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Abstract: B3LYP/6-31G(d) density functional theory has been used to study Diels—Alder reactions of
cyclopentadiene with a,3-unsaturated aldehydes and ketones organocatalyzed by MacMillan’s chiral
imidazolidinones. Preferred conformations of transition structures and reaction intermediates have been
located. The dramatically different reactivities and enantioselectivities exhibited by two similar chiral
imidazolidinones are rationalized.

Introduction Compound2 also gave excellent results as enantioselective
organocatalyst in 1,4-addition reactions of electron-rich benzenes

fto o,B-unsaturated aldehydésn the synthesis of butenolides
by Mukaiyama-Michael reaction with silyloxyfurang.

The introduction of specific chirality into synthetic targets
using metal-free chiral organocatalysts has become a field o
great interest in recent yedrdn 2000, MacMillan and co-
workers reported the first highly enantioselective DieAdder

reaction of cyclopentadiene with,5-unsaturated aldehydes
catalyzed by the chiral imidazolidinorie derived from phe- /K, Bu
nylalanine (eq 1). The authors demonstrated that the reaction Ph H

of a variety of aldehydes (R Me, Pr,i-Pr, Ph, furyl) occurs
with good yield and enantioselectivity>75% yield, endo >

90% eeexo > 84% eef? In 2004, MacMillan et al. reported the enantioselective

synthesis of {)-flustramine B, using 6-bromotryptamine and

Q N,Me acrolein as starting materials and compo@rad organocatalyst,
2 Me by a cascade additiercyclization strategy (Scheme 1).
Bh N Me More recently, the same research group used imidazolidinone
1 tHCl 2 for aldehyde-aldehyde aldol reactions, obtaining as major
compound the enantiomer of the most favored product in the
proline-catalyzed proced8.List and co-workers have also
RN + hirg?_ll "/ﬁ1o b bCHo obtained good vyields and enantioselectivities in asymmetric
e23 o’ hydrogenations oft,5-unsaturated aldehydes using amias
organocatalyst!

2S)-endo  (2S)- . . -
(eSpendo  (2S)-exo One important factor that determines the efficiency of

Catalystl was also successful for 1,3-dipolar cycloaddition imidazolidinone catalysts in their asymmetric enantioselective
reactions between nitrones amdS-unsaturated aldehydés, reactions is the reversible formation of iminium ions from chiral

alkylation reactions of pyrroles by olefinic aldehydeand imidazolidinones ando,-unsaturated carbonyl compounds.
a-chlorination of aldehydes. Hydrolysis to the final products generally occurs smoothly and

For asymmetric alkylations of indoles, enantioselectivities does not have any influence in the chiral center generated in
were improved by using the @rt-butylimidazolidinone2. the previous step of the reaction (Scheme 2).

. . . . : Surprisingly, catalystd and2 were found to be unsuccessful
1) Eﬁé’g‘\’,vsc%lfn”am{oE‘fz!%%“lvic;’rg?;e‘fgﬁgs'(%) (&) Dalko, P. L. Moisan, L. i the Diels-Alder cycloaddition reactions of cyclopentadiene
Angew. Chem., Int. ER004 43, 5138-5175. (c) Houk, K. N.; List, B.

Acc. Chem. Re2004 37, 487. (7) Paras, N. A.; MacMillan, D. W. CJ. Am. Chem. So@002 124, 7894-
(2) Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. Cl. Am. Chem. Soc. 7895.

200Q 122 4243-4244. (8) Brown, S. P.; Goodwin, N. C.; MacMillan, D. W. Q. Am. Chem. Soc.
(3) Jen, W. S.; Wiener, J. J. M.; MacMillan, D. W. @. Am. Chem. Soc. 2003 125, 1192-1194.

200Q 122 9874-9875. (9) Austin, J. F.; Kim, S.-G.; Sinz, C. J.; Xiao, W.-G.; MacMillan, D. W. C.
(4) Paras, N. A,; MacMillan, D. W. CJ. Am. Chem. So@001, 123 4370~ Proc. Natl. Acad. Sci. U.S.£2004 101, 5482-5487.

4371. (10) Mangion, I. K.; Northrup, A. B.; MacMillan, D. W. CAngew. Chem., Int.
(5) Brochu, M. P.; Brown, S. P.; MacMillan, D. W. @. Am. Chem. Soc. Ed. 2004 43, 6722-6724.

2004 126, 4108-41009. (11) (a) Yang, J. W.; HechavéarFonseca, M. T.; List, BAngew. Chem., Int.
(6) Austin, J. F.; MacMillan, D. W. CJ. Am. Chem. So@002 124, 1172 Ed. 2004 43, 6660-6662. (b) Yang, J. W.; HechavéarFonseca, M. T;

1173. Vignola, N.; List, B.Angew. Chem., Int. EQ004 44, 108-110.
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Scheme 1. Total Synthesis of (—)-Flustramine B Using Catalyst
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® =H Asface exposed ® =H  SiHace exposed
\ Figure 1. Computed MM conformations of iminium o8, derived from
— amine 5 and 4-hexen-3-on®. Reprinted with permission from ref 12.
Copyright 2002 American Chemical Society.
Br N"I°N

imidazolidinones has been reporfédn that article, the authors
rationalized theoretically the structural factors that govern the
different observed enantioselectivities when either catdlpst

2 was employed.

