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1. Materials and general procedures

Dry toluene and CHCI; were obtained by passing the previously degassed solvents through
activated alumina column. Toluene-d8 was purchased from Cambridge Isotope Laboratories,
Inc. (D, 99.5%) in ampoules of 1 mL. CDCl; was purchased from Cambridge Isotope
Laboratories, Inc. (D, 99.5%) in bottles of 100 g. Propanal (97%), 2-phenylpropanal (95%),
isobutyraldehyde (98%) and isovaleraldehyde were purchased from Alfa Aesar and they were
always carefully distilled prior to use. (S)-(-)-a,a-Diphenyl-2-pyrrolidinemethanol trimethylsilyl
ether, (S)-a,a-bis[3,5-bis(trifluoromethyl)phenyl-2-pyrrolidinemethanol trimethylsilyl ether and
N-phenylmaleimide were purchased from Sigma-Aldrich. (2R,5R)-2,5-Diphenylpyrrolidine was
purchased from TCl America.

NMR spectra were recorded on Bruker DRX-600 equipped with a 5 mm DCH cryoprobe, DRX-
500, and AMX-400 instruments and calibrated using residual undeuterated solvent as an
internal reference.

The chiral GC were registered in an Agilent 7890A/ FID detector fitted with a VARIAN CP-
ChiraSil-DEX CB 25 x 0.25. Column conditions: He, pressure = 15psi, initial temperature = 30 °C,
final temperature = 60 °C, warming rate = 0.5 °C/min, detector temperature = 300 °C, injector
temperature = 130 °C.
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2. Enamine formation and Michael addition of isobutyraldehyde

100 pL (0.06 mmol) of a 0.6 M solution of (S)-(—)-a,a-diphenyl-2-pyrrolidinemethanol-
trimethylsilyl ether in toluene-d8 were added to 0.5 mL (0.72 mmol) of a 1.44 M solution of
isobutyraldehyde. The first spectra registered 200 seconds after the addition of the catalyst
shows almost an equilibrated enamine/free catalyst ratio (0.43).
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Figure 1. The equilibrium between free catalyst and enamine is achieved in less than 10 min.

The characteristic signals used to identify the enamine of the isobutyraldehyde were: —0.13
(9H, s), 1.64 (3H, d, J=1.4), 1.66 (3H, d, J=1.4), 5.79 (1H, hept, J=1.4).
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100 pL (0.06 mmol) of a 0.6 M solution of (S)-(-)-a,a-diphenyl-2-pyrrolidinemethanol-
trimethylsilyl ether in toluene-d8 were added to 0.4 mL (0.60 mmol of S-nitrostyrene and 0.72
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mmol of isobutyraldehyde) of a solution of f-nitrostyrene (1.5 M) and isobutyraldehyde (1.8
M) in toluene-d8. After 40 min the formation of the cyclobutane 5a was quantitative, but no
Michael product was observed. After 24 h the reaction was almost unaltered.

'H-NMR @ 40 min

'H-NMR @ 24 h
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3. Kinetic isotopic effect in the Michael addition

The a,a-propanal-d2 was prepared following the experimental procedure described by
Barefield.!

Measurements were performed using an Omnical Insight reaction calorimeter, which allows
continuous monitoring of the instantaneous heat absorbed or released by a chemical reaction
occurring in the vessel. The sample vessel is a 16 mL septum-cap vial equipped with a magnetic
stirring bar. The system operates as a differential scanning calorimeter by comparing the heat
released or consumed in a sample vessel with that from a reference compartment at intervals
of 3 seconds over the course of the reaction.

The reactions were set up from common stock solutions:

Stock solution A: 1.0099 g of (S)-a,a-diphenyl-2-pyrrolidinemethanol trimethylsilyl, total
volume of 2 mL of dry toluene.

Stock solution B: 2.2829 g of nitrostyrene, total volume of 5 mL of dry toluene.

Stock solution C: 1.0454 g of propanal, total volume of 5 mL of dry toluene.

Stock solution D: 1.0816 g of a,a-propanal-d2, total volume of 5 mL of dry toluene.

Stock solution E: 0.4504 g of acetic acid, total volume of 1 mL of dry toluene.

Stock solution F: 0.4806 g of acetic acid-d4, total volume of 1 mL of dry toluene.

Reaction propanal/CH;COOH/H,0: 500 pL of SL B + 500 pL of SL C + 380 pL of dry toluene +
13.5 pL of H,0, then injection of 120 uL of a solution made from 200 pL of SL A + 40 pL of SLE.

Reaction propanal/CD;CO0D/D,0: 500 uL of SL B + 500 pL of SL C + 380 uL of dry toluene +
13.5 plL of D,0, then injection of 120 pL of a solution made from 200 pL of SL A + 40 pL of SLF.

