed enantiose-
lectivity arises from steric hindrance present in alternative dia-
stereomeric transition states leading to the enantiomer of the
product.™ These rationalizations are frequently used in metal
catalysis® as well as in covalent organocatalysis.”! Models
based on steric hindrance are highly useful as they often allow
the prediction of enantioselectivity for new substrates through
empirically derived “enantioselectivity mnemonics”."¥ Steric pa-
rameters can even be used in a systematic optimization of cat-
alyst performance.” In enamine and iminium catalysis, models
based on sterics have been highly successful in predicting the
sense of enantioselectivity of a wide variety of transforma-
tions.”! It is, however, important to bear in mind that syntheti-
cally useful enantioselectivities could equally well arise from at-
tractive, not repulsive interactions, even in covalent catalysis.
Herein, we present the case of a covalent iminium-catalyzed
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reaction in which the selectivity cannot readily be rationalized
on the basis of sterics.

In conjunction with our research program towards the total
synthesis of pectenotoxin-2,” we recently needed a method
that would allow us to introduce a tertiary stereogenic center
at C25 and a methyl group stereoselectively at C27 (Scheme 1).

1: Pectenotoxin-2

U

17
27 O, o)
Xy = e
o ° 22
2: C17-C28 Fragment 3

Mukaiyama-Michael
reaction with methacrolein

Scheme 1. Pectenotoxin (1) and the F-ring fragment (2).

We anticipated that a simple method for accessing this ste-
reochemistry would involve an enantioselective Mukaiyama-
Michael reaction between a silyloxyfuran 13 and enal 14
(Table 1). As described in our initial communication,” iminium-
catalyzed reactions with a-substituted enals are rare, and reac-
tions proceeding with a high enantioselectivity typically re-
quire a cyclization step.” However, we found, to our surprise,
that a-substituted enals can readily be engaged in Mukaiya-
ma-Michael reactions with high enantioselectivity by using

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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trans-2,5-diphenylpyrrolidine as the catalyst.”’ In the following,
we present a full account of these studies, including an ex-
panded scope of the Mukaiyama—Michael reaction and a com-
putationally derived rationalization for the observed enantio-
selectivity.

Results and Discussion
Catalyst screen

The initial catalyst screen of the Mukaiyama-Michael reaction
between methacrolein (14) and 5-Me-silyloxyfuran 13 consist-
ed of two well-established catalyst families (Table 1); the Mac-
Millan catalysts"” and various diarylprolinol derivatives (Jgr-
gensen- and Hayashi-type catalysts)."" However, the enantiose-
lectivies obtained with these catalysts were suboptimal and
prompted us to investigate other options for this transforma-
tion. We discovered that trans-2,5-diphenylpyrrolidine (12) per-
formed far better in the reaction than any of the other tested
catalysts.

Table 1. Catalyst screen for the Mukaiyama-Michael reaction.

o] Me

\ P
WL N 2 Ph=~y~ "Ph
RN\~ 1Bu N o N

H (R,R)-12
. R1=
4R =Bn 6: R? = 3 5-(F5C),CeHs, R®= SiMes
5:R'=H

7: R?2=Ph, R%= SiMe;

8: R?= Ph, R%= SiPh,Me

9: R% = 3,5-(F3C),CgH3, R®= SiPh,Me
10: R2 = 2-naphthyl, R® = SiPh,Me
11: R? = 2-naphthyl, R® = SiMe;

methacrolein (14), catalyst,
\Q/OTBS . OWO
- CH,Cly, RT RTR? \=
13 15a: R'= H, R2= Me
15b: R'=Me, R?=H

Entry Catalyst Conv. erl d.r
[9]" (15a/b) (15a/b)

1 4 33 49:51/51:49 55/45
2 5 >95 68:32/61:39 64/36
3 6 65 60:40/64:36 65/35
4 7 94 77:23/76:24 57/43
5 8 >95 80:20/81:19 56/44
6 9 >95 64:36/82:18 59/41
7 10 >95 79:21/80:20 56/44
8 1 76 65:35/69:31 58/42
9 (R,R)-12 >95 3:97/4:96" 56/44

[a] Determined by GC, monitoring the conversion of silyloxyfuran 13 to
15a/15b during the reaction. [b] Determined by GC (Supelco® Astec®
CHIRALDEX® B-DM column). [c] Designates the opposite enantiomers of
15a/15b. NBA =nitrobenzoic acid.

Optimization of the reaction conditions

The initial conditions used for the catalyst screening were
adapted from those used by MacMillan and co-workers. How-
ever, it was not evident that these conditions (biphasic mixture
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of CH,CI,/H,0, 4-nitrobenzoic acid co-catalyst) would be opti-
mal for the reactions with catalyst 12, and additional optimiza-
tion was warranted. Initially, the plan was to monitor the reac-
tions by using online 'H NMR spectroscopic monitoring, but
this plan was abandoned due to very slow progress of the re-
action in the NMR tube. For the reactions to proceed, rapid
stirring of the reaction is necessary.

During the catalyst screening, it was observed that TMS-pro-
tected silyloxyfurans were labile under our aqueous reaction
conditions and the silyloxyfuran 16 was rapidly hydrolyzed to
the starting lactone. Additionally, control experiments indicat-
ed that the TMS-protected silyloxyfuran could undergo the
Mukaiyama-Michael reaction directly under acid catalysis, lead-
ing to a racemic product and thus reduced enantioselectivity.
In contrast, t-butyldimethylsilyl (TBS)- and triisopropylsilyl
(TIPS)-protected silyloxyfurans (13 and 17) were less prone to
(though not immune to) these side reactions and therefore
these silyloxyfurans were selected for the further studies
(Table 2).

Table 2. Effect of the silyl group on the enantioselectivity.

200 mol-% methacrolein (14)

10 mol-% (S,S)-12 H
o 10 mol-% 4-NBA o
\UOPG 200 mol-% H,0 OWO
\ / RIR2 \—=
CHzCl, RT 15a: R'=H, R?= Me
15b: R'=Me, R2=H
Entry PG t erl d.r! Yield
(h] (15a/b) [9]®
1 TMS (16) <3 90:10 55:45 <10
2 TBS (13) 8 97:3 58:42 >95
3 TIPS (17) 241 97:3 58:42 >95

[a] Determined by GC (Supelco® Astec® CHIRALDEX® B-DM column) from
the reaction mixture. In general, the enantiomeric ratio (e.r.) was similar
(£2%) for both diastereomers. [b] Determined by GC (Supelco® Astec®
CHIRALDEX® B-DM column) from the reaction mixture. [c] The reaction
was likely completed earlier but it was not monitored continuously.

Screening of the acid co-catalyst revealed that the stronger
acids led to more prominent and faster side reactions (Table 3).
The lipophilicity of the acid also played a role, as both strongly
hydrophilic and lipophilic acids significantly slowed the reac-
tion rate. In our reaction conditions, the moderately lipophilic
4-nitrobenzoic acid was the optimal choice.