With the aim to determine quantitatively the catalytic effect
produced by secondary amines as organocatalysts, the transition
/\/L R o /\/L R s_tructures corresponding t(_) the u_ncatalyzed Didlsler reac-
Me” ™ "0 H «HX Me”™ 7 NG tions between cyclopentadiene with3-unsaturated aldehydes

R and ketones have been also computed.

with 4-hexen-3-one<{30% yield, 0% ee). Higher reaction rates
and moderate enantioselectivity could be obtained by using the Computational Methods
cis-2,5-diphenylamine8 (88% vyield, 21:1endaexg 47% ee).
Introduction of a benzyl group at C2 of the imidazolidinone
ring (catalystd) provided a higher enantioselectivity (83% yield,
23:1 endaexq 82% ee). The best results were obtained with
amine5 which possesses a 5-methyl-2-furyl group at C2 (89%
yield, 25:1endaexq 90% ee)?

Q, Me Q, Me Q, Me
Doy SR o SR o
Ph=>\""~Ph N~ ~Ph N p
H Ph H Ph H O
5 *HCIO, 4 *HCIO, 5 - Heio, Me

(—)-Flustramine B

Scheme 2. Activation of the Carbonyl Compound by Iminium lon
Formation

All structures were computed using the functional B3E¥P and
the 6-31G(dY** basis sets as implemented in Gaussiat* @8l energy
minima and transition structures were characterized by frequency

point vibrational energy corrections, scaled by 0.980bhe energies
computed for structures in solvent (water 78.39, benzene= 2.247)
include the electronic energy at the B3LYP/6-31G(d) level of theory
plus the solvation energy calculated with the CPCM solvation m3bdel
as implemented in Gaussian?0at the HF/6-31G(d)//B3LYP/6-31G-
(d) level of theory, with the UAKS cavity model model. Both the
electrostatic and nonelectrostatic components of the energy have been
considered. Solvation energies of a representative group of neutral,
MacMillan et al. explained the enantioselectivities according anjonic, and cationic molecules are computed relatively well with this
to a model of the iminium io® calculated with MM3, depicted  methodology??
in Figure 11213Thetransiminium isomer6 will be energetically
disfavored on the basis of nonbonding interactions between the(l4) (a) Becke, A. DJ. Chem. Phys1993 98, 1372-1377. (b) Becke, A. D.
benzyl and CH™ (green) substituents, and the calculates J. Chem. Phys1993 98, 5648-5652. (c) Lee, C.; Yang, W.; Parr, R. G.

Phys. Re. B 1988 37, 785-789. (d) Ditchfield, R.; Hehre, W. J.; Pople,
|m|rr1]|um ]Lsomer6 will be selectively exposed to cycloaddition J.A.J. Chem. Physl971, 54, 724-728. (e) Hehre. W. J.. Ditchfield, R..
at theSi face.

Pople, J. AJ. Chem. Phys1972 56, 2257-2261. (f) Hariharan, P. C.;
. . . Pople, J. ATheor. Chim. Actdl973 28, 213-222.
In this paper we present a detailed theoretical study of the (;5) (a) Bahmanyar, S.; Houk, K. N. Am. Chem. S0@001, 123 11273
Diels—Alder cycloaddition reactions of cyclopentadiene with 11283. (b) Hoang, L.; Bahmanyar, S.; Houk, K. N.; List BAm. Chem.
Idehvd d 4-h 3 tal d b hiral S'oc.2003 125 16-17. (c) Bahmanyar, S.; Houk, K. N.; Martin, H. J.;
(E)-crotonaldehyde an -nexen-s-one catalyzed Dy chira List, B. J. Am. Chem. SoQ003 125 2475-2479. (d) Bahmanyar, S.;
imidazolidinonesl and 5 in order to explain the differences Houk, K. N.Org. Lett,2003 5, 1249-1251. (e) Wayner, G.; Houk, K. N.;
. i . P .. Sun, Y. K. J. Am. Chem. So2004 126, 199-203. (f) Alleman, C.;
observed in reaction rates and enantioselectivities. Gordillo, R.; Clemente, F. R.; Cheong P. H.-Y.; Houk, K. Atc. Chem.
i i Res.2004 37, 558-569.
Ou.r research group has demonstrated that. hybl’ld qenSIty(16) Gordillo, R.; Carter, J.; Houk, K. NAdv. Synth. Catal2004 346, 1175~
functional theory* can be a powerful tool to predict enantiose- 1185.
lectivities in asymmetric organocatalyzed reacti&hs? In a (7) Dudding, T Houk, K. NProc. Natl. Acad. Sci. U.S.2004 101, 5770~
previous work, the theoretical study of enantioselective alky- (18) Frisch, M. J.; et alGaussian 98revision A.6; Gaussian, Inc.: Pittsburgh,
; ; ; ; PA, 1998.
lation reactions of pyrroles and indoles organocatalyzed by chiral (19) Scoft. A. P.: Radom, LJ. Phys. Chem1996 100, 16502-16513.
(20) (a) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001. (b)
Barone, B.; Cossi, M.; Tomasi, J. Comput. Chem1998 19, 404—

(12) Northrup, A. B.; MacMillan, D. W. CJ. Am. Chem. So2002 124, 2458—
2460 417.