Reaction a,a-propanal-d2/CD;CO0D/D,0: 500 uL of SL B + 500 pL of SL D + 380 pL of dry
toluene + 13.5 pL of D,0, then injection of 120 uL of a solution made from 200 uL of SL A + 40
puL of SLF.

The results are summarized in the following figures.
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Figure 2. Rates measured by calorimetry for the different reactions.
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Figure 3. Processed calorimetry data to show the zero order kinetics.
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4. Relationships of KIE for a reaction via a non-accumulating intermediate

In a two-stage reaction, via a non-accumulating intermediate the relationship of the rate
constant (k,ps) obtained in steady state is:

5a
A +58 ==—— 6+AH —— 7
k-5a
d[7]
rate = T ke[6][AH]
Steady State Approximation:
d[6] ]

0= —= = ksalSallA] = (k-5 + ke)[6][AH]

6] = Ko [SallA]
k—5a+k6 [AH]
ksqk i ] ks kg
So: rate = #_I_(;% [5a][A] = kops[5al[AT], where k,ps = m

So, as is described in the reference 14 of the manuscript’ via a non-accumulating
intermediate in steady state either step, or both, may show isotopic sensitivity.

kcl)-lbs _ k?a kg[ (kPSa + kg)

kD _k'lsja k]6) (k§5a+kt15{)

obs
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5. EXSY evidence of the equilibrium between 5a and 6

The cyclobutane prepared with an excess of catalyst and molecular sieves, as we described
recently,? shows EXSY cross-peaks with a minor species, in equilibrium with the cyclobutane,
that is present at lower concentration over the reaction. The complete assignment of this
species is not possible because the signals are tiny and broad since it is unstable and it is
exchanging really fast with the cyclobutane. Despite everything, it was possible to detect the
same EXSY peaks when a NOESY experiment was registered during the reaction in standard
conditions ([propanall=1.2 M, [nitrostyrene]=1.0 M, [diphenylpropanolTMS]=0.1 M in toluene-
ds).

The chemical shifts of the signals for the new species were determined and compared with the
shifts of the signals for the cyclobutane thanks to these EXSY cross-peaks. It is important to
point out that the two protons attached to the carbon atoms that change the hybridation from
sp’ to sp”> were the most affected. In addition, some differences were observed in the rest of
the hydrogen atoms surrounding these atoms, but not for the proton that has to be removed
to generate the enamine. This is a strong suggestion that this atom is not present in the
molecule in equilibrium with the cyclobutane.

<0.05 <0.05

-0.11 H Ph

+0.31
+0.55 H N Ph
noEXsY |3 OTMS

d(new species) — §(cyclobutane)

Figure 4. Difference in chemical shifts between the known cyclobutane and the new intermediate.
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Figure 5. NOESY of the cyclobutane (5a)
prepared with an excess of catalyst (3) and MS.

Figure 6. NOESY recorded during
a reaction in standard conditions.
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The EXSY cross-peaks were not present when isobutyraldehyde was used instead of propanal.
This fact agrees with the previous assignment that the specie in equilibrium with the
cyclobutane is the enamine nitronate, which in this case cannot be formed.

4 3

6 5 4 3 2 1
Figure 7. NOESY of cyclobutane (4b) and the catalyst (3) without EXSY peaks.
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6. EXSY experiments of (2R,3S)-2-methyl-4-nitro-3-phenylbutanal

The thermodynamic ratio between the syn (2R,3S) and anti (25,3S) diastereoisomers, product
of the epimerization of the stereocenter in a to the aldehyde, is 60:40. In the presence of
catalyst only the E enamine could be identified by NMR.

0 Ph
' NO,
syn
(2R38)
o P ” o
NO.
anti \ﬁ/
25,38
( ) PR NO,
E
T
| 1A
_JF'U'LL MJ'L I, L"\JUU" L
9.0 8.5 8.0 75 70 6.5 6.0

When acetic acid was added to the final mixture the syn/anti ratio was not affected, but the
equilibrium was faster and it was possible to observe the interchange by EXSY. When the E-
enamine peak was irradiated using a 1D-goesy sequence with different mixing times (t,,), the
peak corresponding to the syn diastereoisomer was much more intense than the anti.

O Ph
| NO, 7,,=300 ms 600 MHz
[aldehyde] =0.87 M
500 O, Ph [catalyst]=0.36 M
syn =

(2R35) ‘ e K_)VNOZ [ACOH]=0.66 M
T»=100 ms anti
\m (2S,3S)

e w.: e vl I‘.A"" L WV&MMV* Au“ iy
9.20 9.15 9.10 9.05 9.00 8.95

This result shows that at least the protonation of the enamine is highly stereoselective and it is
the main reason why the product does not epimerize very fast.
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7. COPASI models

We used COPASI® to predict the epimerization rate for a selective process or for a non-
selective process with this scheme of reaction:

Ph
Ph
O Ph Ph K N K O Ph Ph
| s a |
NO, + & Ph . _J oTms k)\/Noz s Ny Ph
H oTms ks Ka : H oTms
NO,

Ph"

The value of ks was estimated from the experimental NMR data of enamine appearance.

