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The structures of iminium salts formed from diarylprolinol or imidazolidinone derivatives and a,f3-
unsaturated aldehydes have been studied by X-ray powder diffraction (Fig. 1), single-crystal X-ray
analyses (7able 1), NMR spectroscopy (7Tables 2 and 3, Figs. 2—7), and DFT calculations (Helv. Chim.
Acta 2009, 92,1,1225, 2010, 93, 1; Angew. Chem., Int. Ed. 2009, 48,3065). Almost all iminium salts of this
type exist in solution as diastereoisomeric mixtures with (E)- and (Z)-configured *N=C bond
geometries. In this study, (E)/(Z) ratios ranging from 88:12 up to 98:2 (Tables 2 and 3) and (E)/(Z)
interconversions (Figs. 2—7) were observed. Furthermore, the relative rates, at which the (E)- and (Z)-
isomers are formed from ammonium salts and a,S-unsaturated aldehydes, were found to differ from the
(E)/(Z) equilibrium ratio in at least two cases (Figs. 4 and 5,a, and Fig. 6,a); more (Z)-isomer is formed
kinetically than corresponding to its equilibrium fraction. Given that the enantiomeric product ratios
observed in reactions mediated by organocatalysts of this type are often >99:1, the (E)-iminium-ion
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intermediates are proposed to react with nucleophiles faster than the (Z)-isomers (Scheme 5 and Fig. 8).
Possible reasons for the higher reactivity of (E)-iminium ions (Figs. 8 and 9) and for the kinetic
preference of (Z)-iminium-ion formation are discussed (Scheme 4). The results of related density
functional theory (DFT) calculations are also reported (Figs. 10—13 and Table 4).

1. Introduction. — Since the renaissance of organocatalysis®) in 2000 [3], this field
has undergone an explosive development”). Of the various types of organocatalysts,
compounds with a sec-amino group (proline and its derivatives, including diarylprolinol
ethers [5], and amino acid (mostly phenylalanine)-derived imidazolidinones [3b])
have experienced the widest use. They activate a-carbonyl positions for electrophilic
attack®) through enamines and f-carbonyl positions for nucleophilic attack through
iminium ions, thus opening the door to enantioselectively catalyzed versions of the
most important classical synthetic organic reactions?). Entire sequences of such
reactions can be performed with one organocatalyst, or with two different species,
culminating in the formation of four and more stereogenic centers via so-called domino
or cascade reactions [8]. However, much of the mechanistic intricacies of organo-
catalytic transformations remain unexplored; a casualty of the excitement that the
synthetic competence of this class of small molecules has generated. Often reasonable
mechanistic models are proposed that are based solely on the stereochemical outcome
of the transformation in question.

On closer inspection, aspects of many commonly accepted mechanistic models were
identified that led to the proposal of possible alternatives. Thus, in proline catalysis, the
role of oxazolidinones may not just be part of a parasitic [9] equilibrium (Egn. 1) [10].
Moreover, structural and theoretical investigations of reactive intermediates in
catalyses with diarylprolinol ethers have revealed that the facial selectivity, with which
the derived enamines and iminium ions react, is probably not caused by a benzene ring
but by the ether RO group and a meta-substituent on the benzene ring [11][12], while it
is likely that the benzene ring provides shielding in the corresponding fluoro derivative
[13] (see Egn. 2). Finally, the more electrophilic iminium ions derived from 5-benzyl-
imidazolidinones1?) appear to exist as an equilibrating mixture of conformers around
the exocyclic benzylic ethane bond, in which the conformer with the Ph group over the
heterocyclic ring (and not, as commonly assumed, over the 7-system) generally prevails
(according to DFT, NMR, and X-ray investigations) (Egn. 3)) [11][15][16]. Here, we

6) The term ‘organic catalyst’ (‘organischer Katalysator’) has been used by the school of Langenbeck
and is the title of a book, which appeared in 1935 [1]; an observation of J. v. Liebig’s concerning an
organocatalytic reaction (see footnote on page 14/15 in [2]) is discussed therein.

7)  For recent review articles, in which the historic background is discussed, see [4] (‘Organocatalysis
Lost: Modern Chemistry, Ancient Chemistry, and an Unseen Biosynthetic Apparatus’ [4a]; ‘The
advent and development of organocatalysis’,  History and Perspectives of Chiral Organic Catalysts’
[4b]; ‘Emil Knoevenagel and the Roots of Aminocatalysis’ [4c]).

8) Radical reactions in a-carbonyl position can also be achieved enantioselectively with the help of
organocatalysts (cf. oxidation of an intermediate enamine with Fe'! or Ce!V complexes to cation
radicals, ‘SSOMO activation’ [6]).

9)  The chemistry of carbonyl compounds has been called ‘the backbone of organic synthesis’ [7].

10) The cinnamaldehyde derivative of 5-benzyl-2,3,3-trimethylimidazolidinone is by one order of
magnitude more reactive than that of diphenylprolinol trimethylsilyl ether [14].
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present results, which reveal new aspects about another supposition, according to which
only (E)-iminium ions are present (Egn. 4), when an a,f-unsaturated aldehyde is
activated upon reaction with a diarylprolinol or an imidazolidinone derivative!l)12).
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1) With a,(-unsaturated ketones, the energy difference between the (E)- and (Z)-forms may be small
and may lead to the reversal of the stereochemical course of reactions, as compared to those of a,f3-
unsaturated aldehydes [17].
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12) Yet another isomerism was discovered by Gellman and co-workers (see [18]): there are NMR-
detectable amounts of the s-cis-conformer of the enamine formed from hydrocinnamaldehyde and
benzyl-trimethyl-imidazolidinone.
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rapid equilibrium at r.t.