(13) Molecular mechanics Monte Carlo conformational search with MM3 force (21) Frisch, M. J.; et alGaussian O3revision B. 04; Gaussian, Inc.: Pittsburgh,
field; Macromodel V6.5. PA, 2003.
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7 s-trans (0.0) 7 s-cis (1.4)

8 s-cis TS8 s-cis-ex
AE¥=209
Figure 3. Most stable 4-hexen-3-one conformer and transition structure

for Diels—Alder reactions with cyclopentadiene. Relevant distances are in
angstroms. Activation energy (kcal/mol) is shown.

TS7 s-trans-endo (2.6)
AE¥=233 AE¥=228

9 s-trans (0.0) 9 s-cis (6.4)

TS7 s-cis-endo (0.7) TS7 s-cis-exo (0.0)
AE¥=215 AE¥=207

T3.01A
Figure 2. s-Cis- ands-trans(E)-crotonaldehyde conformers and calculated
transition structures for DielsAlder reactions with cyclopentadiene.
Relevant distances are in angstroms. Relative energies for the gas phase
and activation energies (kcal/mol) are shown.

Results and Discussion TS9 s-trans-endo (0.5) [0.7] [0.6] TS9 s-trans-exo (0.0) [0.0] [0.0]

Uncatalyzed Diels-Alder Reactions with a-Unsaturated AEF=7.3 AE*=6.9

Aldehydes and KetonesFigure 2 shows the-trans ands-cis- ngul.’e'4. Cal(_:ulateds—cis— and_s—_transN-Z-butenyIide_nd\l-methylme_tha-
(Brcrotonaldenyde conformers an thei corresponngo 1T caon d e ansten sctes o Deldider reactors
andexotransition structures. Thetransconformer of7 is more for the gas phase (or water in brackets, full optimization in water in italic
stable than the-cisisomer by 1.4 kcal/mol. All the calculated type) and activation energies (kcal/mol) are shown.
transition structures correspond to an asynchronous (carbon
carbon bond-forming distance differences between 0.2 and 0.6t0 an attractive €H---x interaction between the methyl group
A) but concerted pathway. A 1:3éhdoexoratio is predicted and the diener-systen?®3
for the gas phase at?. Previous studies of the Dietd\lder
reaction of cyclopentadiene with methyl vinyl ketone predicted R /R3 o R, 0
an endoexo ratio 1.2:1 in the gas phase and 3.7:1 in ni- @ 2\/\? — LSRRy L &, Ri @

R 0" R, Rs

exo

tromethane at (°C.23 According to previous experimental

results, in most of the cases andoorientation of the carbonyl endo
group is preferred, and this preference increases in polar
solvents?3-25 |In water theendo selectivity enhancement is TS7 s-cisexo is the most stable transition structure in the

accompanied by a considerable reaction acceleration due todas phase and in benzene. A weak-€8 hydrogen bond
enforced hydrophobic interactions between diene and dieno-involving the carbonyl oxygen of the dienophile and one of the
phile28-31 The introduction of an alkyl group at Rslightly hydrogen atoms of the GHyroup at the diene likely makes a
decreases thendoselectivity?® while an inversion of thendo contribution (Figure 2). A partial negative charge of 0.48 au is
orientation is observed when the hydrogen atom atidR present at the carbonyl oxygen, while there is a partial positive

substituted by an alkyl grou:2” The results were attributed ~ charge of 0.06 au at Ha in the cyclopentadiene fragment
(CHelpG charges¥ Both s-cis- ands-trans-endoapproaching

(22) Takano, .; Houk, K. NJ. Chem. Theory Compt2003 1, 70-77. are lower in energy than their correspondiago transition

(23) Fu, Y.-S,; Tsai, S.-C.; Huang, C.-H.; Yen, S.-Y.; Hu, W.-P.; Yu, Sl.J. . .. e
Org. Chem:2003 68, 3068-3077. structures, most likely due to the extisting-8---x stabilizing

(24) Breslow, R.; Guo, TJ. Am. Chem. S0d.988 110 5613-5617. i i i i

(25) Breslow, R.; Maitra, U.; Rideout, Dletrahedron Lett1983 24, 1901 interaction between the T"ethy' group of the dienophile and the
1904. dienes-system inTS7 s-cis-exoandTS7 s-trans-exa. Increas-

(26) Kobuke, Y. Fueno, T.; Furukawa, 1 Am. Chem. S0d97Q 92, 6548~ ing solvent polarity weakens these €HD interactions34

(27) Mellor, J. M.; Webb, C. FJ. Chem. Soc., Perkin Trans.1®74 17—22. Single-point calculations performed with the CPCM solvation