The use of 200 mol% of the a-substituted acroleins (14, 25-
28) was sufficient to consume all the silyloxyfuran starting ma-
terial. However, when acrolein (18) was used as the substrate,
it was observed that the reaction did not go to completion.
Additionally, the rate of product formation slowed drastically
when the concentration of acrolein diminished, and the high-
est concentration of product (55% vyield) was reached only
after 23 h with 20 mol% of catalyst, and after 52 h with
10 mol% of catalyst. Using a larger excess of acrolein (up to
1000 mol %, versus the 200 mol% used previously) dramatically
increased both the highest concentration of product as well as
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- - - - - problems were not observed
Table 3. Screening of the acid co-catalysts for the Mukaiyama—Michael reaction. X R
with the 5-methyl-substituted
" 10 or 20 mol-% (S,S)-12 butenolide products.
10 or 20 mol-% acid Variation of the aryl ring of
o R2__O._oPG _ 200mok%H0
Rl U T ChCL 0 CorRT + 0 the catalyst (Table 4) revealed
212,
152 (R1 R? = Me) 15b (R1 R = Me) that the original trans-2,5-diphe-
20 (R'=R2=H) 20 (R'=R2=H) nylpyrrolidine catalyst was nearly
Entry® R’ R. PG Acid Pk logP® ¢ Yield erd  dr@ optimal. Interestingly, catalysts
thl  [%]" 21 and 24 bearing alkyl substitu-
1 Me (14) Me TBS(13) TFA 005 135 2 63 937 5743 | ents in the aromatic ring were
2 Me (14) Me TBS(13) 2-NBA 2.19 119 5 75 97:3  56:44 obtained at suboptimal enantio-
3 Me (14) Me TBS(13) 3-NBA 348 168 4 81 964 5644 | meric purity, which of course fur-
4 Me (14) Me TBS(13) CICH,COOH 2.65 0.05 21 >95 946 56:44 ther lowers the observed enan-
5 Me (14) Me TBS(13) 4-NBA 342 179 8  >95 973 5545 ) e
6 Me (14) Me TBS(13) Formic acid 374 —054 21 >95 96:4 5743 | tioselectivities. Nonetheless, no
7 H(18 H  TIPS(19) 2,4-DNBA 1.43 134 2 37 946 - improvement in selectivity from
8 H(8 H  TIPS(19) 3,5-DNBA 277 171 2 40 8911 - substitutions in the aryl ring is
9 H (18) H TIPS (19) 4-NBA 3.44 1.79 1 704 955 - abparent
10 H(8) H  TIPS(19) 35-dichlorobenzoicacid 346 350 4 60 946 - pparent.
Il H (18) H TIPS (19)  Lactic acid 3.91 —-085 2 45 89:11 -
[a] For entries 1-6, 10 mol% of catalyst and acid were used and the reactions were run at RT. For entries 7-11, Substrate scope with substitut-
20 mol% of catalyst and acid were used and the reactions were run at 0°C. [b] The values are taken from Sci- ed acroleins
Finder (http://scifinder.cas.org), and are reportedly generated by using Advanced Chemistry Development
(ACD/Labs) Software V11.02 (© 1994-2013 ACD/Labs). [c] Determined by using GC (Supelco® Astec® CHIRAL- In addition to methacrolein, vari-
® B- i i i i i . .
DI?X B-DM column) from thg reactilon nfuxture. [d] D.ete.rmmed by using NMB spectroscopy from Fhe reactlo.n ous a-substituted acroleins'?
mixture. In general, the enantiomeric ratio (e.r.) was similar (=2%) for both diastereomers. TFA =trifluoroacetic K . .
acid, DNBA =dinitrobenzoic acid. were studied in the Mukaiyama-

the reaction rate (70% yield reached after only one hour). In
summary, using a large excess of acrolein was crucial to the
success of the reaction.

It was also observed that products with a proton in the 5-
position of the furan-2-one ring were prone to slowly decom-
pose under the reaction conditions, leading to low yields if the
reactions were left to proceed for several days. However, these

Table 4. Screening of catalysts for the Mukaiyama—Michael reaction.

(S,S)-Catalysts:

12: R=Ph

21: R = 2-H3;CCgH4

22: R =4-F3CCgH4

23: R = 3,5-(F3C),CeH3
24: R = 4-tBu-CgH,

300 mol-% acrolein (18)
20 mol-% catalyst
20 mol-% 4-NBA

\Q,OTBS 200mol-% H0 O?\/\ki\fo
CH,Cly, 0°C —
13 30
Entry Catalyst er. of
(e.r. of catalyst) product®
1 '|2 (98:2) 97:3
2 1 (85:15) 78:22
3 2 (99:1) 94:6
4 23 (98:2) 93.7
5 24 (95:5) 87:13

[a] Determined by using GC (Supelco® Astec® CHIRALDEX® B-DM column)
from the reaction mixture.
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Michael reaction. The a-acroleins
were subjected to the optimized
Mukaiyama-Michael reaction
conditions with TBS- or TIPS-protected silyloxyfurans (Table 5).

The screens revealed that the reaction tolerates both a-alkyl
and a-oxy-substituted aldehydes (Table 5, entries 4-7 and 8-
10, respectively). Methacrolein appears to be the most optimal
substrate, furnishing the isolated product in 90% yield with ex-
cellent enantioselectivity by using only 10 mol % of the catalyst
12 and TBS-protected furan 13 (Table 5, entry 5). In other en-
tries, 20 mol% of the catalyst was used with TIPS-protected si-
lyloxyfurans, affording the isolated product in 60-70% yields
with good-to-excellent enantioselectivities. Two exceptions to
the high enantioselectivities can be noted in Table 5: Entry 3,
in which the silyloxyfuran 29 bears a C3-methyl substituent,
and entry 7, in which a-benzylacrolein 26 was used. With 26,
the lower selectivity of the reaction may be related to the slug-
gishness of the reaction. The explanation for the lower selectiv-
ity obtained with 29 (Table 5, entry 3) will be discussed below.

In general, stereocontrol of the aldehyde a-substituent was
not possible due to rapid equilibration, and the products were
obtained in ratios ranging from 1:1 to 2:1. However, in many
cases, the diastereomers are readily separable by chromatogra-
phy, and equilibration of the product diastereomers is also
possible, allowing the steering of the product composition to
either diastereomeric direction.”

In addition to a-substituted acroleins, catalyst 12 also gave
excellent enantioselectivities in reactions with 3-substituted ac-
roleins (Table 6), albeit with moderate-to-good diastereoselec-
tivities. The diastereomeric ratio is particularly encouraging for
the R?=Me and R®*=Me combination (Table 6, entries 1 and 2,
respectively), but they become deteriorated for unsubstituted
silyloxyfurans (entries 3 and 4, respectively).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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) ) tionally (see Figure 1). The most
Table 5. Substrate scope for a-substituted acroleins.
stable conformer corresponds to
H &2 o, oTps H R? H R? the s-trans arrangement of the
o)\/ . U (SSM24NBAHO A ALOL0 | o 00 conjugated double bonds and
R R3 CH;Cl, 0 °C or RT R' = R3 R = R3 the envelope shape of the pyrro-
Entry R' R R® Yield T er dr. Product hd”?e .rlng (|m-s-trar?s). The half-
%] °c 15.5)/(RS)] chair ring-conformation of pyrro-
lidine (hereafter labelled by
1 H(18) H H(19) 61 0 94:6 - 20 ) L i
2 H (18) Me  H(7) 65 0 96:4 - 30 prime () gives rise to another s-
3 H(18) H Me (29) 40 0 85:15 - 31 trans conformer (im-s-trans’),
4 Me (14) H H (19) 53 0 98:2 50:50 32 which lies on|y 0.5 kcal rnor1
(b) . .
5 Me (14) Me H (13) 90 0 98:2 55:45 15 higher in energy. The corre-
6 n-Pr (25) Me H(17) 58 0 95:5 57:43 33 . R .
7 Bn (26) Me H(17) 69 RT 85:151 48:52 34 spondlng S-CIS conformers (|m-s-
8 AcO (27) H H (19) 58 0 97:34 64:36 35 cis and im-s-cis’) are predicted
9 AcO (27) Me H(17) 71 RT 97:3¢ 50:50 36 to be slightly less stable, howev-
10 BnO (28) Me H(17) 61 RT 98:2 63:37 37 er, the conjugated n-system in
[a] Determined by using GC (Supelco® Astec® CHIRALDEX® B-DM column). In general, the enantiomeric ratio these forms deviate significantly
(e.r) was similar (£2%) for both diastereomers. [b] TBS-protected silyloxyfuran was used. [c] Determined by from the ideal planar structure
using HPLC (Chiralcel® IC column) from the alcohol derivative. [d] Determined by using HPLC (Chiralcel® IC ( dihedral les in Fi 1
column) from the 5,5-dimethyl-1,3-dioxan-2-yl-derivative. [e] Determined by using HPLC (Chiralcel® IB column) see di .e ra. ang 'eS In Figure 1).
from the 5,5-dimethyl-1,3-dioxan-2-yl-derivative. Such distortions imply reduced

Table 6. Substrate scope for 3-substituted acroleins.

