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The Friedel-Crafts reaction between 3,3,3—trifluoropyruvates and indoles is efficiently
catalysed by the iridium complex [(77°—CsMes)Ir{(R)—Prophos}(H,0)][SbFs], (1) with
up to 84% e.e. Experimental data and theoretical calculations support a mechanism
involving the Brensted—acid activation of the pyruvate carbonyl by the protons of the
coordinated water molecule in 1. Water is not dissociated during the process and,
therefore, the catalytic reaction occurs with no direct interaction between the substrates

and the metal.
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Introduction

Chiral Bronsted—acid catalysis is a rapidly growing area of organocatalysis.' As the
most representative examples, enantioselective catalytic systems based on (thio)ureas'"
EmOLX {iols, &M or phosphoric acids'“™!™%* have been recently employed for the
activation of electrophiles towards nucleophilic attack. The H-bond donating ability of
the catalysts is usually increased by means of electron—withdrawing substituents.
However, metal containing substituents have been rarely employed to this end. In this

respect, Yamamoto er al. reported that coordination of binols**

or an hydroxyl-
phosphane ligand derived from binol** to SnCls or to La(OTY), respectively, enhances
the acidity of the OH groups, rendering active Brensted—acid catalysts for the
enantioselective protonation of silyl enol ethers and biomimetic cyclization of
polyprenoid. Furthermore, Toste et al. have successfully applied to the former process,
chiral Brensted—acids derived from the activation of the OH group of EtOH or iPrOH
by coordination to gold diphosphane complexes.> On the other hand, the collaboration

of a water ligand in the redox isomerisation of allylic alcohols in aqueous medium by

Ru(IV) based complexes has been recently reported.”

~1(SbFg),

Scheme 1 Bronsted—acid catalyst 1

In this line, in the present communication we disclose the use of the water adduct of
the chiral iridium fragment (77°—CsMes)Ir{(R)-Prophos} (Prophos = propane—1,2—
diylbis(diphenylphosphane)® (1) as chiral Bronsted—acid catalyst, through its

coordinated water molecule (Scheme 1). Water is one of the simplest molecules with

2
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Brensted—acid capabilities. The coordination of water molecules to the carbonyl
function in Diels—Alder reactions’ and Claisen rearrangements,” resulted in rate
enhancements and the manifold role of water in some organocatalytic reactions has been
extensively discussed.® However, as far as we know, the direct involvement of a water
molecule in chiral metal-containing Brensted—acid catalysis has been rarely reported so

23
far.”

Scheme 2 Chiral ligands/catalysts employed in hydroxyalkylation of indoles

On the other hand, the Friedel-Crafts (FC) reaction is a powerful strategy for the
alkylation of aromatic and heteroaromatic substrates and constitutes an important
reaction for the formation of C—C bonds.” Asymmetric protocols for both metal— and
organo—catalysed FC reactions have been reported.'” In particular, enantioselective
hydroxyalkylation of indoles with 3,3,3—trifluoropyruvates has been achieved using
copper(Il)—, zinc(IT)— or ytterbium(IIl) based chiral Lewis acids with bisoxazoline (A),11
2,2’-bipyridyl (B),'? bis(imidazoline) (C)" or bisoxazolidine (D),"* N,N’~dioxide (E),"
or pyridylamine (F)'® ligands, as well as, using cinchona alkaloids (G),"

bis(sulfonamides) (H),'® or chiral phosphoric acids (D" as organocatalysts (Scheme 2).
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Recently, Rueping et al. have reported the application of calcium phosphates to this

reaction.?’

In the present paper we report our results on the hydroxyalkylation of indoles with

3,3,3—trifluoropyruvates using complex 1 as catalyst.
Results and Discussion

When, at —78 °C, one equivalent of ethyl 3,3,3—trifluoropyruvate 2a was added to a
CD,Cl, solution of 1, in the presence of 4A MS,* no significant changes were observed
in the "H, °C, *'P and "”F NMR spectra of the resulting solution, with respect to those
of the starting materials. However, the subsequent addition of one equivalent of indole
3a produced instantaneously the quantitative formation of the alkylation Friedel-Crafts

product (S)—4a, in 71% enantiomeric excess' " (Scheme 3).