(28) Blokzijil, W.; Blandamer, M. J.; Engberts, J. B. F. 8. Am. Chem. Soc.
1991 113 4241-4246.
(29) Kumar, A.; Phalgune, U.; Pawar, S.J5Phys. Org. Chen200Q 13, 555~

model gave aendoexoratio of 1:2.4 in benzene for the reaction

557. (32) Breneman, C. M.; Wiberg, K. Bl. Comput. Chem199Q 11, 361—373.
(30) Baldwin, J. E.; Herchen, S. R.; Schulz, &.Am. Chem. Sod.98Q 102 (33) Washington, I.; Houk, K. NAngew. Chem., Int. EQ2001, 40, 4485~
7816-7817. 4487.
(31) Meijer, A.; Otto, S.; Engberts, J. B. F. B. Org. Chem1998 63, 8989 (34) Gar¢a Ruano, J. L.; Fraile, A.; Gonhlez, G.; Martn, M. R.; Clemente, F.
8994. R.; Gordillo, R.J. Org. Chem2003 68, 6522-6534.
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complex 11 s-cis-endo
AEf=-59

10 s—cis2 (2.9) 10 s-cis3 (3.8)

Figure 5. Calculateds-ciss and s-trans-N-2-butenylideneN-1-ethyl-N-
methylmethanaminium catiorl@). Relative energy differences (kcal/mol)
are shown.

TS11 s-cis-endo

AE* (coparated reactants) = -3.0

AE¥ =29
Figure 7. Most stable protonatestcis-4-hexen-3-one conformer, Diets
Alder transition structure, and iermolecule complex. Relevant distances
are in angstroms. Activation and formation energies (kcal/mol) are shown.

TS10a s-trans-exo (0.6) [0.8]
AE¥=98 AE¥ =104

(E)-12a
: Figure 8. Most stable iminium ion conformer formed from catalgsand
TS10b s-trans-endo (2.6) [2.4] TS10b s-trans-exo (2.2) [2.1] (E)-crotonaldehydé®
AEF =124 AE*=120
Figure 6. Calculated transition structures for the Dielslder reactions Amine-Catalyzed Diels-Alder Reactions with a,f-Unsat-

of 10 strans with cyclopentadiene. Relative distances are in angstroms. yrated Aldehydes and KetonesThe s-transiminium formed
Relative elr(ler%ies Ifor thehgas phase (or water, in brackets) and activationfrom butenal and dimethylamin® &-trans) is more stable than
energies (kcal/mol) are shown. 9 s-cisby 6.4 kcal/mol (Figure 43¢ Only thes-transconformer
was considered in the transition structure searching. The
ﬁalculatedendoand exotransition structures, shown in Figure
4, are concerted but very asynchronous. The carlzanbon
bond-forming distances differ by1 A. Electronic activation

i ) energies are lower than in the case of the uncatalyzed cycload-
Figure 3 displays the most stable 4-hexen-3-one conformerdmon by about 13 kcal/mol (Figure 2). The predictentioexo

(8) and transition structure for the Dielg\lder reaction TS8 ratio was 1:2 in the gas phase af®. In water theendoexo
s-cis-ex0 in the gas phase and in water. ConforrBes-cis is ratio changes to 1:3.6.

more stable than thetransisomer by 1.1 kcal/mol. The analysis Consistent with previous reported results, bsthans-endo

of the calculated transition structures corresponding to the . axotranstition geometries for the reaction betwSestrans
Diels—Alder reaction with cyclopentadiene in the gas phase gave 4, cyclopentadiene, performing a full optimization using the
similar results (see Supporting Information). The calculated ~pcMm solvation model at the B3LYP/6-31G(d) level of theory
endoexoratio at 0°C in the gas phase was 1:4.5, slightly higher 5,4 employing the UAKS cavity model, are very close to that
than predicted in the reaction of cyclopentadiene W) ( corresponding to the gas phase and slightly more synchronous
crotonaldehyde. As a consequence of the steric hindrance by(Figure 4). The relative energy difference is calculated to be

the ethyl groupTS8s-cis-exois also the most stable transition 6 kcal/mol, very close to the 0.7 kcal/mol obtained using
state in water, but the calculatehdoexoratio decreases to  CpCM single-point calculatior?3:3

1:3.7. B3LYP/6-31G(d) overestimates the existingh--O and
C—H:---x stabilizing interactions in thecis-exoapproache¥!26:35 (35) Nishio M. Tetrahedron2005 61, 6923-6950.

of 7 with cyclopentadiene at €C; that is, theexo preference
decreases with respect to the same reaction in the gas phase. |
water, a selectivity reversal occurs, and the calculaiedo
exoratio is 1.2:1.

3546 J. AM. CHEM. SOC. = VOL. 128, NO. 11, 2006
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13(E)-a2 (0.0)
24 % 28 %

13(E)-b2 (2.0) 13(E)-c1 (1.3) 13(E)-c2 (1.1)
1% 3% 4%

Figure 9. Optimized structures, relative energy differences (kcal/mol), calculated with respect to the lowest energyl B@@)e2, and percentage of
each structure in the gas phase &@for the13 (E)—iminium complexes formed from chiral imidazolidinodeand 4-hexen-3-one.

13(2)-b2 (0.6) 13(2)-c1 (2.3) 13(2)-c2 (0.8)
10 % 0% 6 %

Figure 10. Optimized structures, relative energy differences (kcal/mol), calculated with respect to the lowest energylB@&)ea2 (Figure 9), and
percentage of each structure in the gas phase°@t for the 13 (Z)—iminium complexes formed from chiral imidazolidinodeand 4-hexen-3-one.