(S,5)-12, 4-NBA

R’I

G R+ Rz\@/OPG KHSO, (sat. aq.) ] A/é\%éo

CH,Clp, 0°C o
Entry R R? PG Yield er® d.r®  Product

[%][c]

1 Me (38) Me TBS(13) 52 96:4 946 41
2 Me (38) Me TIPS(17) 64 97:3 91:9 41
3 Me (38) H  TBS(40) 57 95:5/98:2°1  58:42 42
4 Me (38) H TIPS (19) 56 95:5/96:4" 49:51 42
5 n-Pr(39) Me TIPS (17) 64 93:7/97:3%"  81:19 43
6 n-Pr(39) H TIPS(19) 70 98:2/93:7"  77:23 44

[a] Determined by using GC (Supelco® Astec® CHIRALDEX® B-DM column)
from the reaction mixture. [b] e.r. reported for both diastereomers. [c] Iso-
lated yields.

Rationalization of the enantioselectivity

To gain an insight into the origin of stereoselectivity of the
present Mukaiyama-Michael transformations, some of the ob-
served reactions were examined computationally. We primarily
focus on the reaction between methacrolein (14) and TBS-pro-
tected 5-Me-silyloxyfuran 13 (Table 5, entry 5), but results for
reactions with acrolein and (E)-crotonaldehyde are also dis-
cussed. It is assumed herein that the reactions follow the clas-
sical iminium-catalyzed pathway"® and the C—C bond forma-
tion between the iminium intermediates and silyloxyfurans
represents the stereoselectivity-determining step. Transition
states corresponding to this elementary step were located and
analyzed by using high-level DFT calculations. The relative en-
ergies of transition states leading to different stereoisomeric
products were used to estimate the stereoselectivity data."
Four different isomeric forms of the iminium species derived
from methacrolein and catalyst 12 were identified computa-
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electrophilicitites of these spe-

el
+
Ph ‘N H

im-s-trans (0.0) im-s-trans' (0.5)

f /
2 A
& N <

im-s-cis' (1.8)

im-s-cis (1.0)

Figure 1. Conformers identified computationally for the iminium cation de-
rived from methacrolein and catalyst 12. Relative stabilities (in kcalmol™',
with respect to the most stable structure) are shown in parenthesis. Dihedral
angles defined by the atoms of the N=C—C=C unit are given in degrees.

cies, which likely affects their reactivities towards silyloxy-
furans."™ Our calculations indicate that these iminium con-
formers can easily interconvert, therefore they are assumed to
be in equilibrium in the reaction mixture. For TBS-protected 5-
Me-silyloxyfuran, a number of close-lying conformers were
found, differing in the position of the silyloxy arm and the ori-
entation of the silyl group. These conformers are predicted to
be nearly isoenergetic and the conversion barriers are found to
be very small (=1 kcalmol™).'"! Consequently, the bulky silyl
groups of the silyloxyfurans do not necessarily impose steric
hindrance upon the C—C bond-formation process, because the
silyl group can readily rotate out of the way.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The transition states were explored through an extensive
conformational analysis. We find that closed transition struc-
tures, that is, those that display maximum contact between
the iminium and furan m-systems, are clearly favored over the
open structures."'® In line with the reduced electrophilicities
of the s-cis-type iminium isomers, the corresponding transition
states are predicted to be notably less stable (by about 5 kcal
mol™") than those originating from the s-trans iminium struc-
tures. Consequently, the s-cis-type transition states were ex-
cluded from our consideration.

Four different arrangements of the reacting iminium and si-
lyloxyfuran species are possible that maximize the contact be-
tween the furan and iminium mt-systems. These are illustrated
in Figure 2. For instance, in transition state “d/si”, the furan ap-

~ Jop or__ | or__ |} __lop
o D iy @o
l I
d/si u/si dire ulre

o7 O_o OWO

(S) product (R) product

Figure 2. Labeling of transition states in the reaction of iminium and silyl-
oxyfuran species. Labels “d” and “u” indicate the direction of the furan
attack (down and up positions, respectively); “si” and “re” refer to the two
faces of the furan molecule. P denotes the protecting TBS group. Note that
due to two possible conformations of the pyrrolidine ring, the number of
transition states is doubled.

proaches the iminium m-system from below the iminium ion
(“down” direction) with its si face. By using this notation, tran-
sition states “d/si” and “u/si” lead to S products, whereas “d/re”
and “u/re” transition states give R products.

Considering the two possible conformations of the pyrroli-
dine ring, eight low-lying C—C bond-formation transition states
could be located for the reaction between methacrolein and
TBS-protected 5-Me-silyloxyfuran. The relative energies of the
transition states and their percentage contributions to the for-
mation of S and R product isomers are given in Table 7.

It is apparent from these results that the silyloxyfuran at-
tacks preferentially by its si face on the iminium intermediate.
All combinations of si-type transition states lie lower in energy
than the corresponding re analogues, therefore the formation
of the S-product isomer is predicted to be favored kinetically.
Structures TS-d/si’ and TS-u/si’ represent the most stable tran-
sition states leading to the major product, and they are both
characterized by close intermolecular contacts between the
bulky protecting group and the pyrrolidine/phenyl units of the
catalyst (see Figure 3). These interactions are present in the
most favored re-type transition states as well (TS-u/re and TS-
d/re’ in Figure 3), however, they are over 3 kcalmol™' less
stable than the si-type transition states. The enantiomeric ratio
(e.r. (S/R)) computed from the relative energies of the full set
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Table 7. Computed relative energies of transition states and related ste-
reoselectivity data for the reaction of methacrolein and TBS-protected 5-
Me-silyloxyfuran.

Notation® Iminium  Attack  Product  AE Pop
[kcalmol™] [%]®!

TS-d/si s-trans d/si S 2.29 1.2
TS-u/si s-trans u/si S 1.52 4.2
TS-d/re s-trans d/re R 534 0.0
TS-u/re s-trans u/re R 333 0.2
TS-d/si’ s-trans’ d/si S 0.00 56.2
TS-u/si’ s-trans’ u/si S 0.23 38.1
TS-d/re’ s-trans’ d/re R 3.77 0.1
TS-u/re’ s-trans’ u/re R 4.87 0.0
e.r. (S/R) 99.7:0.3

[a] In the first four structures, the pyrrolidine has an envelope shape, and
in the last four structures (labelled by prime) the pyrrolidine adopts
a half-chair ring conformation. [b] The relative contributions of various
pathways to the formation of product isomers are obtained from Max-
well-Boltzmann statistics: pop;= 100 x exp(—AE/RT)/Z[exp(—AE/RT)].

TS-d/si’ (0.0)

)

TS-ulre (3.3) TS-d/re’ (3.8)

Figure 3. Structures of the most stable si- and re-type transition states. Rela-
tive stabilities (in kcalmol™', with respect to the most stable structure) are
shown in parenthesis. The developing C—C bonds are indicated by the
dashed lines; some of the intermolecular contacts are highlighted by
arrows. All hydrogen atoms are omitted for clarity.

of transition states is 99.7:0.3, which is in agreement with the
experimental observations.

In iminium catalysis, the prevailing paradigm is that selectivi-
ty is controlled by steric effects.® The importance of attractive
secondary interactions has also been noted,"” especially in
controlling the conformation of the iminium cation."® Our
structural analysis reveal relatively short intermolecular H--H
distances (2.2-2.3 A) in the transition states. These distances
might point to certain degree of steric congestion. However,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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an alternative explanation is that these contacts can give rise
to stabilizing van der Waals interactions as well. To gain insight
into the nature of these intermolecular forces, we generated
reduced density gradient (RDG) isosurface plots for the transi-
tion states using the method developed by Yang et al."*? This
analysis allows one to identify and characterize regions of non-
covalent interactions (NCI) in real space by locating low elec-
tron-density and low RDG domains in a molecular system. The
NCI plot obtained for the most stable transition state (TS-d/si’)
is depicted in Figure 4.