OH
o) F3Cal_CO,Et
1
A \
FaC COEt + @E,} -78°C, CD,Cl, D
\ N\
2a 3a H H
4a

Scheme 3 Catalytic FC reaction
As the sole possible source of chirality is compound 1, we looked for interactions
between 1 and the organic substrates. In this regard, we observed that successive
addition of 2a to a CD,Cl, solution of 1, at -25 °C, in the presence of 4A MS, produced,
as the unique significant NMR change, a gradual displacement of the chemical shift of
the water protons from 2.56 (5 value in the absence of 2a) to 2.87 ppm (30 equiv. of 2a
added, Scheme 4). In an independent experiment, addition of indole 3a (up to 5 equiv.)

to CD,Cl,; solutions of 1 did not alter significantly the NMR spectra. These data suggest
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that complex 1 catalyzes the FC reaction acting as a Brensted—acid catalyst through its

coordinated water molecule.

2a (Equiv.)

30— T
22.33
15.66
12.33
7.8 .
5.4 M_,/
4.2
3 A_N_h‘__—_,/

1.66 ‘_W__—/J\_’”w\_’/
0.66 __A___A__/_/k
0

325 3.00 275 2.50 225 2.00

Scheme 4 Shift of the 'H NMR signal of the water protons in 1 after addition of 2a

This hypothesis was confirmed by a series of DFT calculations of the reaction

mechanism on the model system defined by (77°—CsHs)Ir(H,PCH,CH,PH,)(H,0) (1-t),

methyl 3,3,3—trifluoropyruvate (2a—t) and indole (3a). Structures were optimized and

free energies in solution are reported in what follows. The key structures in the reaction

Figure 1 MO06 optimized structures of adducts ADD2, ADD3, and of transition state TS1.
Selected distances are given in A.

profile are presented in Figure 1. The calculation in the potential energy surface of the

sequential approach between the reacting fragments produces two stable adducts that

disappear as such when free energy corrections are introduced. They are however

informative on the reaction pathway. The initial approach between the metal complex

5
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1-t and the pyruvate 2a—t produces an adduct ADD1 (not shown), containing a
hydrogen bond, has a free energy of 9.2 kcal.mol” above the separate reactants. The
approach of indole 3a to ADD1 results in the barrierless formation of species ADD2,
with a relative free energy of 17.7 kcal.mol™. In ADD2 (see Figure 1), the new carbon—
carbon bond is already formed (1.567 A), and a hydrogen is transferred from the water
molecule (O-H, 1.634 A) to a carbonyl of the pyruvate (O-H, 1.011 A). ADD2 is an ion
pair between an anionic metal complex and the protonated product. The reaction
continues through transition state TS1. In TS1 (see Figure 1) a hydrogen atom is
transferred from the indole (C—H 1.290 A) back to the metal complex (O-H 1.374 A).
TS1 is 20.4 kcal.mol ™ above the separate reactants. This is the highest free energy in the
whole process and is consistent with the experimental observation of a fast process. TS1
evolves towards ADD3 (Figure 1), where the Friedel-Crafts product is weakly bound to
the catalyst through a hydrogen bond. ADD3 is 0.7 keal.mol” above the separate
reactants. Separation of the product and regeneration of the 1-t catalyst is favorable in
the free energy scale, the overall exoergodicity of the whole process is —12.4 kcal mol™.
Other reaction pathways may be envisaged. On one hand, there is a certain margin for
conformational diversity in this model system, but we decided to analyze it on the study
on enantioselectivity in the real system that follow below. Other pathways involving
direct coordination of lone pairs in the reactants to the iridium center in 1-t are not

feasible because of the 18—electron nature of the metal complex.

The full computed free energy profile for the model system is presented in Figure 2.
It is worth noticing that most of the free energy cost is associated to the entropically
disfavored process of bringing the three fragments together (catalyst plus two
substrates), as the adduct ADD2 is already 17.7 kcal.mol™ above the separate reactants.