StructuresTS9 are similar to the most stable closed transition dition reactior?’ In addition, no intermediate corresponding to
states located for the alkylation reaction of pyrrole wiH)-( a stepwise process could be found after perfoming intrinsic

crotonaldehyde organocatalyzed by dimethylamfriidowever, reaction coordinate (IRC) calculations in the gas phase and in
transition vector motion along the reaction coordinatd 88 water. The calculated transition structufié89 optimize to the
corresponds to a concerted asynchronous Biglder cycload- corresponding cycloadducts. Our results are in excellent agree-

ment with previous results reported by Domingo related to the

(36) (a) Domingo, L. R.; Aurell, M. J.; Rez, P.; Contreras, R. Org. Chem.

2003 68, 3884-3890. (b) Domingo, L. RTetrahedron2002 58, 3765 (37) Vibrational mode visualization was performed using the MOLDEN
3774. (c) Domingo, L. RJ. Org. Chem.2001 66, 3211-3214. (d) program: Schaftenaar, G.; Noordik, J. H.Comput.-Aided Mol. Design
Evanseck, J. D.; Kong. Sl. Am. Chem. SoQ00Q 122, 10418-10427. 200Q 14, 123-124.

J. AM. CHEM. SOC. = VOL. 128, NO. 11, 2006 3547
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One can explain the observed experimental data for the
Diels—Alder cycloaddition of cyclopentadiene with3-unsatur-
ated aldehydes organocatalyzed by imidazolidinones using our
previous results on the theoretical study of alkylation reactions
of pyrrole organocatalyzed by imidazolidinorieand2.216The
small energy differences found between thedo and exo
orientations of each conformer demonstrated that a distinct
preference for one over the other does not occur. This fact is in
agreement with the experimentally observeddntloexoratio
(predictedendaexoratio is 1:1.5 for catalysi and 1.3:1 for
catalyst2 in the gas phase at 2& in the case of the alkylation
reaction ofN-methylpyrrole with E)-crotonaldehyde). A theo-
retical ee value of 70% for thendoproduct and an ee value of
46% for theexocycloadduct were obtained. These results are
also in agreement with the higher enantioselectivity experimen-
tally observed for theendo product €ndo90% ee,exo 86%
ee)?

o o | In 2002, Zora reported the AM1 theoretical study of the
14(_62(1 (0.5) 14(2)-b20. (0.2) ) cycloadglition reactior) of cyclopentadiene with aIIyIidengmmo-
13% 20 % nium cation®® A stepwise pathway was found, and the activation
Figure 11. Most stable calculated structures, relative energy differences barrier for the cycloaddition to the=€C bond was 4.2 kcal/
(kcal/mol), calculated with respect to the lowest energy isofeiE)- mol lower than that to the €N bond.
b2a, and percentage of each structure in the gas phasé@fdr the14— . . .
iminium complexes formed fror and 4-hexen-3-one. Figure 5 displays the calculatesitrans- and s-cis-N-2-
butenylideneN-1-ethyl-N-methylmethanaminium cation&@).
reaction betweenN,N-dimethyleneammonium cation and The relative energy differences between i0es-trans iminium
cyclopentadiené® The author concluded that the reaction takes intermediate and the three locatkdls-cisl—3 conformers are
place as a highly asynchronous concerted process with a largdower than in the case dN-2-butenylideneN-methylmetha-
polar character and the process can be characterized by thenaminium cations9) (3.5, 2.9, and 3.8 kcal/mol, respectively).
nucleophilic attack of cyclopentadiene to the electron-poor This fact can be attributed to the presence of the ethyl group,
cation. The transition states show a Michael-type addition which generates steric hindrance in batltis and s-trans
character with a concomitant cyclization without formation of isomers. Only thes-trans conformer was considered in the
any zwitterionic intermediate. transition structure searching.

TS13 (E)-al-ex0 (0.9)[3.9] TS13 (E)-c1-endo (0.4) [5.4]
AE¥ =111 AE¥ =122 AE¥=115

C1-C3=299 A%
C2-C4=197A ¥

C1-C3=3.01A
C2-C4=2.00Ag

TS13 (E)-c1-exo (1.2) [6.4] TS13 (2)-a2-endo (0.4) [0.0] TS13 (2)-c2-endo (0.5) [4.5]
AE¥ =122 AE¥=115 AE¥=116

Figure 12. Most stable calculated transition structures for the Didlkler reaction of cyclopentadiene with 4-hexen-3-one catalyzed by chiral imidazolidinone
1. Relevant distances are in angstroms. Relative energies for the gas phase (or water, in brackets) and activation energies (kcal/mol) are shown.

3548 J. AM. CHEM. SOC. = VOL. 128, NO. 11, 2006
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W

TS14 (E)-c1a-endo (0.3) [0.9] TS14 (E)-clo-exo (0.9) [2.8]
AE¥ =118 AE¥ =115 o AE¥=122

C1-C3=2083A g
C2-C4=200A

TS14 (E)-c2o-endo (0.8) [2.8] TS14 (2)-b2o-endo (0.0) [1.9] TS14 (2)-b25-endo (1.0) [3.4]
AEf=120 AE¥=11.2 AE¥ =122

Figure 13. Most stable calculated transition structures for the Didlkler reaction of cyclopentadiene with 4-hexen-3-one catalyzed by chiral imidazolidinone
5. Relevant distances are in angstroms. Relative energies for the gas phase (or water, in brackets) and activation energies (kcal/mol) are shown.