2. (E)/(Z)-Isomeric Iminium Salts E, F, and G in the Solid State: X-Ray Crystal
Structures. — To initiate a systematic solid-state study the iminium ion salts derived
from cinnamaldehyde and diaryl-prolinol derivatives, A and B, or imidazolidinones, C
and D, were prepared by modifying the procedure of Leonard and Paukstelis [19], in
which an ammonium salt, I, of a sec-amine is mixed with a carbonyl compound in EtOH
or CH,Cl, (with or without Et;N catalysis). This yielded a precipitate or residue, which
was washed and dried to give the iminium salts of correct elemental analyses (cf. II in
Scheme 1). From solutions of these precipitated salts single crystals, III, were grown as
described in earlier reports [11-16][20]. The compounds, of which X-ray crystal
structures have been obtained, are listed in 7able 1. As can be seen from this table, the
majority of the structures of the type E (diarylprolinol derivatives) and F/G
(imidazolidinone derivatives) have ( E)-configured "N=C bonds.

Scheme 1. Preparation of Iminium Salts from Ammonium Salts of the Amino Compounds A, B, C, or D,
and Cinnamaldehyde

R -
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R X-
[ [ i=on —\
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The configuration of the molecules in the single crystals!3), III, need not, of course,
be the same as in the original precipitate, II: the single crystals are grown very slowly,
while the precipitate is formed rapidly. To compare the structures in the precipitated
solids with those in the carefully grown crystals, we have determined X-ray powder-
diffraction patterns of some non-recrystallized materials (i.e., II). These patterns arise
from the very small crystallites in the ‘powder’ [21] and can even be used to determine
the structures of organic compounds in certain cases, if single crystals are unattainable
[22]. Conversely, the X-ray powder-diffraction pattern can be produced easily with a
‘mouse click’, given the atomic coordinates of a crystal structure. In this particular case,

13)  Full experimental details and characterizations of all compounds mentioned herein have either
been published previously [12][13] or will be the subject of a forthcoming full paper in this journal.
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Table 1. Configuration of Cinnamoylidene-iminium Salts E, F, and G in Single-Crystal X-Ray Structures

(0] /Me O ,Me
H N, N
+ e AT Ph s/ , XR + Me
X II\\‘ Arl ll\ll 1 R2 II\II Me
cH Y X rcH X cn Me
X 2 % 3 N
Ph Ph Ph
E F G
E Arl Y X Configuration of the N=C Bond
Ph F clo, (Z)
Ph Me,SiO BF, (E)
Ph (Me)(Ph),SiO  BF, (E)
3,5-Me,—C.H, MeO BF, (E)
3,5-Me,—C.H, MeO PF, (E)
3,5-(CF,),— CsH, MeO Al[OC(CF,):],  (E)
3,5-(CF;),—C¢H; Me,SiO Al[OC(CF;);]4 (E)
F R! R? X Configuration of the N=C Bond
Et H PF, (E)
iPr H PF, (E)
Bu H PF, (E)
Ph H PF, (E)
(E)-Et—-CH=C(Me) H PF, (E)
(E)-Ph—CH=CH H PF, (E)
Me Me BF,, ClO,, PF, (E)
Me ECH, PF, (E)
Pr Me PF, (E)
Bu Me PF, (E)
Ph Me PF, (2)
spiro PF, (2)
T
/-
G BF, (E)

the experimentally determined and calculated profiles of a diarylprolinol-derived and
of three imidazolidinone-derived iminium salts were compared using the Rietveld
refinement program XRS-82 [23] (Fig. 1). It is interesting to note that the ‘spectra-like’
patterns are essentially identical in these four cases: unequivocal evidence to establish
that species in the crystalline domains of the original precipitates (II in Scheme 1) and
in the single crystals are identical. A potential pitfall of this analysis could be that the
precipitate consists of a mixture of microcrystalline material (generating the pattern)
and of totally amorphous material (contributing only to the background of the
pattern), in which the molecules may adopt another structure. Of the four patterns
shown in Fig. 1, for example, the bottom two have a somewhat higher background
contribution than the others. To ensure that the precipitate and the single crystals
comprise the same isomeric iminium salts and are both uniform, we have dissolved
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representative samples in various solvents and at various temperatures, and recorded
NMR spectra.

3. The Configurations of Cinnamaldehyde-Derived Iminium Salts of Type E, F, and
G in Solution: '"TH-NMR Spectra. — Initially, the fluoro derivative shown in Scheme 2
was investigated; it has (Z)-configuration in single crystals, and the NMR spectrum
shows exclusively the (Z)-form in CD,Cl,. However, when a trace of E;N is added,
there is instantaneous equilibration with the corresponding ( E)-isomer. In the ‘protic’
solvent CD;OD, equilibration!'#4) occurs with a half-life of ca. 5h. The (E)/(Z)
equilibrium ratio is 88:12 in both solvents. Of the diarylprolinol trimethylsilyl ether-
derived iminium salt shown in Fig. 2 (a reactive intermediate of the Jgrgensen
organocatalyst), we prepared a solution in (Dg)acetone at — 50°. Initially, there was
only the (E)-isomer present within the detection limit of the NMR instrument; upon
warming to room temperature, the signals of the (Z)-isomer appeared; from the signal
integration an (E)/(Z) equilibrium ratio of 95:5 was derived; the same result was
obtained in CD;CN. Interestingly, a somewhat faster equilibration was observed with
the imidazolidinone-derived iminium salt shown in Fig. 3; in the single crystals and in
the precipitate of this acetophenone derivative (Table 1 and Fig. 1), the molecules have
(Z)-configuration, and a solution prepared in (Dg)acetone at — 30° shows only signals
corresponding to the (Z)-isomer in the NMR spectrum; warming such a solution to
—10° causes equilibration with the (E)-isomer leading, at ambient temperature, to an
equilibrium ratio (E)/(Z) of ca. 3:1. In Tables 2 and 3, the NMR-determined (E)/(Z)
ratios of all diarylprolinol- and imidazolidinone-derived iminium salts, which we have
prepared so far, are listed, including those of which we have not been able to determine
X-ray crystal structures. Out of the 17 examples, there are only five cases, in which we
have not detected both the (E)- and the (Z)-isomer, independent of counter-ions and
only slightly dependent on the solvent. This includes the derivatives of typical
organocatalysts marked in yellow in Tables 2 and 3!