The key transition state TS1 is only 3.2 kcal.mol™, thus accounting for the fast reaction.
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Figure 2. Computed free energy profile (kcal.mol'l) for the reaction in the model system.

The catalytic role of the metal complex seems to be the modulation of the acid/base
properties of the coordinated water. This water has to be acidic enough to transfer a
proton to the pyruvate—indole pair, but the resulting hydroxyl group has to be basic
enough to deprotonate the resulting intermediate. Similar electronic balances seem to be
at play in the substrates. Most probably, the presence of the two electron—withdrawing
groups, CF; and CO,Et, on the pyruvate carbonyl, precludes direct pyruvate
coordination to the metal accompanied by water substitution. However, the carbonyl
pyruvate group is nucleophilic enough to establish hydrogen—bonding interactions with

one of the water protons, becoming activated for the nucleophilic attack of the indole.
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Figure 3 Four conformational dichotomies in the definition of the structure for transition state
TS1—full in real system.

We tackled next the problem of enantioselectivity from a computational point of
view. This required the introduction of the full experimental system, as the model
system discussed above is too simplified. In this concern, the results from calculations
on model system are still significant because they indicate it is possible to concentrate
on the energy of TS1, which is the highest energy point in the free energy profile.”” The
introduction of the real substituent in TS1 creates a variety of possible conformations,
which have to be analyzed.” We can classify the conformations according to the four
structural dichotomies described in Figure 3. The structure of TS1 (Figure 1) is such
that the ester substituent in the newly created stereogenic center is acting as acceptor of
a weak hydrogen bond from the hydroxyl group bound to the metal, and as such its
position is fixed in that direction. As a result, the trifluoromethyl group can point either
to the front (CFs—front) or to the back (CF3;—back) in the representation described in
Figure 3. In this same representation, the indole group can be placed to the right
(indole-right) or to the left (indole—left) of this stereogenic carbon. Of course, the
combination of the position of CF; and indole will define the stereochemistry (R or S) of
the newly formed stereocenter. There are however two other sources of conformational

complexity that must be taken into account: the position of the phenyl part of the indole
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(phenyl-front or phenyl-back), and the arrangement of the diphosphane backbone
(backbone—up or backbone-down). The combination of the four dichotomies results
in 16 possible conformations of this transition state, which were optimized. Their
relative energies are summarized in Table 1. There are also other conformational
complexities associated to the arrangement of the phenyl groups (edge or face) with
respect to the Ir—P bonds, or to the involvement of the other hydrogen of water in the
network of hydrogen bonds. They were also analyzed, and the results presented here

correspond only to the most stable arrangement in each case.

Side view Front view

Figure 4 Two views of the optimized structure of transition state STS1-2full.

The relative energies in Table 1 are given with respect to the most stable
conformation of the transition state, STS1-2full. We can use the five most stable
conformers, which are those within 3.0 kcal mol™! of the most stable one, to obtain a
computed enantiomeric excess at the experimental temperature of —78 °C. This results in
a value of 81% e.e. in favor of the S enantiomer. The proper product is predicted, and
the computed enantiomeric excess is close to the experimental result of 71 % e.e. The
visual analysis of the computed structures is not trivial, as seen from the structure of the

most stable conformer STS1-2full, shown in Figure 4. It is however clear that it

Table 1 Computed relative free energies (kcal mol"1) in solution and
conformational Identity of the different forms of TS1