Figure 6 shows the four calculated transition structures for calculated transition structures are very asynchronous (carbon
the Diels-Alder reaction of10 s-trans and cyclopentadiene.  bond-forming distance differencesl A), similarly to dimethyl-
The carbor-carbon bond-forming distances are very similar amine-catalyzed cycloadditions. These results predictemda
to the E)-crotonaldehyde case. The calculatgttloexo ratio exoratio of 2.8:1 in the gas phase atO. In water the calculated
was 3.1:1 in the gas phase at°C due to steric hindrance  endoexoratio was 7.5:1, the same value found in the experiment
between the methylene group in the cyclopentadiene ring andfor the reaction catalyzed by imidazolidinoaé®

the ethyl group in the ketone fragment. In water, the calculated | niga;0lidinone-Catalyzed Diels-Alder Cycloadditions.
endoexoratio increases to 4.1:1. The most stable transition state (a) Iminium lon Intermediates. A complete conformational

was TS10a s-trans-enda Endo and exo transition structures
TS10a in which the methyl group of the ethyl moiety is pointing
away from the cyclopentadiene fragment, are more stable than
TS10b structures by 2.6 and 1.6 kcal/mol, respectively. Only
transition structures analogous T@10a were considered in
further transition structure searching involving a larger number
of atoms. Activation energies fdi0 are about 11 kcal/mol lower
than for8 (Figure 3).

MacMillan performed the reaction in aqueous media and in

study of iminium complexes formed fronk)-crotonaldehyde
and the chiral imidazolidinonghas been recently reportét16
Contrary to previous force field energy minimizations, con-
former (E)-12a (Figure 8)23°which includes a stabilizing €
H---r interaction between one of the methyl groups at position
C2 of the imidazolidinone ring and the phenyl ring of the benzyl
group at position C5, was found to be the global minintim.
A number of conformers of similar energy were located; attack

the presence of HCIgYone equivalent with respect to the amine from the b°“°”?* aw?é/lzrom the benzyl group, is favored as
catalyst, 20 mol % with respect to ketodle!® The computations noted by MacMillart:*®

were performed for the reaction involving protonated 4-hexen-  Figures 9 and 10 show the twelve different conformers found
3-one, and the results for the lowest energy path are shown inin the case of imidazolidinoné and 4-hexen-3-one. These
Figure 7. The isomeric reactants, complexes, and transition stategorrespond to thel) and (2) configurations about the&C

are given in the Supporting Information. Tkeis protonated bond, the three staggered conformations involving the bond to
species forms an ieAmolecule complex with cyclopentadiene  the benzyl group, and two conformations of the ethyl group
in the gas phase, and the activation barrier from this complex attached to the carbemitrogen double bond.

is only 3 kcal/mol, even lower than the activation barrier for As in previous studies on the iminium complexes formed from
the iminium case. However, the formation of the protonated imidazolidinonel and ()-crotonaldehydéé the most stable
ketone from the protonated amine catalyst will be highly conformer (3 (E)-a2) includes a stabilizing €H-+-x interac-
endothermic, and little protonated ketone will be formed. The tion between one of the methyl groups and the pheny! ring of
energies of formation of compourfd s-cis from 8 s-cis and

the protonated form of aminesand5 were calculated to be  (39) kozlowsky, M. C.; Panda, MJ. Org. Chem2003 68, 2061-2076.

17.4 and 18.1 kcal/mol, respectively, in the gas phase. The (40) Distances (3.7 and 3.8 A) are in good agreement with previous theoretical
studies on benzerenethane complexes: Tsuzuki, S.; Honda, K.; Uchi-