NG i
I-O-
<= 188 /
o
TS-disi’
fur---Ph - TBS---Ph
(CH/z and O--HC) \8 \ (CHICH and CH/x)
‘ TBS--im
- (CHICH)

fur---im
(n/m and CH/r)

C-C bond formation

Figure 4. NClI plot generated for transition state TS-d/si’. Green regions rep-
resent weak noncovalent interactions; the blue region corresponds to C—C
bond formation. Applied cutoff for the gradient is s=0.3 au. Various frag-
ments of reacting species are abbreviated as: fur: furan ring, im: N=C—C=C
moiety of the iminium, pyrr: pyrrolidine ring. The specific types of interac-
tions are shown in parenthesis.

The RDG isosurface plot displays broad contact areas be-
tween the reacting species. The green regions are indicative of
weak and attractive noncovalent interactions, which can be
classified according to the involved molecular units. For in-
stance, favorable interactions between the iminium and furan
m-systems are represented by a large surface area (fur-im in
Figure 4). Interestingly, the furan ring and the silyloxy oxygen
interact notably with the phenyl group of the catalyst (fur--Ph).
As noted above, the alkyl groups of the TBS group interacts
extensively with the pyrrolidine and Ph units of the catalyst,
and these regions can also be clearly identified in the plot
(TBS--pyrr and TBS--Ph). Finally, the methyl groups of the TBS
group interact with the unsaturated iminium as well, as indi-
cated by TBS-im interactions in Figure 4. All these specific con-
tacts can be considered as weak intermolecular van der Waals
interactions, providing stabilization for the transition states
and directly affecting the stereoselectivity of the reaction.

The NCI plots of the most favored si- and re-type transition
states are shown in Figure 5. Visual inspection of these plots
suggest that some of the noncovalent interactions, such as
fur-im and TBS--im, are always present in the transition states
and therefore they are unlikely to play an important role in the
stereocontrol. It is apparent that the other interactions
(TBS--pyrr, TBS--Ph and fur--Ph) occur concurrently in si-type
transition states, but this is not the case for the two re-type
structures. In the transition state TS-u/re, the furan ring is dis-
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TS-u/si’

TS-ulre

TS-dire'

Figure 5. NCI plots for the most stable si- and re-type transition states. Char-
acteristic van der Waals contacts are highlighted for each structure.

placed far from the Ph group, so no fur-Ph interactions are ob-
served, whereas in TS-d/re’, the TBS group interacts solely with
the one of the Ph groups (and not with the pyrrolidine ring). It
thus appears that the origin of stereoselectivity might be relat-
ed to the unbalanced overall weight of these specific noncova-
lent interactions.

To quantify the contribution of fur--Ph and TBS---Ph/pyrr in-
teractions to the transition-state stabilization, we constructed
two truncated models as illustrated in Figure 6. In model-1, the
TBS group of the silyloxyfuran is replaced by a SiH; group,
whereas in model-2, the furan ring is omitted and the protect-
ing group is represented by silane TBS—H. Interaction energies
between the iminium intermediate and the truncated sub-
strates were computed for geometries identical to the original
transition states.”" The results are reported in Table 8.

The interaction energies computed through model-1 are
fairly large because they incorporate attractive interactions be-
tween structurally distorted reactants.”” The largest value is

Ph O‘Ph Ph“"&Ph

N N

_IOgin, I Hsi——
! 7N\
o
l TBS---Ph/pyrr
“,
\i(
ad @
q
. e .S
fur-Ph
model-1 model-2

Figure 6. Truncated models of transition states (as exemplified by TS-d/si)
used to estimate the relative strength of fur--Ph and TBS--Ph/pyrr interac-
tions. Hydrogen atoms not involved in specified interactions are omitted for
clarity. Note that the fur-Ph interaction is of C—H--x type.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

CHEMISTRY

A European Journal

Table 8. Interaction energies obtained from computations on truncated
models (see Figure 6).”

Notation Model-1 Model-2 Sum®
TS-d/si’ —26.7 —10.2 —36.9
TS-u/si’ —30.1 —-9.0 —39.1
TS-u/re —24.8 —-9.8 —34.6
TS-d/re’ —26.8 —-7.9 —34.7

[a] Energies are reported in kcalmol™'. [b] The sum of the two interaction
energies.

predicted for TS-u/si’, which can be associated with enhanced
fur--Ph interactions arising from a nearly optimal T-shape stack-
ing arrangement of the two rings (see Figure 5). In comparison,
this model gives a significantly reduced interaction energy for
TS-u/re, which is clearly due to the absence of the fur--Ph con-
tact.”® The results obtained by model-2 point to notable stabi-
lizing TBS--Ph/pyrr interactions, which range between 8-10 kcal
mol~". However, the lack of TBS--Ph contacts in TS-d/re’ result
in reduced stabilization for this transition state. Although the
stabilization effects predicted by the two models are not addi-
tive, the sum of the interaction energies is in qualitative agree-
ment with the relative stabilities of the original transition
states.

The prediction that fur--Ph interactions are important for se-
lectivity can be tested. In both TS-d/si" and TS-u/si’, the H3 hy-
drogen of furan makes a close contact with the pi system of
the phenyl ring. Indeed, a 3-methyl-substituted silyloxyfuran
29 (Table 5, entry 3) leads to significantly lower enantioselectiv-
ity, in agreement with the hypothesis that the fur--Ph, which
may be largely a C—H-zt-type interaction, is partially responsi-
ble for the high selectivity.

The overall picture that emerges from the computational
studies is that high enantioselectivity can evolve from the in-
terplay of attractive, not repulsive, intermolecular interactions.
In this case, the favored orientation of the silyloxyfuran ring
over the methacrolein-derived iminium ion enables the exploi-
tation of the stabilizing noncovalent interactions between the
reaction partners. Further support for this view is obtained
from the analysis of the relative orientation of the tert-butyl
and methyl groups of the TBS moiety in the transition states.
As illustrated in Figure 7, the bulky tert-butyl group of the TBS
prefers to orient towards, not away from, the pocket created
by the pyrrolidine and the phenyl rings of the catalyst.

The C—C bond-formation tran-
sition states for the reaction of
acrolein  with silyloxyfuran 13
were also located and analyzed
in our theoretical study and the
results are presented in Table 9.
Similarly to the previous reac-
tion, the si-type transition states
are systematically more stable
than their re analogues leading
to a very high enantiomeric
ratio. The si-type transition
states originating from s-trans

TS-d/si’-a (0.0)
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Table 9. Computed relative energies of transition states and related ste-
reoselectivity data for the reaction of acrolein (18) and TBS-protected 5-
Me-silyloxyfuran (13).
Notation Iminium Attack Product AE Pop

[kcal mol™] [%]®
TS-a-d/si s-trans d/si S 0.16 25.7
TS-a-u/si s-trans u/si S 0.25 22.0
TS-a-d/re s-trans d/re R 5.06 0.0
TS-a-u/re s-trans u/re R 234 0.6
TS-a-d/si’ s-trans’ d/si S 0.37 18.0
TS-a-u/si’ s-trans’ u/si S 0.00 33.6
TS-a-d/re’ s-trans’ d/re R 4.13 0.0
TS-a-u/re’ s-trans’ u/re R 5.12 0.0
er. (S/R) 99.3:0.7
[a] See footnote [b] of Table 7.

and s-trans’ iminium intermediates are predicted to be rather
close in energy, which follows from the electrophilicities of the
two iminium conformers."™ The relative contribution of these
four pathways to the formation of product isomers is 99.3 %.

Computations have also been carried out for the reactions
of (E)-crotonaldehyde (38) with 5-Me- and 5H-silyloxyfurans.
Results for the most stable transition states associated with the
four product isomers are reported in Tables 10 and 11. The
computed data are consistent with our experimental findings,
because they show high e.r. values for both reactions and they
also point to the reduction of the diastereomeric ratio (d.r.)
with 5H-silyloxyfuran. Our analysis suggests that the diastereo-
selectivity of the reaction of (E)-crotonaldehyde (38) with 5-
Me-silyloxyfuran 13 is related to the interaction of terminal
methyl group of the iminium ion and the 5-Me substituent of
the furan (see Figure 8). In the transition state leading to the
major product (TS-c5Me-d/si), the furan ring and the unsatu-
rated iminium fragment display a staggered arrangement,
whereas in the diastereomeric transition state (TS-c5Me-u/si’),
this alignment is somewhat distorted. The closer contact of the
neighboring CH; groups induces slight destabilization for the
latter transition state. This effect is absent in transition states
located for the reaction with 5H-silyloxyfuran 40, therefore the
diastereomeric transition states become nearly isoenergetic.
This is also in excellent agreement with the experimental re-
sults (Table 6, compare entries 1 and 3).