Scheme 2. The (Z)- and (E)-Isomers of the Iminium Salt from Cinnamaldehyde and 2-[ Fluoro(diphe-

nyl)methyl[pyrrolidine. For details of preparation, see Supplementary Material in [13]. The 1:1 ratio

reported in [13] turned out to be the result of an NMR measurement with a solution, which happened to
contain the two isomers in this ratio, but in which the equilibrium had not yet been established.

H H
PN Ph equilibrium N Ph
ClOos N Ph ratio (r.t.) Clos Sy Ph
F
. | H Pa—C F
\ 2V(E) 12:88 | "
H

H” “Ph Ph

stable in CD,Cl,
73 (CD;0D)ca. 5 h

instantaneous equilibration with catalytic amounts of Et;N

14)  For mechanisms of equilibration, see Scheme 4 in [12].
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Fig. 2. Temperature-dependent (E)/(Z)-interconversion of a diarylprolinol-derived iminium salt (type E)
followed by 'H-NMR. The corresponding precipitate (II in Scheme 1) was dissolved in (Dg)acetone at
—50°. After recording the spectrum, the sample was allowed to warm to —20°, 0°, and +20°; at each
temperature it was kept for 1 h before the spectrum was recorded. The same result was obtained in
CD;CN. The equilibrium value given in Table 2 (92 :8) was obtained by a different experimentalist; we
should be aware of the fact that the equilibration rate may be slow, which can lead to different (E)/(Z)
values, depending upon the period of time between dissolving the sample and actually recording the
NMR spectrum (cf. Figs. 2-7).

4. Kinetics of the Formation of Iminium Salts from Imidazolidinones and «,f-
Unsaturated Aldehydes. — Following the structural studies, we investigated the actual
formation of the iminium salts from various imidazolidinones and cinnamaldehyde,
crotonaldehyde or hex-2-enal.

In a preliminary experiment, we first added an equimolar amount of cinnamalde-
hyde to a CD;CN solution of the 5-benzyl-2,3-dimethyl-2-phenylimidazolidinonium
hexafluorophosphate in an NMR tube at —30° and recorded the resulting NMR
spectrum at this temperature to see only a broad signal at 8.8 ppm. The NMR probe was
then warmed to —20° for 30 min, and a spectrum recorded again, showing ca. 7%
conversion to iminium ions; intriguingly, the (Z)-isomer prevailed ((E)/(Z) ratio ca.
1:3, see Fig. 4,a). The NMR tube was then kept in a freezer at —20° for 20 h, and a
spectrum was recorded again at this temperature; now the conversion was 15% and the
(E)/(Z) ratio ca. 1:2 (Fig 4,b). The (E)/(Z) equilibrium ratio at room temperature is
4:1in MeCN and 3 :1 in acetone (see Table 3).

In Figs. 5-7, the sections of the 'H-NMR spectra, where the *N=CH and vinylic
C=CH signals are expected to be seen at lowest field, are shown for the reactions of
three imidazolidinones with the three different aldehydes (molar ratio 1:2), at room
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Fig. 3. Temperature-dependent (E)/(Z)-interconversion of an imidazolidinone-derived iminium salt

(type F) followed by ' H-NMR. The corresponding recrystallized (III in Scheme 1) sample was dissolved

in (Dg)acetone at —30°. The time between each recording was 3 min, each recording took 4 min; the

total time from —30° to —10° was 90 min. A solution prepared at —60° contains < 0.5% (E)-isomer.
The equilibrium ratio at room temperature is (E)/(Z) 3:1 (Table 3).

temperature (a total of nine combinations)!%). Safe signal assignments of the ( E)- and
(Z)-isomers can only be accomplished for the cinnamoylidene derivatives, of which
pure samples have been isolated [11][14][15][16]"®) (see Figs. 5,a, 6,a, and 7,a). For
the aliphatic crotonaldehyde (Figs. 5,b, 6,b, and 7,b) and hexenal derivatives ( Figs. 5,c,
6,c¢, and 7,¢) assignments are not possible at this stage, and clear-cut NMR monitoring is
made difficult by the appearance of signals from side-products (possibly resulting from
aldol-type reactions). The general patterns of the spectra suggest, however, that there
are geometric isomers also of the iminium salts derived from aliphatic enals in these
reaction mixtures, although the occurrence of other types of isomers cannot be totally
excluded (see Scheme 3).

In conclusion, incontrovertible evidence has been presented that both types of
iminium salts E (derived from diarylprolinol) and F/G (derived from imidazolidi-
nones), in addition to the corresponding aliphatic derivatives (Me or Pr instead of Ph)
are mixtures of (E)/(Z)-isomers around the *N=C bond. Before turning to the
implication this fact has for organocatalysis, we would like to briefly discuss the kinetic

15)  The % conversions given in Figs. 5 and 6 were determined from the NMR-signal integrations of the
H-atoms at C(5) in the ammonium starting materials and iminium products.
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Table 2. (E)/(Z) Ratios of Diarylprolinol-Derived Iminium Salts E in Solution (determined by 'H-NMR
analysis at ambient temperatures) [12]

H H
X" N Arl X N Arl
], Y | Y
1
o
|, |

Ph (E)-E (2)-E Ph
Arl Y X Solvent (E)/(Z) Ratio
Ph F ClO, CD,(l, 88:12
Me,SiO BF, CDCl, 97:3
(Me)(Ph),SiO BF, (Ds)DMSO 97:3
4-Bu—CgH,?) (Me)(Ph),SiO BF, CDCl >99:1
3,5-Me,—C4H; MeO PF, CDCl, 94:6
MeO BF, CDCl, >99:1
3,5-(CF;),—C4H; MeO Al[OC(CF;)s]4 (Ds)DMSO 94:6
Me,SiO PF, (Dg)Acetone 93:7
Me;SiO SbF (Dg)Acetone 92:8
Me,SiO Al[OC(CF;);]4 (Dg)Acetone 92:8

) (R)-Configuration at C(2).

preference, which is evident from Figs. 4, 5,a, and 6,a, for the formation of a
thermodynamically less stable cinnamoylidene-imidazolidinone ( Z)-isomer.