0.10
0.09
0.08

0.07

® E experimental
e k] = 1 M-1-min-1
k1 =5 M-1-min-1
=kl =10 M-1-min-1

0.06

[E enamine] (M) 0.05

0.04
0.03
0.02
0.01
O-OO T T T T T 1
0 5 10 15 20 25 30
time (min)

Because the formation of the enamine is too fast we cannot measure the exact value of k., but
we can be sure that it is higher than 1.0 M™ min™.

In our system, we measured by NMR the concentration of each species at initial time and the
equilibrium.

Ph
O Ph Ph K N Pho . 0O Ph Ph

k('\/Noz + Ph - = OTMS - l NO2 + ™y Ph

H  OTMS ks[H0l ka[H20] - H OTMs
Ph"" NO,
syn-4a 3 E-7 anti-4a 3
initial 0.93 M 0.115 M 0.0M 0.07 M 0.115 M
equilibrium 0.57 M 0.033 M 0.060 M 0.37 M 0.033 M
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In the equilibrium:

d[syn — 4a]
ks [E=Tleq  _ 4.4
k—s . [HZO] [Syn - 4'a]eq [3]eq
d[anti — 4a] .
0= T = k_a[E - 7]eq - ka[antl - 4a]eq[3]eq
ko WE=Tleq 4,

k_q-[H;0] [anti — 4a].q[3]cq
7.1. Non-selective epimerization of (2R,3S)-2-methyl-4-nitro-3-phenylbutanal
In a non-selective process:
k_s=k_,
So, all the kinetic constants would be function of only one constant:

ks I 491 1
3.19=0.31M min ;kazmk5=1.54M min

ks =1.00M " min%; k_,=k_, =

And the result shows that the equilibrium is achieved in 100 min.
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7.2. Selective (s=39) epimerization of (2R,3S)-2-methyl-4-nitro-3-phenylbutanal

To adjust the data to the experimental results the selectivity has to be 39 (for the k, value
estimated previously or higher for a higher k):

k_¢=39%k_,
So, all the kinetic constants are:
ke =1.00 M min%; k_, = ks _ 0.31 M~ min™?
s ’ T8 319 '
491 P 1 P
ka = mks = 0.039 M~ "'min ; k—a = mks = 12.23 M~ "min

And the results show that the equilibration takes 2500 min.
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These modeled data match perfectly the experimental data:
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8. Definition of the Curtin-Hammett principle

IUPAC* definition of the Curtin-Hammett principle (underlining added):

Curtin~Hammett principle

In a chemical reaction that yields one product (X) from one conformational isomer (A’) and a
different product (Y) from another conformational isomer (A””) (and provided these two
isomers are rapidly interconvertible relative to the rate of product formation, whereas the
products do not undergo interconversion) the product composition is not in direct proportion
to the relative concentrations of the conformational isomers in the substrate; it is controlled
only by the difference in standard free energies (DDG') of the respective transition states.

It is also true that the product composition is formally related to the relative concentrations of
the conformational isomers A’ and A” (i.e. the conformational equilibrium constant) and the
respective rate constants of their reactions.

Consider the case described of the Curtin-Hammett relationship between conformers A’ and
A” and products X and Y, shown in the diagram shown below. The first paragraph of the
IUPAC definition gives the product ratio in terms of the difference in transition state energies.
The second paragraph of the IUPAC definition gives the product ratio in terms of the relative
intermediate concentrations and the respective rate constants:

[X] RT [X] [A] K
from relative stabilities ~ from realtive reactivities
(thermodynamics) (kinetics)
AAGH I@ 1
. proportional
proportional to k"
to k' (}g) <E§>
A A a~h K _
A(j:;@""_" _____ . AG = -RT In Kqq
I A Keq = [A'VIA]
kll l kll
X Y X Y

S-15



The magnitude of the AAG® barrier (black arrow, 1) is obtained by taking the energy difference
for pathway k” (red arrow, 3) minus that for pathway k’ (red arrow, 2) AND minus that for the
thermodynamic difference between intermediate energies (blue arrow, 4). It is this last
contribution, the difference in the energy minima giving the intermediate stabilities, that is
referred to in the second paragraph of the definition.