In summary, the computational results indicate that high
enantioselectivities could arise even in covalent catalysis from

2

1 %

TS-disi'-b (+1.1)

TS-d/si'-c (+1.7)

Figure 7. Relative orientation of the TBS group in transition state TS-d/si’. Relative energies are given in parenthe-
sis (in kcalmol™). All H atoms are omitted for clarity.
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that the selectivity is largely due to attractive disper-
sion interactions, not repulsive steric shielding. We
find it likely that there are many more enantioselec-

Notation Iminium  Attack  Product  AE 1 Pop tive reactions in which the origin of enantioselectivity
_ or1l

fkealmol” 1 el could be traced back to attractive van der Waals in-
TS-cSMe-d/si strans-E - d/si RS 0.00 85.0 teractions instead of steric shielding, in spite of the
TS-c5Me-u/si’ s-trans-E' u/si SS 1.03 14.9 . . Lo )
TS-c5Me-d/re s-trans-E dre SR pes 0.0 p.opula.rlty of the steric shlek':ilng models. §uch con
TS-c5Me-u/re’ s-trans-E' u/re RR 3.98 0.1 siderations should be taken into account in catalyst
(RS/(SR) 99.99:0.01 design.
(RSI(S,S) 85.1:14.9

[a] See footnote [b] of Table 7.

Table 11. Computed relative energies of transition states and related ste-
reoselectivity data for the reaction of (E)-crotonaldehyde (38) and TBS-
protected 5H-silyloxyfuran (40).

Notation Iminium Attack  Product AE Pop
[kcalmol™"]  [9%]®
TS-c5H-d/si s-trans-E d/si RS 0.00 53.2
TS-c5H-u/si’ s-trans-E' u/si SS 0.08 46.7
TS-c5H-d/re’  s-trans-E' d/re SR 4.37 0.03
TS-c5H-u/re’ s-trans-E' u/re RR 4.03 0.06
(RS)/(S,R) 99.9:0.1
(RS)S,S) 53.2:46.8

[a] See footnote [b] of Table 7.

TS-c5Me-d/si

TS-c5Me-ulsi’

Figure 8. Diastereomeric transition states located for the reaction of (E)-cro-
tonaldehyde (38) and TBS-protected 5-Me-silyloxyfuran (13). Dihedral angles
characteristic of the relative orientation of the reacting species are shown
for both structures. Hydrogen atoms are omitted for clarity except those of
the interacting methyl groups.

a sum of attractive noncovalent interactions. Although the role
of noncovalent interactions in controlling enantioselectivity
has been noted before in organocatalysis”” and metal cataly-
sis,”” we believe ours is the first documented example of cova-
lent catalysis in which attractive noncovalent interactions
appear to be in full control of the enantioselectivity.

Conclusion

Trans-2,5-diphenylpyrrolidine is a versatile iminium catalyst for
the enantioselective Mukaiyama-Michael reaction. The high
enantioselectivities obtained with this catalyst challenge the
prevailing steric shielding paradigm in covalent organocataly-
sis. A computational analysis of the transition states suggests

Chem. Eur. J. 2014, 20, 1-12 www.chemeurj.org

Experimental Section
General procedure for the a-substituted acroleins

a-Substituted acrolein (200-500 mol%) and silyloxyfuran
(0.5 mmolmL™", 100 mol%) were added to a stirred solution of
(25,55)-2,5-diphenylpyrrolidine ((S,5)-12) (20 mol%), 4-nitrobenzoic
acid (20 mol %), and water (200 mol%) in CH,Cl,. The mixture was
stirred at either 0°C or RT. After completion of the reaction (deter-
mined by TLC, GC, or NMR spectroscopy), either the mixture was
filtered through a layer of silica and concentrated, or the mixture
was transferred into the flash column and purified by flash chro-
matography to afford the desired products.
(S)-3-(5-Ox0-2,5-dihydrofuran-2-yl)propanal (20): R; (EtOAc)=
0.54; [alp= +60.0 (c=1.1, CHCl;); '"H NMR (400 MHz, CDCl,): 6=
9.79 (t, 1H, J=0.8 Hz), 7.44 (dd, 1H, J=5.7, 1.6 Hz), 6.12 (dd, 1H,
J=5.7,2.0Hz), 5.11 (ddt, TH, J=7.9, 4.0, 2.0 Hz), 2.75-2.58 (m, 2H),
2.22 (dtd, 1H, J=14.6, 7.3, 4.2 Hz), 1.83 ppm (dddd, 1H, J=14.6,
8.2, 7.0, 6.2 Hz); *CNMR (100 MHz, CDCl;): 6 =200.5, 172.7, 155.9,
122.0, 81.9, 388, 25.2 ppm; IR (film): ¥=2927, 2850, 1746, 1720,
1163, 1095, 817 cm™'; HRMS (ESIT): m/z calcd for [C,HgO;Nal:
163.0371; found: 163.0363, A=4.9 ppm.
(S)-3-(2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)propanal  (30): R:
(Et,0)=0.35; [alp=+39.7 (c=1.0, CHCl); 'HNMR (250 MHz,
CDCly): 6=9.70 (t, 1H, J=09Hz), 7.31 (d, TH, J=5.6 Hz), 5.99 (d,
1H, J=5.6Hz), 2.50 (dddd*, 1H, J=18.5, 8.0, 6.5, 0.9 Hz), 2.37
(dddd"®, 1H, J=18.5, 7.5, 6.7, 0.9 Hz), 2.14 (ddd"®, 1H, J=14.5, 7.5,
6.5 Hz), 2.06 (ddd*®, 1H, J=14.5, 8.0, 6.7 Hz), 1.47 ppm (s, 3H);
BCNMR (63 MHz, CDCl;): 6=200.4, 172.1, 160.0, 121.0, 87.8, 38.0,
29.7, 24.3 ppm; IR (film): 7=3058, 2982, 2935, 2840, 2733, 1752,
1722, 1185, 1116, 953, 822cm™'; HRMS (ESIT): m/z calcd for
[CgH,005Nal: 177.0528; found: 177.0522, A=3.4 ppm.
(S)-3-(4-Methyl-5-ox0-2,5-dihydrofuran-2-yl)propanal  (31): R
(EtOAC)=0.70; [alp= +17.7 (c=1.0, CH,Cl,) 'HNMR (400 MHz,
CDCly): 6=9.79 (t, TH, J=0.8 Hz), 7.01 (gn, TH, J=1.6 Hz), 4.98-
4,92 (m, 1H), 2.74-2.57 (m, 2H), 2.20 (dtd, 1H, J=14.6, 7.3, 4.1 Hz),
191 (t, 3H, J=1.6Hz), 1.79 ppm (dddd, 1H, J=14.6, 83, 7.3,
6.2 Hz); "CNMR (100 MHz, CDCly): 6=200.6, 174.0, 148.2, 130.7,
79.8, 39.1, 25.6, 10.8 ppm; IR (film): #=2926, 2851, 1750, 1722,
1101, 1072, 1026, 984 cm™'; HRMS (ESI™): m/z calcd for [CgH,,05Nal:
177.0528; found: 177.0526, A=1.1 ppm.
(R)-1-Oxo0-3-((S)-5-0x0-2,5-dihydrofuran-2-yl)propan-2-yl acetate
(32a) and (S)-1-oxo-3-((S)-5-0x0-2,5-dihydrofuran-2-yl)propan-2-
yl acetate (32b): R; (Et,0)=0.39; 'H NMR (400 MHz, CDCl,, other
half): =9.68 (app. t, TH, J/=0.8 Hz), 7.45 (dd, 1H, J=5.8, 1.8 Hz),
6.12 (dd, TH, J=1.8, 1.2 Hz), 5.17-5.12 (m, 1H), 2.68-2.58 (m, 1H),
2.07 (ddd, 1H, J=14.6, 8.8, 59 Hz), 1.80 (ddd, 1H, J=14.6, 7.3,
4.1Hz), 1.24ppm (d, 3H, J=7.4Hz); '"HNMR (400 MHz, CDCl,,
other half): 6=9.64 (d, 1H, J=0.9 Hz), 7.46 (dd, 1H, J=5.8, 1.8 Hz),
6.10 (dd, TH, J=1.8, 1.2 Hz), 5.15-5.10 (m, 1H), 2.81-2.71 (m, TH),
2.27 (ddd, 1H, J=14.5, 8.8, 3.5Hz), 1.44 (dddd, 1H, J=145, 9.9,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