If we make the assumption (cf. Sect. 5) that the (E)/(Z)-geometry of the iminium
ion derived from 5-benzyl-2,3-dimethyl-2-phenylimidazolidinone and cinnamaldehyde
is determined by the antiperiplanarity of the lone pair at the N-atom and the leaving
group H,O in the intermediate O-protonated a-amino alcohol derivative (see center of
Scheme 4), we have to compare the various approach trajectories of the trigonal
centers!®), that lead to these intermediates (Scheme 4, top and bottom). Of the two
diastereotopic approaches of N(1) on the less sterically encumbered face (Me—C(2)/
H-C(5) vs. Ph—C(2)/PhCH,—C(5)) of the imidazolidinone to the Re- and Si-face of
cinnamaldehyde, the Re-approach, leading to the (Z)-precursor, appears to be more
favorable (cf. the two labeled arrangements in Scheme 4, top left and bottom right).

5. An (E)/(Z)-Dilemma in Organocatalysis with Diarylprolinol and Imidazolidi-
none Derivatives? — The results described in the previous sections, which are supported
by theory [12][13][15][16][17b][25], must be considered strong evidences for the
formation of both (E)- and (Z)-iminium ions in reactions between enals and the
organocatalysts with secondary amino groups. Not only are the two diastereoisomers
formed from their precursors, but they are in equilibrium with each other at ambient
temperatures in various solvents. Activation barriers are low enough to observe
interconversions down to temperatures of — 30°.

16) For a topological rule for the coupling of trigonal centers, see [24].
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Table 3. (E)/(Z) Ratios of the Iminium Hexafluorophosphate Salts F and G (imidazolidinones derived
from (S)-phenylalanine) in Solution (determined by "H-NMR analysis at ambient temperatures). For
details of assignment, see Footnote 13

o Me (0] Me

(@] /Me (o] /Me ) |
Ph\sz Ph\jN th%N R Ph\jN R
o LR e e
I PR H\ ! PFe |
| | \

Ph (E) (Z) ~Ph Ph (E) (Z) "Ph
R (E)/(Z) Ratio in (D4)acetone | R! R? Solvent (E)/(Z) Ratio
H 31:69 Me  Me (Ds)DMSO 98:2%)
Et 79:21 Me CH,F (Dg)Acetone >99:1
Pr 87:13 FCH, Me (Dg)Acetone  >99:1
‘Bu 95:5%) Me  Pr (Dg)Acetone >99:1
Ph 67:33 iPr Me (Dg)Acetone  >99:1
(E)-Et—CH=C(Me) 65:35 ‘Bu Me (Dg)DMSO  >99:1
(E)-Ph—CH=CH 72:28 Me Ph (Ds)DMSO 89:11

Ph Me (Dg)Acetone 76:24
o} Me (0] Me
+)\’Bu +)\fBu
N s N
/H BFy Kl\
Ph

Ph™  (Ey(z)79:21 in (Dgacetone PN (E)I(Z)93:7 in (Dg)acetone

2) Ratio in CD;CN: 97: 3; ratio of BFj salt in (Dg)acetone: 93:7. ®) Ratio in CD;CN: 90: 10.

From some of the NMR experiments described in Figs. 27, a rather slow (E)/(Z)-
interconversion rate can be derived by a rough kinetic analysis. This may be deceiving
in view of the conditions under which the actual organocatalysis reactions are
conducted; the mechanism of (E)/(Z) interconversion involves nucleophilic attack on
or deprotonation of the iminium ions (vide infra)'*); in two of our experiments ( Figs. 2
and 3), there is no nucleophile besides possible impurities in the solvent; in the other
cases (Figs.4-7), there is just the water of reaction that could possibly act as
nucleophile.

According to the (E)/(Z) ratios at equilibrium observed at room temperature,
which range from 88:12 to 98:2 for the cinnamaldehyde derivatives of typical
organocatalysts (see Tables 2 and 3), the free enthalpy differences AAGY! between the
two stereoisomers are 1.5 to 2.5 kcal/mol. If the (E)- and (Z)-forms would react with a
given nucleophile at the same rate, the enantiomer ratios (er) in the products would be
the same as the diastereoisomer ratios (dr) of the iminium ions, and thus the
enantiomer excesses (ee) should be in the range of 75 to 95% (Fig. 8). This is in
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Fig. 4. NMR Spectra resulting from an equimolar mixture of an imidazolidinonium hexafluorophosphate
and cinnamaldehyde at —20° in CD;CN (4.7-107° m solution). a) Spectrum recorded after 30 min; ca.
7% conversion to the iminium ions. b) Spectrum recorded after 20 h; ca. 15% conversion to the iminium
ions. For (E)/(Z)-assignment, see Fig. 5,a. The signal at 9.65 ppm is the doublet of the formyl H-atom.

contrast to the frequently observed [3][5][8][13][18][26] er values of up to
99.5:0.5.17)

In the generally accepted mechanistic model, it is assumed that the sterically more
favorable (E)-iminium ions undergo nucleophilic attack from the face of the zz-system,
which is anti to the large substituent(s) on the heterocycle, in agreement with the
observed stereochemical outcome of reactions (Fig. 8,a). With the (Z)-iminium ion,
the preference for this trajectory should be even greater, leading to the enantiomer of
the observed major product (Fig. 8,b). In an equilibrating mixture of (E)- and (Z)-

17)  The especially high enantioselectivities observed in domino reactions [8] must not be considered in
this context, because there is more than one diastereoisomeric transition state in a sequence of
reactions involving catalyst derivatives. This can lead to augmentations of the overall enantio-
selectivities, with which the final products are formed.
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Scheme 3. Possible Isomerizations and Interconversions of Iminium Ions Derived from Imidazolidinones
and a,f-Unsaturated Aldehydes. a), b) (E)/(Z)-Isomers with respect to the N=C and C=C bond of
enoylidene iminium ions can equilibrate through an enamine intermediate (cf. Footnotes 12 and 14)). c¢)
Epimerization at C(5) of an iminium ion through a zwitter-ionic intermediate ; the known higher stability
of analogous cis- vs. trans-1-acyl-imidazolidinones suggests that the equilibrium lies on the side of the cis-
isomer (see the discussion in [11]). d) Epimerization at C(2) has been observed upon reaction of
imidazolidinones with electrophiles (see the discussion in [11]). e) Incorporation of an added carbonyl
compound into the heterocycle (see Scheme in [15a]).
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iminium ions, which are formed at different rates, the situation becomes more
complex!8), as outlined in Scheme 5: If the formation of the iminium ions from enals