maru, T.; Mikami, K.; Tanabe, KJ. Am. Chem. So200Q 122, 3746—
(38) Zora, M.J. Mol. Struct. (THEOCHEMRO002 619, 121-133. 3753.
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Table 1. Calculated Relative Energy Difference and Percentage Table 2. Calculated Relative Energy Difference, Electronic
of Transition Structures TS13 in the Gas Phase and in Water at 0 Activation Energies, and Percentage of Transition Structures TS14
°C in the Gas Phase at 0 °C
gas phase water gas phase water
transition energy difference energy difference transition energy difference energy difference
structure (kcal/mol) percent (kcal/mol) percent structure (kcal/mol) percent (kcal/mol) percent
TS13 E)-al-endo 0.0 35 1.8 4 TS14 E)-bla-endo 0.6 11 0.0 79
TS13 E)-alexo 0.9 6 3.9 0 TS14 E)-bla-exo 14 3 2.1 2
TS13 E)-a2-endo 3.9 0 5.5 0 TS14 E)-b20-endo 14 3 5.0 0
TS13 E)-a2exo 4.6 0 6.2 0 TS14 E)-b2a-exo 4.3 0 7.7 0
TS13 E)-cl-endo 0.4 16 5.4 0 TS14 E)-b2d-endo 2.2 1 5.9 0
TS13 E)-clexo 1.2 4 6.4 0 TS14 E)-b2d-exo 4.8 0 11.1 0
TS13 E)-c2-endo 3.1 0 6.6 0 TS14 E)-cla-endo 0.3 22 0.9 16
TS13 E)-c2-exo 55 0 7.8 5 TS14 E)-cla-exo 0.9 6 2.8 0
TS13 ¢)-al-endo 3.9 0 4.4 0 TS14 E)-c2a-endo 0.8 8 2.8 0
TS13 ¢)-alexo 5.4 0 5.6 0 TS14 E)-c20-exo 2.7 0 4.6 0
TS13 ¢)-a2-endo 0.4 18 0 96 TS14 E)-c26-endo 1.8 1 4.2 0
TS13 @)-a2-exo 1.4 3 5.6 0 TS14 (E)-c26-exo 3.4 0 5.4 0
TS13 Z)-b2-endo 1.4 3 6.3 0 TS14 £)-b26-endo 0.0 35 1.9 2
TS13 2)-b2-exo 2.2 1 6.9 0 TS14 ¢)-b2a-exo 11 5 2.6 1
TS13 )-c2-endo 0.5 13 4.5 0 TS14 E)-b2-endo 1.0 6 3.4 0
TS13 @)-c2-exo 1.7 2 5.7 0 TS14 (E)-b2o-exo 2.8 0 4.2 0

the benzyl group at position C8The ethyl conformel 3 (E)- In the case of imidazolidinon®, the derived iminium ions
alandZ-isomerl3 (2)-a2 are only 0.1 and 0.2 kcal/mol higher have even more isomers because of rotation and isomerism
in energy, respectively. These three conformers constitute 70%around the C2-furyl bond. A total of 26 different conformers
of all the species in the gas phase &@(Figures 9 and 10).  were located. The four most stable calculated iminium inter-
The conformers commonly drawn by MacMillan et &1(@nd mediates are shown in Figure 11. The' ‘means that the H2

b2) are 0.6-3.3 kcal/mol higher in energy and constitute 12% C2—C1—0O' dihedral angle is close to 180

of the equilibrium mixture. The least stable structures correspond The most stablé4 (E)-b2a structure is like that reported by

to 13 (2)-b1l and13 2)-climinium intermediates due to strong MacMillan and co-workers based on an MM3 conformational
steric repulsions between the ethyl group attached to the iminiumsearch'2 Surprisingly, thel4 (Z)-b2c isomer is only 0.2 kcal/

carbon and the benzyl group at position C5 of the imidazoli- mol higher in energy. A large number of species will exist in
dinone ring. the gas phase at @, and a total of 26 different conformers

P~

TS13 (E)-al-endo
—_—

TS14 (2)-b20-endo
 (+11,1) e

 (+11.2)

13 {E)-a1-endg5.1)

'
1 s
"

14 (Z]-b20£-end(o_6_1 )

14 (E)-b2a

Figure 14. Potential-energy profile for cycloaddition reactions involving the most stable transition structures in the ga3 phage)-al-endoandTS14
(Z)-b2a-enda
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(0.0) ' ‘

(0.0

-- (-0.6)

Figure 15. Computed energies of formation @8 (E)-a2 and 14 (E)-b2a iminium ions from protonated amindsand5 in the gas phase.

could be located (see Supporting Information). Confornidrs  transition structures. In water, the most stable transition structure
(E)-b2a, 14 (E)-c20, and14 (Z2)-b2a are predicted to constitute  is TS13 ¢)-a2-endg corresponding to cyclopentadiene attack
64% of all of them (Figure 11). This percentage is slightly lower on theSiReface (top face) of thd3 (Z)-a2 conformer.TS13
than in the case of iminium intermediat&3. (2)-a2-endoaccounts for more than 96% of all the transition
(b) Transition Structure Searching. For transition structure  structures in water at €@C. In both cases, gas phase and water,
searching involving catalyzed reactions of 4-hexen-3-one with the most stable calculated transition structures lead tertlde
cyclopentadiene, the most stable iminium intermedidt&snd enantiomer that is isolated as the major product of the reaction.
14, were considered. The lowest energy calculated transition In the case of imidazolidinon®, the lowest energy transition
states involving iminium iond3and14 are depicted in Figures  structure in the gas phase corresponds teeti@oapproach of
12 and 13, respectively 4" means an H2C2-C1-0O' the diene on th&i,Reface (top face) of thé4 (Z)-b2a isomer.
dihedral angle of about30°). Tables 1 and 2 list the relative  TS14 )-b2a-endoaccounts for only 35% of all the transition
energy differences, activation energies (calculated as the dif-structures, while the most stable calculated transition state in
ference between the electronic energies of the transition water,TS14 E)-bla-endg accounts for 80%. As in the case
structures and the sum of the electronic energies of cyclopen-of the calculations on aming-catalyzed reactions, the lowest
tadiene and the corresponding iminium intermediate), and energy transition structures in both gas phase and water predict
percentage of transition structuré$13 and TS14in the gas the product isolated as the major compound. The average
phase at OC. calculated electronic activation energies are very similar for both
All the transition structures are concerted but very asynchro- 1 and5 organocatalysis (13.4 and 13.1 kcal/mol, respectively,
nous, and very similar to that previously calculated for the in the gas phase).
dimethylamine-organocatalyzed reaction shown in Figure 5. In  The Boltzmann distribution analysis predicted emloexo
the gas phase, the lowest energy transition state related to theatio of 6:1 and a theoretical ee valze€9% for the cycload-
imidazolidinonel-catalyzed reactionl(S13 (E)-al-endg cor- dition reaction catalyzed byl in the gas phase at OC.
responds to thendoapproach of the cyclopentadiene ring to MacMillan and co-workers reported amdoexoproduct ratio
the Si,Re face (bottom face) of the most stable iminium ion of 7:1 and 0% ee for the same reaction performed in water at
conformerl3 (E)-al; this approach accounts for 35% of all the 0 °C. Surprisingly, catalys6, which showed a remarkably
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improved endo selectivity and enantioselectivity (258ndo
exoratio and 99% ee), gave andoexo ratio of 6:1 and a
theoretical 70% ee valuié.The energies of all the transition
structures in water, determined with the CPCM solvation model
at the HF/6-31G(d)//B3LYP/6-31G(d) level of theory and with
the UAKS cavity model, have been also computed (see
Computational Methods sectiof) Solvation energies increase
both endoselectivity and enantioselectivity. For catalyistan
almost 100%endoselectivity was predicted, and in the case of
amine5 a 35:1endoexoratio was calculated, versus the 25:1
experimental product ratio. Both catalysts are predicted to give
>99% ee, whereas experiments give 0% and 90% for catalysts
1 and5, respectively'?