4.3, 0.7 Hz), 1.22 ppm (d, 1H, J=7.5 Hz); *C NMR (100 MHz, CDCl,,
other half): 6=203.3, 172.74, 156.2, 121.8, 80.9, 43.1, 34.1,
14.6 ppm; *C NMR (100 MHz, CDCl,, other half): 6=203.1, 172.67,
156.2, 121.9, 81.6, 42.6, 33.2, 13.6 ppm ; IR (film): 7=3092, 2969,
2937, 2867, 2832, 2723, 1745, 1721, 1163, 1105, 1023, 910,
814 cm™'; HRMS (ESI*): m/z calcd for [CgH,,0;Nal: 177.0528; found:
177.0524, A=2.3 ppm.
(S)-2-(((S)-2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)methyl)pentanal
(33a): R; (Et,0/n-Pentane 2:1)=0.41; [alp=—53.5 (c=2.8, CHCl,);
'H NMR (400 MHz, CDCl): 6=9.52 (dd, 1H, J=1.0, 0.8 Hz), 7.25 (d,
1H, J=5.6Hz), 592 (d, 1H, J=56Hz), 233 (dd, 1H, J=14.5,
9.3 Hz), 2.24-2.15 (m, 1H), 1.83 (dd, 1H, 14.5, 1.8 Hz), 1.65-1.55 (m,
1H), 1.48 (s, 3H), 1.45-1.34 (m, TH), 1.33 (app. sext, 2H, J=7.3 Hz),
0.90 ppm (t, 3H, J=7.3 Hz); CNMR (100 MHz, CDCl,): 6=203.6,
172.3, 160.6, 120.5, 88.1, 46.3, 35.5, 32.0, 25.2, 19.9, 14.1 ppm; IR
(film): 7=3085, 2960, 2933, 2874, 2719, 1752, 1722, 1191, 1115,
952, 820 cm™'; HRMS (ESIT): m/z calcd for [C,;H,4s0;Na]: 219.0997;
found: 219.0998, A=0.5 ppm.
(R)-2-(((S)-2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)methyl)pentanal
(33 b): R; (Et,0/n-Pentane 2:1) =0.30; [al,= +49.4 (c=0.98, CHCI,);
"H NMR (400 MHz, CDCl;): 6=9.55 (d, 1H, J=2.7 Hz), 7.33 (d, 1H,
J=5.6Hz), 6.04 (d, 1H, J=5.6Hz), 241 (dd, 1H, J=14.4, 8.7 Hz),
2.38-2.29 (m, 1H), 1.67 (dd, 1H, J=14.4, 3.0 Hz), 1.64-1.55 (m, TH),
1.44 (s, 3H), 1.44-1.36 (m, TH), 1.36-1.23 (m, 2H), 0.90 ppm (t, 3H,
J=7.2 Hz); CNMR (100 MHz, CDCl;): 6=203.2, 171.9, 159.9, 121.3,
88.1, 47.3, 37.0, 32.2, 24.5, 20.0, 14.1 ppm; IR (film): 7=3085, 2960,
2933, 2874, 2718, 1755, 1722, 1456, 1190, 1113, 952, 820cm™;
HRMS (ESI™): m/z caled for [Ci;H,4O5Na]: 219.0997; found: 219.0998,
A=0.5 ppm.
(S)-2-Benzyl-3-((S)-2-methyl-5-ox0-2,5-dihydrofuran-2-yl)propa-
nal (34a): R; (Et,O/hexanes 2:1)=0.24; [a]lp=—34.2 (c=1.6, CHCl,);
"H NMR (400 MHz, CDCl,): 6=9.62 (dd, 1H, J=1.2, 0.8 Hz), 7.33-
7.27 (m, 2H), 7.26-7.20 (m, 1H), 7.23 (d, 1H, J=5.6 Hz), 7.15-7.11
(m, 2H), 5.94 (d, 1H, J=5.6 Hz), 2.95 (dd, 1H, J=14.0, 7.3 Hz), 2.77
(dd, 1H, J=14.0, 73 Hz), 2.62 (app. dtdd, 1H, J=9.2, 7.3, 2.3,
1.2 Hz), 7.28 (dd, 1H, J=14.7, 9.2 Hz), 1.87 (dd, 1H, J=14.7, 2.3 H2),
1.44 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =203.4, 172.3, 160.7,
137.2, 129.1, 128.9, 127.1, 120.5, 88.0, 47.8, 36.4, 35.5, 25.1 ppm; IR
(film): 7=3029, 2982, 2933, 2850, 2726, 1748, 1723, 1198, 1114,
952, 819, 702cm™'; HRMS (ESI*): m/z caled for [CsH,sO;Nal:
267.0997; found: 267.1002, A=1.9 ppm.
(R)-2-Benzyl-3-((S)-2-methyl-5-oxo0-2,5-dihydrofuran-2-yl)propa-
nal (34b): R; (Et,0/hexanes 2:1)=0.17; [alp,= +69.4 (c=0.6, 89:11
mixture of 34b/34a, CHCl;); '"H NMR (400 MHz, CDCl,): 6 =9.65 (d,
1H, J=2.3 Hz), 7.33-7.20 (m, 3H), 7.15-7.09 (m, 2H), 7.05 (d, TH,
J=5.6Hz), 6.00 (d, 1H, J=5.6Hz), 2.96 (dd, 1H, J=13.8, 6.5 Hz),
2.67 (dd, 1H, J=13.8, 83 Hz), 2.57 (tddd, 1H, /=83, 6.5, 3.1,
2.3 Hz), 242 (dd, 1H, J=14.8, 8.3 Hz), 1.68 (dd, 1H, J=14.8, 3.1 Hz),
1.40 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6 =202.6, 171.8, 160.0,
137.5, 129.2, 128.9, 127.0, 121.4, 87.9, 48.7, 36.1, 36.0, 24.7 ppm; IR
(film): #=3030, 2982, 2930, 2851, 1754, 1724, 1455, 1114, 951, 819,
702cm™; HRMS (ESIT): m/z caled for [C,sH,sOsNal: 267.0997;
found: 267.1003, A=2.2 ppm.