This shows that the product ratio (and thus the relative barrier height of the TS) is made up of
two components:

1. the ratio of the small k values (k' and k”), which indicate the relative height of the
energy maxima from the point of the intermediates (A’ and A”, respectively).

2. the relative depth of the energy minima for the two intermediates, which is given by the
capital Keq. This equilibrium constant corresponds to the relative stability, or
concentration of the two intermediates.

It is clear that both factors affect the ultimate AAG*. It is demonstrates that the ultimate
product ratio may be controlled mostly by one, or by the other, or by contributions from both
factors.

It is also clear that in any particular case the kinetic and thermodynamic contributions may
either augment one another (as in “lock-and-key” kinetics, where the most stable intermediate
is most reactive), or they may act in opposite manners ((such as the classic Landis-Halpern
case, where the more stable intermediate reacted more slowly). Because kinetics and
thermodynamics have no predictive relationship to one another, the relative contributions
can’t be predicted a priori.

Thus the Curtin-Hammett principle does in fact depend on the relative stability of
intermediates. In general, the dependence is not in a proportional or predictive manner.

To summarize, as mentioned in point a) above, the transition state described by Model Il is in
fact not the appropriate TS in the two examples we discuss. Model Il looks at the wrong step
for rationalizing enantioselectivity in these cases! The AAG' described by Model I, enamine
attack on nitrostyrene (k,/k,’) does not dictate the product ratio for the system following
Pathway B, as was demonstrated in the Equation in Figure 6¢ of the manuscript.

Our work demonstrates that a rationalization of stereochemical outcome needs to compare:

¢  how high are the peaks (individual transition states), and
e how deep are the valleys (stability of intermediates)

but above all, we need to be sure that we have ascertained:

e what is the relevant transition state, i.e., is the transition state under consideration in
fact the step which dictates the stereochemical outcome?
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9. Kinetic of chlorination reactions

Measurements were performed using an Omnical Insight reaction calorimeter, which allows
continuous monitoring of the instantaneous heat absorbed or released by a chemical reaction
occurring in the vessel. The sample vessel is a 16 mL septum-cap vial equipped with a magnetic
stirring bar. The system operates as a differential scanning calorimeter by comparing the heat
released or consumed in a sample vessel with that from a reference compartment at intervals
of 3 seconds over the course of the reaction.

The reactions were set up from common stock solutions:

Stock solution A: 1.1520 g of, total volume of 1 mL of CHCls.

Stock solution B: 500 mg of (S)-a,a-diphenyl-2-pyrrolidinemethanol trimethylsilyl, total volume
of 1 mL of CHCls.

Stock solution C: 90 mg of acetic acid, total volume of 10 mL of CHCl.

Reaction with NCS (2b): 260 mg of NCS + 2.80 mL of SL A + 200 uL of SL C, then injection of 100
pL of SL B.

Reaction with PhthNCl (2c): 345 mg of N-chlorophthalimide + 2.80 mL of SL A + 200 pL of SLC,
then injection of 100 uL of SL B.

The results are summarized in the following figures.

40% -
2b (NCS)

30% -

conversion (%) 20% - I

2c (PhthNCl)

10% -

0% T T T 1

0 5 10 15 20

time (min)

Figure 8. Kinetics of the chlorination reaction of 2b and 2c catalyzed by 3 at -11.8 °C.
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10. NMR studies of the intermediates in chlorination reactions

A premixed solution of isovaleraldehyde (0.39 mmol) and catalyst (0.03 mmol) in CDCl; were
added to NCS or PhthNCl (0.30 mmol) in a NMR tube at room temperature and then
introduced in the NMR pre-stabilized at —54 °C.

The complete characterization of the diastereomeric species observed was done for (S)-a,a-
bis[3,5-bis(trifluoromethyl)phenyl]-2-pyrrolidinemethanol because is the slower catalyst. The
other ones were assigned by comparison with the first one due to the similarity of the systems.

10.1. Intermediate from: 1c + 2b + catalyst 11

Over the reaction at room temperature the catalyst is totally captured as a species that looks
as a single diastereoisomer, but at temperatures below —30 °C it is possible to differentiate
two diastereoisomers in equilibrium (as the EXSY cross-peaks certify).
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Figure 9. "H-NMR of the intermediate from 1c + 2b + catalyst 11 at —54 °C.
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Figure 10. 13C.NMR of the intermediate from 1c + 2b + catalyst 11 at -54 °C.
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Ar = 3,5-(CF3)Ph
1c +2b + 11