Label Energy CF3 Indole Phenyl Backbone
RTS1-1full 5.1 Back Right Back Up
RTS1-2full 8.8 Back Right Front Up
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RTS1-3full 5.0 Front Left Back Up
RTS1-4full 0.8 Front Left Front Up
RTS1-5full 10.3 Back Right Back Down
RTS1-6full 4.3 Back Right Front Down
RTS1-7full 6.9 Front Left Back Down
RTS1-8full 2.6 Front Left Front Down
STS1-1full 0.5 Front Right Back Up
STS1-2full 0.0 Front Right Front Up
STS1-3full 6.9 Back Left Back Up
STS1-4full 5.1 Back Left Front Up
STS1-5full 6.3 Front Right Back Down
STS1-6full 1.5 Front Right Front Down
STS1-7full 71 Back Left Back Down
STS1-8full 5.9 Back Left Front Down

corresponds to the same transition state computed for the model system with the
hydrogen transfer from the indole (C—H 1.315 A) to the metal complex (O-H 1.347 A).
The qualitative analysis of the nature of the most stable conformers is informative. In
four of the five most stable conformers, both CF; and phenyl are in the front
arrangement. This means that they point away from the phosphane, and fits well with
the intuitive view that CF3; and phenyl are the bulkier substituents at the piruvate and
indole moieties, respectively; and that the phosphane side is more sterically hindered
than the cyclopentadienyl side in the iridium complex. It must be also noticed that the
most stable conformations going to the S product (STS1-2full) and to the R product
(RTS1-4full) agree in all the conformational labels but in the indole orientation, which
is right for the S isomer, and left for the R isomer. This indicates that the CF; is more
sterically active, and that the right side of the molecule (in the orientation in Figure 3) is
the most sterically hindered. This correlates well with the presence of the extra methyl
substituent in the diphosphane in this right-hand side, which brings more steric pressure
to this part of the system. Therefore the combination of electronic and steric effects
places the substituents at the new stereogenic center being formed in a particular
arrangement, deciding the configuration of the product, in a form reminiscent of what

happens in asymmetric hydrogenation.** For our particular reaction, there are a variety

10

Page 10 of 24



Page 11 of 24

Dalton Transactions

of interactions involved, the energy effect of each of them is relatively small, and the

system remains quite flexible, and because of this the enantiomeric excess is limited.

Next, reactions of 2a or its methyl analogue 3,3,3—trifluoropyruvate 2b with various
indoles (3) were performed in a substoichiometric manner (Table 2). Typically, at
—70 °C, with a catalytic loading of 5 mol %, reactions reached completion within 15
min. Moderate to good e.e.’s were achieved in all cases. The catalyst tolerates both
electron—donating (entries 5, 7) and withdrawing (entries 6, 8) substituents at the 5
position of the indole, without e.e. erosion. On the contrary, in general, this substitution

slightly increases the e.e.. N—Methylation lowers the chiral induction (compare entries 1

Table 2 Asymmetric FC hydroxyalkylation reactions of indoles with pyruvates

o
OH

F3C CO,R! F3C COsR!
R'= Et, 2a; Me, 2b __Smofkhcat S\
+ -70°C, CH,Cl, R4 R3
AN Z N\
RA;’ P N\ R3 4a-m R?
N\
3 R
Entry Cat. R' R R® R* t Product Yield e.e.
(min) (%) (%)

1 1 Et H H H 20 4a >99 65

2 1 Et Me H H 20 4b >99 47

3 1 Et H Me H 25 4c >99 76

4 1 Et Me Me H 20 4d 96 52

5 1 Et H H 5-OMe 20 de >99 71

6 1 Et H H 5-ClI 15 4f 96 76

7 1 Et H Me 5-OMe 14 49 97 55

8 1 Et H Me 5-Cl 15 4h >99 80

9 1 Me H H H 15 4i >99 68
10 1 Me Me H H 15 4j 98 50
1 1 Me H Me H 14 4k 99 71
12 1 Me H H 5-ClI 14 4] 95 80
13 1 Me H Me 5-ClI 14 4dm 99 84
14° 1 Et H Me 5-ClI 15 4h 99 73
157 1 Et H Me 5-Cl 15 4h 99 72
16 5 Et H Me H 15 4c 99 69
17 5 Et H Me 5-ClI 15 4h 98 4l
18 5 Me H Me H 15 4k >99 73
19 5 Me H Me 5-Cl 15 4m 99 83
20 6 Et H Me 5-ClI 15 4h 92 8
21 7 Et H Me 5-ClI 15 4h 99 34

Reaction conditions: catalyst 0.03 mmol (5.0 mol %), pyruvate 0.90 mmol, 100
mg of 4 A molecular sieves, and indole 0.60 mmol in 4 mL of CH,Cl,. ? Based on
indole. Determined by NMR. ® Determined by HPLC. ° Catalyst loading 2 mol %.
d Catalyst loading 1 mol %.