(5)-1-Oxo0-3-((S)-5-0x0-2,5-dihydrofuran-2-yl)propan-2-yl acetate
(35a) and (R)-1-oxo-3-((S)-5-0x0-2,5-dihydrofuran-2-yl)propan-2-
yl acetate (35b): R; (Et,0)=0.09; 'H NMR (400 MHz, CDCl,, major):
0=9.57 (s, 1H), 7.48 (dd, 1H, J=5.7, 1.5 Hz), 6.15 (dd, 1H, J=5.7,
2.0 Hz), 5.25-5.15 (m, 2H), 2.42 (ddd, 1H, J=15.0, 4.9 Hz), 2.20 (s,
3H), 2.20-2.08 ppm (m, TH); 'H NMR (400 MHz, CDCl,, minor): 6 =
9.55 (s, 1H), 7.47 (dd, 1H, J=5.7, 1.6 Hz), 6.18 (dd, 1H, J=5.7,
2.0 Hz), 5.25-5.15 (m, 2H), 2.21 (s, 3H), 2.27-2.08 ppm (m, 2H);
BCNMR (100 MHz, CDCl;, major): §=197.4, 172.0, 170.2, 155.1,
122.3, 79.3, 74.5, 32.8, 20.7 ppm; "*C NMR (100 MHz, CDCl;, minor):
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0=196.9, 172.1, 170.2, 155.2, 122.6, 79.0, 75.1, 32.4, 20.6 ppm; IR
(film): 7=3469, 3101, 2926, 2850, 1736, 1373, 1231, 1164,
1100 cm™'; HRMS (ESI*): m/z caled for [C,H,,OsNal: 221.0426;
found: 221.0424, A=0.9 ppm.
(S)-1-((S)-2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)-3-oxopropan-2-yl
acetate (36a) and (R)-1-((S)-2-methyl-5-ox0-2,5-dihydrofuran-2-
yl)-3-oxopropan-2-yl acetate (36b): R; (Et,0)=0.13; 'HNMR
(400 MHz, CDCl,, other half): 6=9.46 (s, 1H), 7.36 (d, 1H, J=
5.6 Hz), 5.99 (d, 1H, J=5.6 Hz), 4.98 (dd, 1H, J=9.0, 2.9 Hz), 2.52
(dd, 1H, J=15.4, 29 Hz), 2.13 (dd, 1H, J=15.4, 9.0 Hz), 2.12 (s, 3H),
1.51 ppm (s, 3H); "H NMR (400 MHz, CDCl,, other half): 6=9.45 (s,
1H), 7.39 (d, 1H, J=5.6 Hz), 6.05 (d, 1H, J=5.6 Hz), 4.94 (dd, 1H,
J=8.0, 4.2 Hz), 2.35 (dd, TH, J=15.4, 42 Hz), 2.28 (dd, 1H, /=154,
8.0 Hz), 2.15 (s, 3H), 1.50 ppm (s, 3H); *C NMR (100 MHz, CDCl,,
other half): 6=197.1, 171.7, 170.3, 159.6, 121.5, 86.2, 74.1, 36.6,
25.1, 20.6 ppm; *CNMR (100 MHz, CDCl,, other half): 6=197.1,
171.6, 169.9, 159.2, 120.5, 86.7, 75.1, 36.5, 24.7, 20.6 ppm; IR (film):
7=3467, 2982, 2937, 2842, 1742, 1373, 1229, 1123, 956, 825cm™;
HRMS (ESI"): m/z caled for [CH;,0OsNal: 235.0582; found:
235.0584, A=0.9 ppm.
(S)-2-(Benzyloxy)-3-((S)-2-methyl-5-ox0-2,5-dihydrofuran-2-yl)-
propanal (37a) and (R)-2-(benzyloxy)-3-((S)-2-methyl-5-ox0-2,5-
dihydrofuran-2-yl)propanal (37b): Major diastereomer: R; (1:1
EtOAc/hexanes)=0.53; [alp=+44.7 (c=0.7, CH,Cl); 'HNMR
(400 MHz, CDCly): 6=9.61 (d, 1H, J=1.1Hz), 741 (d, 1H, J=
5.6 Hz), 7.40-7.28 (m, 5H), 5.90 (d, 1H, J=5.6 Hz), 455 (d, 1H, J=
11.0 Hz), 432 (d, 1H, J=11.0 Hz), 3.68 (ddd, 1H, J=9.5, 2.4, 1.1 Hz),
238 (dd, 1H, J=15.1, 24Hz), 206 (dd, 1H, J=15.1, 9.5 Hz),
1.51 ppm (s, 3H); *C NMR (100 MHz, CDCl,): 6=201.3, 172.4, 161.1,
136.6, 128.8, 128.51, 128.46, 118.8, 86.6, 79.7, 73.0, 38.7, 25.6 ppm;
IR (film): 7=3430, 2981, 2931, 2873, 2854, 1729, 1454, 1115, 953,
820, 739 cm™'; HRMS (ESI*): m/z caled for [CysH,s0,Na]: 283.0946;
found: 283.0951, A=1.8 ppm. Minor diastereomer: R; (1:1 EtOAc/
hexanes)=0.43; [al,=—4.1 (c=1.3, 23:77 mixture of the major
and minor diastereomers, CH,Cl,); '"H NMR (400 MHz, CDCL,): 6=
9.62 (d, 1H, J=1.4Hz), 743 (d, 1H, J=5.7 Hz), 7.40-7.28 (m, 5H),
597 (d, TH, J=5.7 Hz), 468 (d, 1H, J=11.4Hz), 456 (d, 1H, J=
11.4 Hz), 3.87 (ddd, 1H, J=7.8, 4.3, 1.4 Hz), 2.18 (dd, 1H, /=148,
43 Hz), 2.10 (dd, 1H, J=14.7, 7.8 Hz), 1.47 ppm (s, 3H); *C NMR
(100 MHz, CDCl,): 6=201.6, 172.0, 160.7, 136.6, 128.9, 128.6, 128.5,
120.2, 87.1, 80.1, 73.0, 38.5, 24.1 ppm; IR (film): #=3410, 2982,
2933, 2875, 1753, 1115, 953, 821 cm™'; HRMS (ESI™): m/z calcd for
[C,sH60,4Nal: 283.0946; found: 283.0952, A=2.1 ppm.