1-(1-((S)-2-(bis(3,5-bis(trifluoromethyl)phenyl)((trimethylsilyl)oxy)-
methyl)pyrrolidin-1-yl)-2-chloro-3-methylbutyl)pyrrolidine-2,5-
dione: major diasteroisomer: *H-NMR (500 MHz, CDCl;) 6 —0.26 (s,
9H; OTMS), -0.13 (d, 3H, J = 6.6; C(5’)H), 0.07-0.19 (m, 1 H; C(4)H),
0.88-0.93 (3H; C(4’)H), 1.11-1.19 (m, 1 H; C(4)H), 1.67-1.77 (m, 2
H; C(3)H), 1.79-1.88 (m, 1 H; C(5)H), 1.99-2.10 (m, 1 H; C(3’)H),
2.72-2.82 (m, 2 H; C(3”/4”)H), 2.89-2.96 (m, 2 H; C(3"/4”)H), 3.15—
3.25(m, 1 H; C(5)H), 4.48 (dd, 1 H, J = 5.0, J = 7.3; C(2)H), 4.90 (dd, 1
H,J=10.5,J=1.7; C(2’)H), 5.00 (d, 1 H, J = 10.5; C(1’)H), 7.20-7.31
(br, 1 H; Ar), 7.58-7.68 (br, 1 H; Ar), 7.88-7.96 (br, 3 H; Ar), 8.11-
8.19 (br, 1 H; Ar); *C-NMR (125.7 MHz, CDCl;) & 180.9 (C2”), 179.5
(C5”), 81.9 (Ce6), 76.5 (C1’), 67.8 (C2), 64.3 (C2’), 48.4 (C5), 88.7
(C3’), 27.3 (C3), 23.8 (C4), 20.8 (C4’), 11.7 (C5’), 1.3 (OTMS). Minor
diasteroisomer: '"H-NMR (500 MHz, CDCl5) & —0.29 (s, 9H; OTMS),
4.08 (dd, 1 H, J = 10.1, J = 3.7; C(2)H), 4.95 (dd, 1 H, J = 9.0, J = 2.0;
C(2’)H), 5.66 (d, 1 H, J = 10.8; C(1’)H); C-NMR (125.7 MHz, CDCls)
& 180.1 (C2”), 179.0 (C5”), 83.7 (C6), 70.7 (C2), 65.4 (C2’), 1.5
(OTMS).

The assignment of the molecule is based on the two dimensional experiments shown below.

_

=

5 & 2 : '
4 3 r3.5
, Ar
] "N LAr 1174.0
@ @ a1l 00ms|l, ¢
. E =" ' o 5.0
. 4 5
@ : Ar=35-(CF3)Ph [[ 3.5
1c +2b + 11

N r-0.5
& F
83 &8 r0.0
& r0.5
somtEs © e |
% & , 1.0
S 1.5
* ® e ® 2.0
i3 8 E [ £.
S

B 3.0

5 4 3 2 1 0

Figure 11. COSY of intermediates from 1c + 2b + catalyst 11 at -54 °C.
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Figure 12. HMBC of intermediates from 1c + 2b + catalyst 11 at -54 °C.
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Figure 13. HSQC of intermediates from 1c + 2b + catalyst 11 at =54 °C.
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The spectra at different temperatures show the coalescence of the signals of two
diastereoisomers in equilibrium. At room temperature, it looks like there is only one species,
but at temperatures below —30 °C the rates of equilibration are slower and two different
diastereoisomers are observed.

2

M
M
1’ 1’ 22 2 2
5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0

Figure 14. Coalescence of 'H-NMR signals of diastereomeric intermediates from 1c + 2b + 11 at different temperatures.

In addition, the EXSY cross-peaks at —54 °C show that the two diastereoisomers are in

equilibrium.
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Figure 15. EXSY cross-peaks in the NOESY of intermediates from 1c + 2b + catalyst 11 at —54 °C.
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entry | catalyst | Cl-Y diastereomeric enantiomeric
ratio of ratio of
intermediates product
(NMR) (Chiral-GC)
2 | 11 |2b 16:84 16:84
1
2

Ar = 3,5-(CF3)Ph
1c +2b + 11

A ot S W
<
>
5.8 5.6 54 5.2 5.0 4.8 4.6 4.4 4.2
Figure 16. 'H-NMR of the intermediate from 1c + 2b + catalyst 11 at —54 °C (Table 1, entry 2).
FID1 A, Front Signal (RDBWB389REV.D)
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Peak RetTime Type Width Rrea
¥ [min] [min] [pR*s]

1 30.347 BB 0.1630 66

2 30.319% BB 0.2944 137.24995

Figure 17. Chiral GC of the product of reaction of 1c and 2b, catalyzed by 11 from 0 °C to rt (Table 1, entry 2).
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10.2. Intermediate from: 1c + 2b + catalyst 3
The spectra at different temperatures show the coalescence of the signals of two
diastereoisomers in equilibrium. At room temperature, it looks like there is only one species,
but at temperatures below —30 °C the rates of equilibration are slower and two different
diastereoisomers are observed.