18)  An additional degree of complexity has just been added: there is a negative nonlinear effect in the
Michael addition of dibenzyl malonate to cinnamaldehyde, catalyzed by diphenylprolinol (tert-
butyl)(dimethyl)silyl ether; this is interpreted as the involvement of a second catalyst molecule,
which acts as counter ion *R,NHj of (BnOCO),CH-, when the iminium ion *R,N=CH-
CH=CHPh" undergoes nucleophilic attack [20].
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Fig. 5. Low-field section of the 500-MHz 'H-NMR spectra in CD;CN of the reaction mixtures containing

cinnamaldehyde (a), crotonaldehyde (b), or hex-2-enal (c), and cis-(5S)-5-benzyl-2,3-dimethyl-2-

phenylimidazolidinonium hexafluorophosphate (ambient temperature, molar ratio aldehyde/imidazoli-

dinone 2 :1). For case a), the signals of H—C(1’) of (E)- and (Z)-isomer are shown; assignment by NOEs

for (E)-form: between H—C(1") and Me and between H—C(2') and CH,, as well as H—C(5), for (Z)-
form: between H—C(1") and CH,.
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Fig. 5 (cont.)

and ammonium salts is assumed to be irreversible (Step a in Scheme 5; cf. Scheme 4),
there are two extreme scenarios: i) If the (E)/(Z)-equilibrating rate (K.,; Step b) is
much slower than the rate of reaction with a nucleophile!?) (Step c), the enantiomer
ratio (er) in the isolated product will be determined by the relative rate of (E)/(Z)-
iminium-ion formation and the respective preference of Nu® and Nu®" approach to
the (E)/(Z)-diastereoisomeric iminium ions (Fig. 8); with exclusive Nu™“ attack, er
would be equal to kz/k,. ii) If, on the other hand, the (E)/(Z)-equilibrating rate (Step
b) is much faster than the rate of reaction with a nucleophile (Step c¢), and if there is
exclusive Nu“* approach, the system would be subject to the Curtin— Hammett
principle, and the product er would be equal to [ E]k’;/[ Z]k',. Scenario i is, for instance,
not compatible with the MacMillan generation-one catalyst: there is ca. 25% (Z)-
iminium ion at the beginning of the reaction with cinnamaldehyde, with rapid
equilibration to the (E)-form at room temperature (Fig. 6,a); the er values observed
with this catalyst in addition to a,S-unsaturated aldehydes are in the range of the (E)/
(Z)-equilibrium ratio (98:2 in DMSO, 97:3 in MeCN; see Table 3 and Fig. 6,a).
Moreover, when Jgrgensen’s catalyst is used in conjugate additions, the product er
values are often above 97:3, while the (E)/(Z)-equilibrium ratio of the cinnamalde-
hyde-derived iminium ion is ca. 92 :8. It should also be mentioned in this context that
the [fluoro(diphenyl)methyl]pyrrolidine catalyzes epoxidations (H,0,/H,0) of cinna-

19)  The reaction of iminium triflates (trifluoromethanesulfonates) from cinnamaldehyde and diphenyl-
prolinol trimethylsilyl ether or benzyl-trimethyl-imidazolidinone with silylketene-acetals is very
fast: 7-10'-9-10° [m~! s7!] [14].
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b)

Fig. 6. Low-field section of the 500 MHz 'H-NMR spectra in CD;CN of the reaction mixtures containing
cinnamaldehyde (a), crotonaldehyde (b), or hex-2-enal (c), and 5-benzyl-2,2,3-trimethylimidazolidino-
nium hexafluorophosphate (ambient temperature, molar ratio aldehyde/imidazolidinone 2 :1). For case
a), the signals of H—C(1") of (E)- and (Z)-form are shown; assignment of ( E)-configuration by NOEs
between H—C(1’) and the H-atoms of the geminal Me groups, and between H—C(2") and CH,, as well as
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Fig. 6 (cont.)

maldehydes, under a variety of conditions, to give trans-2-aryl-oxirane-carbaldehydes
with er values between 94 :4 and 98 : 2, while the (£)/(Z)-iminium ion ratiois ca. 9:1 in
this case [13] (Scheme 2 and Table 2)20).

One conclusion from these observations may be that the (E)-isomers of the
iminium ions react faster with nucleophiles than the (Z)-isomers under equilibrating
conditions (vide supra, scenario ii). What could be the reason of such a potential
reactivity difference ?21)

Since the nucleophiles approach the S-C-atoms of the enoylidene iminium ions in
an area of space, far away from the sterically demanding groups in 2- or 2,5-positions of
the heterocycles, no notable reactivity differences could, at first sight, be expected
between (E)- and (Z)-isomers (Fig. 8,a and b, left). On the other hand, there will be

20) The er value of the minor cis-product is unknown. If the topicity of the primary addition of H,O, to
the iminium ion would be the er-determining step to give an enamine intermediate that can cyclize
to either trans- or cis-product, the diastereoisomeric oxiranes would have the same enantiomer
purity.