11
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with 2, 3 with 4, or 9 with 10), but not as dramatically as in previously reported

examples,'2117

confirming that, in our system, the NH functionality does not play a
relevant role in the hydroxyalkylation mechanism. When the reaction was carried out
with only 2 or 1 mol % of 1, quantitative yields were also achieved in 15 min, with
moderate losses in the e.e. values (entries 14 and 15 versus entry 8). Thus, TOF’s of
about 400 h™ at complete conversion were achieved, the highest reported so far for this
kind of FC transformation.''° Notably, the homologous rhodium complex® (Sgn.Rc)—
[(775—C5Me5)Rh{(R)—Prophos}(HzO)][SbF6]2 (5) is also an efficient catalyst for the
process that affords similar selectivity (entries 16-19). Related half-sandwich
ruthenium,  (Sgu,Re)—[(7°—p—MeCeH4iPr)Ru{(R)-Prophos} (H,0)][SbFs]»  (6), and
osmium  complexes, [(SosRc) and  (RosRc)]-[(17*—p-MeCeH4iPr)Os{(R)-
Prophos}(H,O0)][SbF¢]2 (7, 87/13:(Sos,Rc)/(Ros,Rc) mixture),*® also actively catalyse the

FC reaction but with poorer e.e.’s (entries 20-21).

Conclusions

In summary, in this paper we report on the use of a water adduct of a dicationic chiral
iridium Lewis—acid for the enantioselective FC hydroxyalkylation of indoles with
3,3,3—trifluoropyruvates. The whole complex acts as a Bronsted—acid catalyst through
the protons of the coordinated water molecule. The function of the metal moiety is
twofold: as a Lewis acid, it enhances the acidity of the water protons and, as a chiral
fragment, it governs the stereochemistry of the process. The findings reported herein
may contribute to the development of a new metal-containing Brensted—acid catalyst
type in which the Brensted acidity relies on an M—XH (M = metal, X = O, N, S)
functionality and the stereoelectronic control is provided by the metallic moieties.

Further studies to establish the scope of this methodology are in progress.

12
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Experimental

General information

All solvents were treated in a PS-400-6 Innovative Technolog Solvent Purification
System (SPS), and degassed prior to use. All preparations were carried out under argon.
'y, B¢, 3'p, and F NMR spectra were recorded on Bruker AV-300, Bruker AV-400 or
Bruker AV-500 spectrometers. Chemical shifts are expressed in ppm upfield from
SiMe, (‘H and "°C), 85% H;PO4 (*'P) or CFCl; (“°F). Analytical high performance
liquid chromatography (HPLC) was performed on an Alliance Waters (Water 2996
PDA detector) instrument using a chiral column Daicel Chiralcel OD-H (0.46 cm x 25

cm) with OD-H guard (0.46 x 5 cm).
Catalytic experimental procedure

Under argon, in a Schlenk flask equipped with a magnetic stirrer, the corresponding
metal complex (0.03 mmol) was dissolved in CH,Cl, (4 mL), at =70 °C. The mixture
was stirred for 10 minutes and then 4 A Molecular Sieves (100 mg) was added. After
stirring for another 10 minutes, the corresponding 3,3,3—trifluoropyruvate (0.90 mmol)
and indole (0.60 mmol) were added. After the appropriate reaction time, the process was
quenched by addition of 2 mL of methanol. The solution was concentrated under
vacuum to dryness and the residue was extracted with 2 x 10 mL of diethyl ether. The
resulting suspension was filtered over Celite and evaporated to dryness. The pale yellow
oil or white solid obtained was analyzed and characterized by NMR and HPLC
techniques.