The possibility that one or both of these reactions could be
reversible was also considered. The relative stabilities of the
Diels—Alder cycloadducts were obtained from the most stable
calculated transition structure$S13 (E)-al-endoand TS14
(2)-b2o-endo(Figure 14). The potential-energy profiles show
that the amineb-catalyzed reaction is only 1.0 kcal/mol more
exothermic than the aminkcatalyzed reaction. According to
the relative cycloadducts formation energy differences, ther-
modynamic control does not account for the differences
experimentally observed between catalysind 5.12

However, catalysi is more sterically hindered thes) and
the possibility that the intermediate iminium is formed very
slowly from 1, allowing the uncatalyzed background reaction
to occur, was considered. The net result would be the negligible
stereocontrol observed experimentally.

Figure 15 displays the potential-energy profile for the

formation of the most stable iminium ion$3 (E)-a2 and 14 14(E)-b2at
(E)-b2a. (see Figures911), from protonated aminesand5 Figure 16. Most stable calculated3 (E)-a2 and 14 (E)-b2a iminium
and8 s-cis. These data indicate that formation bf (E)-b2a intermediates. Closest distances between methylene group and C2 imida-

LT . . zolidinone ring substituents are shown (A).
iminium ion is thermodynamically more favored than formation 9 A

of 13 (E)-a2 by 8.5 kcal/mol in the gas phase. These results
can explain the different behavior observed between catalysts
1 and5 in the cycloaddition reaction of cyclopentadiene with
o,f-unsaturated ketones. Iminium ions derived from chiral
aminel and 4-hexen-3-one are formed slowly or not at all, and

by 13 and 11 kcal/mol, respectively. The formation of the
iminium complex produces a much more reactive dienophile.
Although a number of different conformers of iminium inter-
mediates and transition states are located, there is a preference

only the uncatalyzed background reaction is observed (48 h for attack in a sterically unencumbered fashion that leads to a
y y 9 'family of preferred transition structures and high stereoselec-

20% vyield, 7:1endaexoratio, 0% ee}?2 This conclusion is also tivity

in agreement with the experimental study reported by Jgrgensen s . - -

et al. on asymmetric addition of nitroalkanest@-unsaturated The dlﬁgrent reactivities obsgryed for |m|dazolld|none cata-

enones organocatalyzed by several imidazofA&@rganocata- lysts 15 in the [4+2] cycloaddition reactions of 4-hexen-3-
one and cyclopentadiene have been explored. Chiral artines

lyst 1 gave no conversion after 60 h. T )
and2 form the corresponding iminium intermediates reluctantly

hi -I(—jhe d|fferegt O%Sgr\t/\f/d St?r?'“t'te}]s l?re due tto Zt:ﬁn%_Stetrr']C IWith ketone8 due to strong steric hindrance between the ethyl
Indrance produced between the ethy! fragment and the dime ygroup and substituents at position C2 of the imidazolidinone

groups at position C2 of the imidazolidinone ring bfFigure ring4! When reactions are performed in the presence aid

16 depicts the closest distances betweep Ha at the methylenez, only the uncatalyzed background reaction is observed (48 h,
group of the ethyl fragment and substituents at C2 of the 20% yield, 7:1endoexoratio, 0% ee}2

imidazolidinone moiety. Iminium intermediate3 (E)-a2 pre-
sents a HaHa distance of 1.93 A and a HeHa' distance of
2.05 A. Ha-H2 = 2.22 A was the closest distance found in
compoundl4 (E)-b2a between the methylene group and the
imidazolininone ring substituents.
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