, z 2 ‘?'
e
10°c_/\_| ,

-10°C

=20 °C

5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0
Figure 18. Coalescence of "H-NMR signals of diastereomeric intermediates from 1c + 2b + 3 at different temperatures.

In addition, the EXSY cross-peaks at —54 °C show that the two diastereoisomers are in
equilibrium.
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Figure 19. EXSY cross-peaks in the NOESY of intermediates from 1c + 2b + catalyst 3 at =54 °C.
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entry | catalyst | CI-Y diastereomeric enantiomeric
ratio of ratio of
intermediates product
(NMR) (Chiral-GC)
1 3 2b 30:70 29:71
2
- 'K

69.86

5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7

Figure 20. 'H-NMR of the intermediate from 1c + 2b + catalyst 3 at =54 °C (Table 1, entry 1).

FID A, Front Signal (ROSWJBEMAMTS_15_0_30_S0.0)

%
8

30867

Area Percent Report

Sorted By H Signal

Multipliex: : l.ooo0o
Dilusion: E 1.0000
Use Huletiplier & Dilution Factor with ISTDs

Figure 21. Chiral GC of the product of reaction between 1c and 2b, catalyzed by 3 from 0 °C to rt (Table 1, entry 1).
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10.3. Intermediate from: 1c + 2b + catalyst 12

In this case only one diastereoisomer was detected even at low temperatures (-54 °C).

1c +2b +12

&

5

3/4

B/4

10 9 8 7 6 5 4 3 2 1 [¢]
Figure 22. 'H-NMR of the intermediate from 1c + 2b + catalyst 12 at —54 °C.

In addition, there is not any shift of the signals corresponding to the chlorinated intermediate
at different temperatures (observed previously for cat 3 and 11 due to the coalescence effect).

~10°C
-30°C
o M
-54°C
1 2/5 2
.0 5.5 5.0 4.5 4.0

Figure 23. "H-NMR signals of intermediate from 1c + 2b + 12 at different temperatures without changes in shifts.
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10.4. Intermediate from: 1c + 2c¢ + catalyst 11
The spectra at different temperatures show the coalescence of the signals of two
diastereoisomers in equilibrium. At room temperature, it looks like there is only one species,
but at temperatures below —10 °C the rates of equilibration are slower and two different
diastereoisomers are observed.

2

2
20 °C M
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~50°C W
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5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0
Figure 24. Coalescence of "H-NMR signals of diastereomeric intermediates from 1c + 2c + 11 at different temperatures.
In addition, the EXSY cross-peaks at —54 °C show that the two diastereoisomers are in

equilibrium.
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Figure 25. EXSY cross-peaks in the NOESY of intermediates from 1c + 2c + catalyst 11 at —54 °C.
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entry | catalyst | CI-Y diastereomeric enantiomeric
ratio of ratio of

intermediates product

(NMR) (Chiral-GC)

5 | 11 | 2c 21:79 21:79
2 2

Ar = 3,5-(CF3)Ph
1c + 2¢c +11

1’ 2
5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2
Figure 26. 'H-NMR of the intermediate from 1c + 2¢ + catalyst 11 at —54 °C (Table 1, entry 5).
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2 25.979% VB 0.3451 205.25034 7.20977 4

Figure 27. Chiral GC of the product of reaction of 1c and 2c, catalyzed by 11 from 0 °C to rt (Table 1, entry 5).
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10.5. Intermediate from: 1c + 2c + catalyst 3
The spectra at different temperatures show the coalescence of the signals of two
diastereoisomers in equilibrium. At room temperature, it looks like there is only one species,
but at temperatures below —20 °C the rates of equilibration are slower and two different
diastereoisomers are observed.

1!
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5.8 5.6 | 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0
Figure 28. Coalescence of "H-NMR signals of diastereomeric intermediates from 1c + 2c + 3 at different temperatures.

In addition, the EXSY cross-peaks at —54 °C show that the two diastereoisomers are in
equilibrium.
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Figure 29. EXSY cross-peaks in the NOESY of intermediates from 1c + 2c + catalyst 3 at —=54 °C.
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entry | catalyst | CI-Y diastereomeric enantiomeric
ratio of ratio of
intermediates product
(NMR) (Chiral-GC)
4 3 2c 26:74 23:77
)
1
1c+2c +3
1 2
N\ O\

) OB
.0 5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 4.7 4
Figure 30. 'H-NMR of the intermediate from 1c + 2c + catalyst 3 at —54 °C (Table 1, entry 4).
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1 25.024 BV 0.188¢6 58.75734 3.92848
2 25.587 VB 0.3346 197.17175 7.19826

Figure 31. Chiral GC of the product of reaction between 1c and 2c, catalyzed by 3 from 0 °C to rt (Table 1, entry 4).
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10.6. Intermediate from: 1c + 2¢ + catalyst 12
In this case only one diastereoisomer was detected even at low temperatures (-54 °C).