21) One possibility that we have considered is that the "fN=C—C=C conjugation and, thus, the
electrophilicity of the $-C-atom is reduced in the (Z)-form by out-of-plane rotation around the
single bond, induced by the substituent in the 2-position of the heterocycle. Inspection of the X-ray
structures of (Z)-isomers (7able 1) and of density functional theory (DFT)-calculated structures of
(Z)-geometry revealed that there is no fundamental difference in the *N=C—C=C torsion angles
for (E)- and (Z)-isomers; all angles are in the same range, between 175 and 179°.
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Fig. 7. Low-field section of the 500 MHz 'H-NMR spectra in CD;CN of the reaction mixtures containing

cinnamaldehyde (a), crotonaldehyde (b), or hex-2-enal (c), and cis-5-benzyl-2-(tert-butyl)-3-methyl-

imidazolidinonium hexafluorophosphate (ambient temperature, molar ratio aldehyde/imidazolidinone

2:1). For case a), the signals of H—C(1’) at 8.51 ppm and of H—C(3') at 8.04 ppm are shown; both

belong to the (E)-form, due to NOEs between H—C(1") and the ‘Bu H-atoms, as well as H—C(2), and
between H—C(2') and H—C(5). Equilibrium ratio (E)/(Z) 90:10.
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Scheme 4. Approach of N(1) of cis-(5S )-5-Benzyl-2,3-dimethyl-2-phenylimidazolidinone to the Carbon-
yl Re- and Si-Face of Cinnamaldehyde, Leading to (Z)- and (E)-Iminium Ion, Respectively
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Fig. 8. Trajectories of nucleophilic approaches to the a) (E)- and and b) (Z)-enolyidene iminium ions. As

demonstrated with the primary adducts’ structural Formulae on the right side, more steric repulsion

between the R group and a large substituent on the heterocycle is expected to develop on the way to the

transition state of the anti-approach to the (Z)-ion. In a cycloaddition reaction, the a- and the 5-C-atom
will pyramidalize.

pyramidalization of the acceptor trigonal C-atom on the way to the transition state of
nucleophilic attack from the anti-side, pushing the substituent R at this C-atom up; as
demonstrated by the drawings of the corresponding products on the right side of
Fig. 8,a and b, this might be expected to cause more repulsive interactions with the —
remote — large substituent on the heterocycle in the case of the (Z)- than in the case of
the (E)-iminium precursor.

There is another intriguing possible effect that could cause a rate difference of
nucleophilic approach to the anti-face of (E)- and (Z)-enoylidene-iminium ions.

We recalled the general observation that the steric course of organic reactions tends
to reverse as we go from the ‘simple’ to the ‘vinylogous’ structures: S,2 vs. §,2', S,2 vs.
S2', E2 vs. E2', butadiene vs. hexatriene cyclization and reversal, efc. (see the
discussions (with extensive references) involving the terms ‘orbital symmetry
correlations’ (pericyclic reactions, Woodward — Hoffman rules [27]) ‘Hiickel/ Mébius
aromaticity’ [28], ‘principle of orbital distortions’ or ‘o,w interaction’ [29], ‘alternate
motion of electron pairs’ [30], ‘Boolean alternation’ or ‘parity of stereochemistry’ [31],
‘t-bond or bent-bond model of the C,C double bond’ [32]??). Some examples are
outlined in the Appendix. For the addition to iminium ions and conjugate addition to
‘vinyliminium’ ions, the application of these principles would lead to the expectation
that the direction of N-pyramidalization might be reversed (Fig. 9). This would mean
that, upon approach of a nucleophile, the C-atom attached to the iminium N-atom

22) This is by no means a complete list of terms and references. The authors assume the responsibility
for having omitted further seminal contributions on this subject.
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Scheme 5. Simplified Kinetic Scheme of the Formation and Reaction of the Intermediate Iminium Ions

from an a,3-Unsaturated Aldehyde and a Chiral Cyclic Amino Compound. A selected number of possible

intermediates in the various steps are shown in the box on the bottom. For discussions of the kinetics and
stereochemistry, see accompanying text, Scheme 4, and Figs. 8 and 9.
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would move down towards the nucleophile, out-of-plane of the original ;r-system, in the
‘simple’ case (Ay in Fig. 9,a), in reversal of the elimination of a leaving group with
formation of the iminium bond (E in Fig. 9,a; cf. Scheme 4, center). Conversely, in the
‘vinylogous’ case, pyramidalization would occur in the opposite direction, i.e., such that
the C-atom with its ‘substituent’ moves up, out of the plane of the original z-system
(=average plane of the five-membered ring heterocycle, see Fig. 9,b). For the (Z)-
isomer of the enoylidene iminium ions, this movement would push the entire
substituent at the N-atom towards the sterically demanding group on the heterocycle,
causing more ‘steric stress’ than in the case of the (E)-isomer. This is especially true for
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the diarylprolinol derivatives (having no substituent at C(5) of the pyrrolidine ring)
and for the imidazolidinones with a ‘Bu group at C(2) (see Fig. 9, ¢)?3).

% RNU h

Me
N” HR
OW

H

Fig. 9. Possible reversal of the stereochemical course of direct (a) and conjugate addition (b) of a

nucleophile to an iminium ion and an a,f-unsaturated iminium ion, respectively, and ‘steric stress’ thus

arising in the course of nucleophilic approach to (Z)-iminium ions derived from a diarylprolinol or a 2-
‘Bu-imidazolidinone (c)

23) For the 2,2-dimethyl-substituted imidazolidinone (MacMillan’s ‘first-generation catalyst’ [4b]), it is
not so obvious at first sight, why the upward movement of the substituent at N(1), as outlined in
Fig. 9, should cause more ‘steric stress’, when it occurs with the (Z)-, rather than the (E)-iminium
ion. However, when we look at models of the two diastereoisomeric ions, we realize that movement
of the substituent at the N-atom (up or down) will cause stronger 1.5-repulsion [33] in the (Z)- (CH/
Me) than in the (E)-form (H/Me) (c¢f Fig. 13 in [11]).
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6. DFT Calculations of Heterosubstituted Enamine Model Compounds. — We first
calculated the (E)/(Z)- and s-trans/s-cis-energy differences of the simple diarylprolinol
derivatives shown in Fig. 10. Comparison of the values suggests that attack of HO™ to
(E)- and (Z)-iminium ions has approximately the same exothermicity?4). In the
optimized geometries, the N-atoms have a small degree of pyramidalization in the
direction of the large substituent at C(2) of the pyrrolidine ring, in agreement with all
previously calculated [12][15b][16][17b][25] and measured [12][15][16] structures.