General procedure for the p-substituted acroleins

KHSO, solution (sat. ag. containing KHSO, (58 mol%) and water
(840 mol %) was added to a stirred solution of (25,55)-2,5-diphenyl-
pyrrolidine ((S,5)-12) (20 mol%) and 4-nitrobenzoic acid (20 mol %)
in CH,Cl, at RT, and the reaction mixture was cooled to 0°C. 3-Sub-
stituted acrolein (500-1000 mol %) was added to the reaction mix-
ture and it was stirred at 0°C for 10 min, after which the silyloxy-
furan (0.25 mmolmL™", 100 mol%) was added and the reaction
mixture was stirred at 0°C for the given time. After completion of
the reaction (determined by TLC), the mixture was transferred into
the flash column and purified by flash chromatography to afford
the desired products.

(R)-3-((S)-2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)butanal (41a)
and (S)-3-((S)-2-methyl-5-ox0-2,5-dihydrofuran-2-yl)butanal
(41b): R; (EtOAc/hexanes 1:1)=0.46; [alp,= +48.6 (c=1.4, CHCI,);
"HNMR (250 MHz, CDCl;, major (R,S)-diastereomer): 6=9.73 (dd,
1H, J=1.9, 09 Hz), 737 (d, 1H, J=5.7 Hz), 6.08 (d, 1H, J=5.7 Hz),
2.64-2.50 (m, 2H), 2.29-2.16 (m, 1H), 1.47 (s, 3H), 0.99 ppm (d, 3H,
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J=6.7 Hz); '"H NMR (250 MHz, CDCl;, minor (S,S)-diastereomer): 6 =
9.71 (dd, 1H, J=1.7, 0.9 Hz), 7.39 (d, 1H, J=5.7 Hz), 6.03 (d, 1H,
J=5.7 Hz), 2.64-2.50 (m, 2H), 2.29-2.16 (m, TH), 1.43 (s, 3H),
1.08 ppm (d, 3H, J=6.7 Hz); *C NMR (100 MHz, CDCl,, major (R,S)-
diastereomer): 6 =200.5, 172.1, 158.8, 121.6, 90.5, 45.7, 34.8, 22.8,
15.8 ppm; *C NMR (100 MHz, CDCl;, minor (S,S)-diastereomer): 6 =
200.5, 172.1, 160.1, 122.1, 90.4, 46.1, 34.7, 20.7, 15.6 ppm; IR (film):
7=2978, 1748, 1386, 1242, 1110, 953, 824, 781 cm™"; HRMS (ESI*):
m/z calcd for [C,H,,0;Nal: 191.0684; found: 191.0687, A= 1.6 ppm.
(R)-3-((S)-5-Ox0-2,5-dihydrofuran-2-yl)butanal (42a) and (S)-3-
((5)-5-ox0-2,5-dihydrofuran-2-yl)butanal (42b): R; (EtOAc/hexanes
1:1)=0.32; "H NMR (250 MHz, CDCl;, major (S,5)-diastereomer): 6 =
9.77 (brs, 1H), 7.41 (dd, 1H, J=5.8, 1.2 Hz), 6.15 (dd, TH, J=5.3,
1.9 Hz), 5.11-5.08 (m, 1H), 2.76-2.33 (m, 3H), 0.87 ppm (d, 3H, J=
6.6 Hz); 'THNMR (250 MHz, CDCl,, minor (R,S)-diastereomer): 0=
9.72 (brs, 1H), 7.45 (dd, 1H, J=5.8, 1.2 Hz), 6.13 (dd, 1H, J=5.3,
1.9 Hz), 4.95-4.89 (m, 1H), 2.76-2.33 (m, 3H), 1.11 ppm (d, 3H, J=
6.6 Hz); “CNMR (63 MHz, CDCl;, major (R,S)-diastereomer): 6=
200.6, 172.9, 154.8, 122.7, 86.3, 46.8, 30.0, 13.7 ppm; "*C NMR
(63 MHz, CDCl;, minor (S,S)-diastereomer): 6 =200.4, 172.7, 154.9,
122.5, 85.2, 45.6, 31.2, 16.8 ppm; IR (film): 7=2968, 2925, 1745,
1600, 1459, 1384, 1298, 1166, 1096, 1017, 897, 820, 794, 706 cm™';
HRMS (ESI*): m/z caled for [CgH,,O;Nal: 177.0528; found: 177.0525,
A=1.7 ppm.
(R)-3-((S)-2-Methyl-5-ox0-2,5-dihydrofuran-2-yl)hexanal (43a)
and (5)-3-((S)-2-methyl-5-oxo0-2,5-dihydrofuran-2-yl)hexanal
(43 b): R; (EtOAc/hexanes 1:1)=0.43; [alp= +27.5 (c=1.06, CHCl;);
'H NMR (250 MHz, CDCl,, major diastereomer): 6=9.75 (brs, 1H),
735 (d, 1H, J=5.6 Hz), 6.07 (d, 1H, J=5.6 Hz), 2.52-2.29 (m, 3H),
1.47 (s, 3H), 1.39-1.15 (m, 4H), 0.89 ppm (t, 3H, J=7.0 Hz); '"H NMR
(400 MHz, CDCl;, minor diastereomer): 6=9.72 (s, 1H), 7.39 (d, 1H,
J=5.6 Hz), 6.01 (d, 1H, J=5.6 Hz), 2.52-2.29 (m, 3H), 1.44 (s, 3H),
1.39-1.15 (m, 4H), 0.89 ppm (t, 3H, J=7.0 Hz); '>*C NMR (100 MHz,
CDCl;, major diastereomer): 6=200.7, 172.0, 159.1, 121.7, 90.9,
442, 39.9, 33.0, 23.2, 21.1, 142 ppm; *CNMR (100 MHz, CDCl,,
minor diastereomer): 6 =200.8, 172.2, 160.5, 120.8, 90.7, 44.5, 39.2,
32,6, 21.3, 21.0, 14.2 ppm; IR (film): 7=2960, 2934, 2873, 1750,
1723, 1603, 1458, 1382, 1243, 1117, 1038, 952, 823, 694 cm™';
HRMS (ESI™): m/z calcd for [C;,H,,O;Nal: 219.0997; found: 219.0999,
A=0.9 ppm.

(R)-3-((S)-5-Ox0-2,5-dihydrofuran-2-yl)hexanal (44a) and (S)-3-
((S)-5-ox0-2,5-dihydrofuran-2-yl)hexanal (44b): R; (EtOAc/hexanes
1:1)=0.51; '"H NMR (400 MHz, CDCl;, major diastereomer): 6 =9.71
(t, TH, J=1.2 Hz), 7.40 (dd, 1H, J=5.8, 1.5 Hz), 6.11 (dd, TH, /=5.8,
2.2 Hz), 5.11 (dt, 1H, J=3.8, 1.8 Hz), 2.61-2.38 (m, 3H), 1.59-1.48
(m, 1H), 1.43-1.35 (m, 2H), 1.31-1.22 (m, 1H), 0.92 ppm (t, 3H, J=
7.0 Hz); "H NMR (400 MHz, CDCl,, minor diastereomer): 6 =9.77 (t,
1H, J=1.2Hz), 743 (dd, 1H, J/=5.8, 1.5Hz), 6.16 (dd, 1H, /=538,
2.2 Hz), 5.15 (dt, 1H, J=3.8, 1.8 Hz), 2.61-2.38 (m, 3H), 1.59-1.48
(m, TH), 1.43-1.35 (m, 2H), 1.31-1.22 (m, 1H), 0.88 ppm (t, 3H, J=
7.0 Hz); ®CNMR (100 MHz, CDCl;, major diastereomer): 6 =200.6,
172.8, 155.7, 122.3, 84.7, 43.1, 35.1, 33.9, 20.5, 14.1 ppm; "*C NMR
(100 MHz, CDCl;, minor diastereomer): 6=200.8, 172.8, 154.6,
122.9, 84.9, 444, 35.0, 31.1, 20.5, 14.1 ppm; IR (film): ¥#=2960,
2932, 2874, 2731, 1749, 1720, 1600, 1466, 1382, 1316, 1163, 1098,
1024, 900, 820, 794, 704cm™'; HRMS (ESI*): m/z calcd for
[C,oH1405Na]: 205.0845; found: 205.0841, A=2.0 ppm.

Computational approach

In the present study, the geometries of the stationary points were
optimized by using density functional theory (DFT) at the ®B97X-
D/6-311G(d,p) level. Herein, ®B97X-D denotes the long-range cor-
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rected hybrid density functional with damped atom-atom disper-
sion corrections developed by Chai and Head-Gordon.’®? This
functional was found to be a very promising DFT method™®” yield-
ing reasonably accurate data for general main group thermochem-
istry, kinetics, and noncovalent interactions (all relevant to our
present work). Normal coordinate analysis was carried out at the
same level of theory for all optimized structures. The results were
utilized to verify the nature of the stationary points (i.e., minima or
transition states), and to estimate the zero-point energies as well
as the thermal and entropic contributions to the Gibbs free ener-
gies. For each located structure, additional single-point energy cal-
culations were performed at the ®B97X-D/6-311++G(3df,3pd)
level to increase the accuracy of electronic structure predictions. In
all DFT calculations, the ultra-fine integration grid was employed as
implemented in the Gaussian 09 package.*®

The stereoselectivity data (i.e., enantiomeric and diastereomeric
ratios) were obtained from the relative energies of stereoisomeric
transition states by applying the Boltzmann distribution formula.
Conceptually, solvent-phase Gibbs free energies should be appro-
priate for this purpose. However, considering the empirical ingredi-
ents of the polarizable continuum solvent models used to estimate
the solvent effects, and the approximations employed in the calcu-
lation of entropic contributions, the error bar on the relative Gibbs
free energies is expected to be significantly larger than that of the
electronic energy predictions. For this reason, the relative energies
and stereoselectivity data reported throughout this paper are
those obtained from gas-phase ®B97X-D/6-31114++G(3df,3pd)//
®B97X-D/6-311G(d,p) electronic energies. In the present approach
we thus assume that both entropic and solvent effects are similar
for the stereoisomeric transition states. Our test calculations pro-
vide support for this approach (see Section 9.5. in the Supporting
Information). In these computations, the thermochemical data
were obtained within the ideal gas rigid-rotor harmonic oscillator
approximation for T=298.15 K and c¢=1 moldm™ conditions. The
solvation free-energies (solvent=CH,Cl,) were estimated at the
®B97X-D/6-311G(d,p) level by using the integral equation formal-
ism variant of the polarizable continuum model (IEFPCM).? The
atomic radii and non-electrostatic terms in the IEFPCM calculations
were those introduced recently by Truhlar and co-workers (SMD
solvation model).2”
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Mukaiyama-Michael Reactions with RS

Trans-2,5-Diarylpyrrolidine Catalysts:

Enantioselectivity Arises from attractive noncovalent interactions induce stereoselectivity

Attractive Noncovalent Interactions,

Not from Steric Hindrance Embraced enantioselectivity: Mukaiya- not repulsive, noncovalent interactions
ma-Michael reactions catalyzed by in the transition states leading to the
trans-2,5-diphenylpyrrolidine catalyst are major product(s) (see scheme;
highly enantioselective, but why? The TIPS = triisopropylsilyl).
answer appears to lie in the attractive,
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