1c+2c + 12
2
5
10 9 8 7 6 5 4 3 2 1 0

Figure 32. 'H-NMR of the intermediate from 1c + 2c + catalyst 12 at -54 °C.

In addition, there is not any shift of the signals corresponding to the chlorinated intermediate
at different temperatures (observed previously for cat 3 and 11 due to the coalescence effect).
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Figure 33. "H-NMR signals of the intermediate from 1c + 2c + 12 at different temperatures without changes in shifts.
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11. NMR of the chlorination reaction

To prove that the intermediates 5¢ proceed to the product we performed a reaction with 20
mg of (S)-(-)-a,a-Diphenyl-2-pyrrolidinemethanol trimethylsilyl ether (0.06 mmol), 10 mg of
isovaleraldehyde (0.12 mmol) and 8 mg of N-chlorosuccinimide (0.06 mmol) in 0.6 mL of CDCl;
in the absence of acid.

The spectra in blue shows the formation of the adduct. After the addition of some acid to
promote the elimination of the succinimide and the hydrolysis of the corresponding enamine,
all the adduct was converted in product (red spectrum).

N
NQ CI:| OTMS H OTMS
(e}

S-32



12. Procedure and analysis of a-chlorination reactions

We followed the procedure described in the literature® and the spectra were identical to the
described.® The analysis was done by chiral GC with a column VARIAN CP-ChiraSil-DEX CB 25 x
0.25. Column conditions: He, pressure= 15psi, initial temperature = 30 °C, final temperature =
60 °C, warming rate = 0.5 °C/min, detector temperature = 300 °C, injector temperature = 130
°C. The retention times were aprox.: 30.3 min (R) and 30.9 min (S).

FID1 A, Front Signa (RDEWJBEMANTS_15_D_30_50.0)

538

Ca

30867

Area Percent Report
Sorted By Signal
Multiplier: : lL.Dooo
Dilutiomn: l.0oooo
Use Multiplier & Dilution Factor with ISTDa

Figure 34. Chiral GC of the product of reaction between 1c and 2b, catalyzed by 3 from 0 °C to rt (Table 1, entry 1).
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We also acquired the GC for the product of the reaction catalyzed by 3 at 0 °C. This experiment
was done only to check that the ee doesn’t change if the reaction is run at 0 °C or rt in the

same way that we suggest that the ratio between diastereoisomers doesn’t change
significantly from —54 °C to rt.
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Figure 35. Chiral GC of the product of reaction between 1c and 2b, catalyzed by 3 at 0 °C.
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FIDT A, Front Signal (RDEVB389REV D)
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1 30.347 BB 0.1630 25.807¢6¢ 2.06209 15.82732
2 30.91% EE 0.2944 137.24995 5.68934 84.17267

Figure 36. Chiral GC of the product of reaction of 1c and 2b, catalyzed by 11 from 0 °C to rt (Table 1, entry 2).
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FID1 A, Front Signal (RDBWBS05EVP.D)
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Peak RetTime Typse Width Lrea Height Area
# [min] [min] [pR*s] [p2] %
=== e | === | === | === |
1 25.024 BV 0.188¢ 58.79734 3.92848 22.97048
2 25.587 VB 0.3346 187.17175 7.19826 77.02952

Figure 37. Chiral GC of the product of reaction between 1c and 2c, catalyzed by 3 from 0 °C to rt (Table 1, entry 4).
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FID1 A, Front Signal (RDB\BS06B.D)
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2 25.97% VB 0.3451 205.25034 7.20977 75.22184

Figure 38. Chiral GC of the product of reaction of 1c and 2c, catalyzed by 11 from 0 °C to rt (Table 1, entry 5).
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13. Tentative alternative mechanism for a-chlorination reactions

A mechanism may be proposed that is consistent with our experimental data and the
published data from Ref. 26b’ using catalyst 12.
e Two diastereomeric species are in fast equilibrium with the connectivity

shown as species 5¢ (our work). é
e The ratio of concentrations of the diastereomers correlates with the N
chlorination product enantioselectivity (our work). cl Q
e The system obeys overall zero order kinetics (Ref. 26b’ and our work). NQ
e The nature of the chlorine source has a strong influence on rate, Osc

although the reaction is zero order in the concentration of the chlorine
source (Ref. 26b” and our work).

e The reaction rate is accelerated by acid (Ref 26b’).

e The rate is not accelerated by water in the absence of acid (Ref. 26b).