O O
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| OMe | OMe
H H Me
0.0 2.0
F3C FsC FsC

—2Z +
—Z +

OSiMe;

0.0 3.6 0.0 32

Fig. 10. DFT-Calculated relative energies [kcal/mol] of (E )/(Z)-iminium ions and of the corresponding s-
trans/s-cis-hydroxyenamines derived from crotonaldehyde and diarylprolinol ethers. In all cases, the more
stable sc-exo-conformation [11][12] around the exocyclic C,C bond was used for the calculations. a)
Diphenylprolinol-methyl-ether derivatives; the energies are the sum of potential energy + zero-point
energy; approximately the same results were obtained with geometry optimizations at MPB1K/6-31 +
G(d,p) or PBE1PBE/6-31 + G(d,p) levels. b) Relative potential energies of the compounds derived
from Jgrgensen’s catalyst with geometry optimizations at B3LYP/6-31G(d) level; the energy differences
between the (E)- and (Z)-isomers are 3.64 and 2.92 kcal/mol for the iminium ions and the hydroxy
enamines, respectively. Similar values are obtained (3.36 and 3.89 kcal/mol for the iminium ions and 3.45
and 3.19 kcal/mol for the hydroxy enamines) with the subsequent single-point energy evaluations at
computational levels of MPWB1K/6-31 + G(d,p) and PBE1PBE/6-31 + G(d,p), respectively.

24)  Such a reaction in the gas phase has no activation barrier (cf. Fig. 13), so that the more exothermic
reaction is expected to be faster than the less exothermic one; in the cases presented in Fig. 10, the
energy differences between the starting materials ((E)/(Z)-iminium ions) and between the
corresponding products (s-trans/s-cis-hydroxyenamines) are almost the same, i.e., the exothermicity
is the same.

CF; CF;

CF3
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To see whether a change in the pyramidalization direction could be detected by
DFT calculations when we go from an a-heterosubstituted amine (for which there is
ample evidence of virtual antiperiplanar (ap) arrangement of the lone-pair and the
C—X bond; see H in Fig. 11, and cf Fig. 9,a, and Scheme 4, center [34]) to the
vinylogous structure, we have computed, at the CBS-QB3 level, the simple model J, the
trans-N,N-dimethylpropenamine with allylic hetero substituents X=F, OH, SH,
Me;N*. For F, OH, and SH, three conformational energy minima were found: J,
with the direction of N-pyramidalization syn to the C—X bond (cf. Fig. 9,b), J,,,; with
the pyramidalization in the opposite direction, and J,,,,,, with the C—X bond in the 7-
plane of the C=C bond (Figs. 11 and 12). In all three cases, the J,,,, conformations are
the most stable ones. The energy differences between J,,, and J,,,; are, however, very
small, a tiny < 0.1 kcal/mol, increasing somewhat from F to OH to SH; the J .,
conformations are by 1.4 to 1.8 kcal/mol higher in energy; the N-inversion barrier of the
F derivative is calculated to be ca. 1 kcal/mol; the values are listed in Table 4. The
ammonium ion J, X =Me;N7, is an exception: only the conformational minimum J,,
was found. Note that J,,, corresponds to what is shown in Fig. 9,b.

On the other hand, no difference can be detected, when the hydroxy-enamine
conformations J,,, and J,,;, X=OH, are dissociated to CH,=CH—-CH=N*Me, and
OH~, which, in microscopic reversibility, is equivalent to the addition of a OH™ to the
iminium ion: the energy profiles are essentially the same in this anion-cation
dissociation/collapse involving large amounts of energy (Fig. 13).

Although the DFT-detected effects are minute, we venture to cautiously compare
them with the assumptions made in the previous section about possible reasons for an
(E)/(Z)-reactivity difference of conjugated iminium ions. According to theory, there

.d _H
Me-sN——C=H
Me/ \
H
Me
M / M Me
e-..,__N Q\N\Me Me*\N/

X Jsyn X Janti H Jortho

Fig. 11. Conformation of an a-heterosubstituted trimethylamine H [34] and DFT-computed conforma-

tional minima Yy, i, Jouno Of the trans-N,N-dimethyl-enamine derived from B-heterosubstituted

propanals (vinylogous to H). The blue-labeled atoms and bonds in J,, lie approximately in one plane (cf.

presentations in Fig. 12);in J,,,;,, the heteroatom X, rather than a H-atom of the X—CH, group, resides
in this plane. For energies and N-pyramidalizations, see Table 4.
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szn (X=F) Jonsi szn (X =Me;N")

Fig. 12. View along the XH,C—CH bond of J, and Y, X = OH, SH, F, and Me;N*, and view along the
plane of the CH=CH bond in J,, X=Me;N*. Structures computed at the DFT level B3LYP/6-
311G(d,p). For relative energies, see Table 4.

appears to be a tiny preference for a reversal of the N-pyramidalization direction, when
we compare an a-heterosubstituted amine with a y-heterosubstituted enamine (cf.
Fig. 9,a and b, with Fig. 12 and Table 4). The fact that only the J,,, form was found with
X =Me;N* could perhaps be correlated with the fact that neutral, rather ‘soft’
nucleophiles are the preferred reagents2d) to attack enoylidene iminium-ion reactive
intermediates of the type discussed here, and not F-, OH~ or HS™.

7. Conclusions. — The presence of (E)/(Z)-isomeric iminium ions in organocatalytic
applications of diarylprolinol and imidazolidinone derivatives for the activation of «,(-
unsaturated aldehydes is most likely due to a dynamic kinetic separation of these
diastereoisomers. The reasons of such a reactivity difference, as outlined in Figs. § and
9, may not be the only ones2°).

We realize that our discussion in Sect. 5 is speculative, full of words like ‘if’, ‘may’,
‘might’, ‘could’, ‘should’, ‘would’, ‘likely’, ‘probably’, ‘potential’, ‘assume’, ‘expect’,
‘suggest’! Also, the DFT calculations described in Sect. 6 hardly provide support for the
qualitative discussions, at this point. More elaborate investigations will be necessary to

25) For instance, dienes and heterodienes in Diels— Alder reactions, nitrones in (3 + 2)-cycloadditions,
pyrrols and indoles in Friedel— Crafts reactions, Hantzsch ester for hydride transfer, oximes for
hydroxylations, hydroxylamine derivatives for amination, efc. [3b][4b] [35].