Proposed reaction network. These

1 Rac * - 1
CfH ? e Clli“ observations  are reconciled by
HzO)/ S\N » elimination of the succinimid.e . leaving
. 1c . group of 5c¢ as the rate-determining step
Q * "0 Q (which can be promoted by acid).
Note the kinetic (although not chemical)
equivalence of intra- and intermolecular

/8C
equilibration of the diastereomeric
;\’j % & <§ intermediates:

5c 8c+2b 5c'

rate-determining rate-determining ¢ )

step step

r ; 8c+2b——5c 5c'«——8c+2b
«—

5¢c

v possible p055|ble

diastereoisomer diastereoisomer
stereospecific syn anti
elimination
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Proposed NMR assignment of diastereomer pairs.

|
“* *

: N
o o 0
Cl,, S, 2 cl cl "y Cls,
“ N N N ' N
0 o o o

possible diastereoisomers syn possible diastereoisomers anti

NS N4
enamine Z O o] ¢ O

N N
S CfH CZ&LH“—)\% enamine E
Cl

Syn diastereomers lead to Z-enamine and R-product, anti to E-enamine and S-product. The
observed diastereomers correspond to one blue, one red. The stereospecific formation and
protonation of enamines of this type has been demonstrated. The assumption of ky=k,’ is in
accord with our findings for E and Z enamines from a-disubstituted aldehydes and catalysts of
type 3.

|

P

*

Inter vs. intramolecular equilibration of diastereomers. The overall network for equilibration
written as fully reversible (microscopic reversibility):

The equilibrium relationships are as

f :

N ollows
Ill k; [5¢] eq = kf [8c] eq [2b] eq
0 ki [5¢Teq = k[8eleq[2b]eq

k{ [SC] eq = ki [5C'] eq

This gives the following relationships
between the rate constants:

N
(0] ’ 10
Clu, Ay = aq,, N ke -ky-ki=kt k- k;
X [5cleg ki ks K,
o =0T

[5¢Teq Ky Ky K,

5¢c 5¢c
Thus the equilibration between the diastereomers may be described by either the
intermolecular route or the intramolecular route. If the addition of 2b is driven strongly
forward (k,, k’; both very small), but the direct intramolecular interconversion is facile, the
kinetic consequence is identical to having a fast reversible addition of 2b to 8c and slow
intramolecular interconversion.

S-39



14. Characterization of the intermediate in the Michael reaction with maleimide

20 mg (0.06 mmol) of (S)-a,a-diphenyl-2-pyrrolidinemethanol trimethylsilyl were added to a
solution of 42 mg (0.72 mmol) of propanal and 104 mg (0.60 mmol) of N-phenylmaleimide in
0.6 mL of CDCl; in a NMR tube at room temperature. Immediately, NMR spectra were
registered in a 600 MHz spectrometer.

(1R,5R,7R)-6-((S)-2-(diphenyl((trimethylsilyl)oxy)methyl)-pyrrolidin-
1-yl)-7-methyl-3-phenyl-3-azabicyclo[3.2.0]heptane-2,4-dione:  'H-
NMR (600 MHz, CDCl;) 6 —0.18 (s, 9H; OTMS), 0.65-0.78 (m, 1 H;
C(4)H), 0.97-1.05 (br, 3H; C(5’)H), 1.37-1.47 (m, 1 H; C(4)H), 1.76—
1.90 (m, 1 H; C(3)H), 1.95-2.07 (m, 1 H; C(3)H), 2.64-2.75 (m, 2 H;
C(5)H), 2.80-2.90 (m, 1 H; C(2’)H), 3.16 (dd, 1 H, J = 10.8, J = 7.0;
C(3’)H), 3.53 (dd, 1 H, J= 7.0, J = 5.2; C(4’)H), 4.13 (dd, 1 H, J= 9.5, J =
2.9; C(2)H); C-NMR (150.9 MHz, CDCl;) & 178.6 (C6'/C7’), 176.3
(Ce’/C7’), 84.0 (C6), 69.5 (C1’), 68.3 (C2), 47.9 (C5), 40.2 (C4’), 37.6
(C3’),36.1(C2'), 28.7 (C3), 23.3 (C4), 15.8 (C5’), 1.8 (OTMS).
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Figure 39. 'H-NMR of the intermediate in the Michael reaction with maleimide.
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Figure 40. 13C.NMR of the intermediate in the Michael reaction with maleimide.
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The assignment of the molecule is based on the two dimensional experiments shown below.
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Figure 41. HSQC of the intermediate in the Michael reaction with maleimide.
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Figure 42. HMBC of the intermediate in the Michael reaction with maleimide.
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Figure 43. COSY of the intermediate in the Michael reaction with maleimide.
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Figure 44. NOESY of the intermediate in the Michael reaction with maleimide.
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