26) We realize that effects of the type discussed here may be small, will depend on the nature of the
nucleophiles and of counterions, can be overridden by stronger steric effects and, even more so, by
the presence of metal ions (not involved in organocatalyses!) (see [29][32c,d]; for a recent
theoretical study of the role Li and Na salts may play in S,2' reactions, see [29¢c]).
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a) Energy Profiles for Lengthening the C---O Distance
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1.8 0.1905  0.3360 0.1847  0.2746
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Min 0.2387 0.4014 0.2377  0.4007

N- and C-pyramidality A values are calculated for the
structures shown in b.
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Fig. 13. Energy profiles (a) and intermediate arrangements (b) in the dissociation/formation of ¥, and
Joni to and from CH,=CH—CH=NMe3; and OH~, respectively. The pyramidalizations on N and CH,
increase with decreasing distance of HO~ (¢), and the relative direction of pyramidalizations ‘syn’ (in b,
left column) and ‘anti’ (in b, right column) are retained throughout. The calculation of this anion - cation
collapse/dissociation to/of J,,, and J,,,; is not compatible with the view presented in Fig. 9,b.

learn why the fascinating applications of such a simple ‘classical’ reaction (of amino
with carbonyl compounds) work so well. Organocatalysis may thus call mechanistic
organic chemists to the fore and lead to a revival of the poorly funded field of physical
organic chemistry.

We look forward to critical discussions with colleagues knowledgeable in the fields
of organocatalysis, of complex kinetics, of stereoelectronic effects, and of computa-
tional theory.
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Table 4. Relative Energies [kcal/mol] and N-Pyramidalization A [A] of Conformations T Tanio Jorno With

X=F OH, SH, Me;N* (cf. Figs. 11 and 12), Computed at the CBS-QB3 Level. E,, = Potential energy;

E,, = zero-point energy; Erg = transition-state energy of N inversion; N-pyramid. = pyramidality of the

N-atom; A =distance between N and the plane of its three bonding partners; +/— indicates the

relationship between the direction of pyramidalization and that of the C,X bond. For the Me;N*-
substituted structure, only the J,,, minimum was detected in this calculation.

J syn J, anti J ortho E TS
F Eoo 0.000 0.024 1.829 1.091
E,+E, 0.000 0.022 1.705 0.743
N-pyramid. A +0.212 —-0.218
OH E, 0.000 —0.031 1.653
Ey+E,, 0.000 —0.042 1.677
N-pyramid. A +0.239 -0.238
SH E,o 0.000 0.083 1.496
E,n+E, 0.000 0.063 1.368
N-pyramid. A +0.244 —0.243
Me;N* N-pyramid. A +0.076

The help of P. Zumbrunnen in recording NMR spectra (NMR service unit of the LOC) is gratefully
acknowledged.
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Appendix. — As a didactic contribution intended for students, we have assembled presentations
involving concerted bond-forming and bond-breaking processes in Charts 1—6. For reaction specifica-
tions, we use the Ingold nomenclature [30]. As a mnemonic device we use: ‘Reactions involving an odd
number of electron pairs form or break bonds in the same half-space; reactions involving an even number
of electron pairs form or break bonds in two different spaces’ (Mathieu and Rassat [31]). As part of the
mnemonic device, the p-lobes in Charts 1-6 and in Fig. 9 are used to indicate the half-spaces (dark vs.
white lobes); the presentations are not to be mixed up with the lowest occupied molecular orbitals of the
various s-systems! For actual examples of the various processes and for additional reactions that may be
described along these lines (cf. electrophilic 1,4-addition of X-Y to a diene, Eschenmoser—Grob
fragmentation, efc.) and for critical discussions, we refer the reader to the numerous citations given in
[10a][27-34].

Se
1EP

same
half-space
(retention)

Sg2'
2EP
different

half-spaces
(anti)

enamine
Ag
2 EP
different

half-spaces
{anti)

Chart 1. Electrophilic substitutions and the reaction of an enamine with an electrophile, which may be
considered an extreme version of an electrophilic allylic S substitution (see discussions in [10a][32a,e])



632 HEeLVETICA CHIMICA ACTA — Vol. 93 (2010)
Sn2

— /
x 2 EP RNUC}””“'
different \

half-spaces
(inversion)

Nb FN T Sl

3 EP
—_—

same
half-space

(syn)

Chart 2. Direct and allylic nucleophilic substitution. For lucid discussions of the Sy2' process with
references to the original literature (by G. Stork), see [29a], for the influence of metal ions, see a recent
theoretical treatment with extensive citations by Streitwieser et al. [29c].

Ee
2 EP

different
half-spaces
(trans)

E2'
3EP

same
half-space
(sym)

Chart 3. 1,2- and 1,4-Elimination. The formation of a C=N bond from an amino compound with an a-
leaving group may be considered an extreme version of an E2-type elimination (cf Scheme 4, center,
Fig. 9,a, and [34])
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AEEEH'IIHE
2 EP

different ®
half-spaces

dienamine
Ae
3 EP

same
half-spaces
(syn)

5005

trienamine

Ag
4 EP

different
half-spaces
(anti)

633

Chart 4. Comparison of the expected steric courses of electrophilic additions to an enamine (cf. Chart 1), a
dienamine, and a trienamine in 2-, 4-, and 6-position, respectively. An example corresponding to the

trienamine case has actually been described by Breslow and co-workers [29b].
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RNu

Sg2'

Chart 5. Use of the bent-bond or tT-model for describing the stereochemical course of allylic substitutions
(cf. Charts I and 2), of a 1,4-elimination (cf. Chart 3), and of conjugate addition to an o,f-unsaturated
iminium ion (cf Fig. 9). For a review article, see [32b].

2 EF

different
half-spaces
(conrotatory)

electrocyclic reaction

3 EP

= = = sigmatropic shift
same
half-space
(suprafacial)

3 EP .
e — cycloaddition
same
half-space
(supra/supra)

Chart 6. Application of the ‘half-space rule’ [31] to some pericyclic reactions [27][28]. For an early review
article in German, see [27b].