11,13

Ethyl 3,3,3-trifluoro-2-hydroxy-2-(indol-3-yl)propionate (4a)

. 'HNMR 500.13 MHz (CDCLy): & 1.38 (t, J = 7.1 Hz, 3H, CHy),

435-452 (m, 2H, CH,), 440 (s, 1H, OH), 7.18 (t,
(6]
CF3

HO

| N\

13
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J=17.6Hz, 1H, Ar), 7.26 (t, J=7.6 Hz, 1H, Ar), 7.41 (d, J= 8.3 Hz, 1H, Ar), 7.51 (br
d, 1H, Ar), 7.93 (d, 1H, Ar), 8.32 (br s, 1H, NH). '’F NMR 282 MHz (CDCls): §-75.1
(s). HPLC (Daicel Chiralcel OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1

mL/min) tg 12.7 (S) and 16.3 (R) min (minor).
Ethyl 3,3,3-trifluoro-2-hydroxy-2-(/N-methyl-indol-3-yl)propionate (4b)">'®

_et "H NMR 300.13 MHz (CDCL): & 1.36 (t, J = 7.2 Hz, 3H, CHy),

O
HO o 3.79 (s, 3H, CH3), 4.33-4.50 (m, 2H, CH,), 4.38 (s, 1H, OH), 7.14-
CF
| N 734 (m, 4H, Ar), 7.90 (d, J = 8.2 Hz, 1H, Ar). ’F NMR 282 MHz
N
Me (CDCL): & -76.8 (s). HPLC (Daicel Chiralcel OD-H with OD-H

guard, n-hexane/iPrOH (90/10), 1 mL/min) ¢z 11.84 (S) and 21.37 (R) min (minor).
Ethyl 3,3,3-trifluoro-2-hydroxy-2-(2-methyl-indol-3-yl)propionate (4c)13

"H NMR 300.13 MHz (CDCLs): 61.37 (t, J = 7.2 Hz, 3H, CH;), 2.53

/Et

(s, 3H, CHs), 4.32-4.52 (m, 2H, CH,), 4.01 (s, 1H, OH), 7.08-7.29
(6]
| N\ (m, 3H, Ar), 7.83 (d, /= 8.19 Hz, 1H, Ar), 8.01 (br s, 1H, NH). PF
M
N
H

HO,

e

NMR 282 MHz (CDCls): 6-75.1 (s). HPLC (Daicel Chiralcel OD-H
with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) g 13.4 (S) (minor) and 17.9 (R)

min.
Ethyl 3,3,3-trifluoro-2-hydroxy-2-(N-methyl-2-methyl-indol-3-yl)propionate )"

-, 'H NMR 300.13 MHz (CDCL): § 1.37 (t, J = 6.7 Hz, 3H, CH),
/
O

HO, , 236 (s, 3H, CH3), 3.68 (s, 3H, NCH3), 4.33-4.50 (m, 2H, CH)),
| N\ ;FS 3.82 (s, 1H, OH), 7.09-7.30 (m, 3H, Ar), 7.82 (d, J = 7.7 Hz, 1H,
e

N

Me Ar). "F NMR 282 MHz (CDCls): & -75.8 (s). HPLC (Daicel

Chiralcel OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) #z 9.13 (S)

(minor) and 10.61 (R) min.

14
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Ethyl 3,3,3-trifluoro-2-hydroxy-2-(5-methoxy-indol-3-yl)propionate (4e)13

'"H NMR 300.13 MHz (CDCLs): & 1.35 (t, J = 6.7 Hz, 3H, CHs),

/Et

0" 3.86 (s, 3H, OCHs), 4.28-4.59 (m, 2H, CH,), 4.33 (s, 1H, OH),

HO,
O
MeO N cF;  6.88-6.91 (m, 1H, Ar), 7.18-7.21 (m, 1H, Ar), 7.33-7.44 (m, 2H,
N Ar), 8.34 (br s, 1H, NH). '’F NMR 282 MHz (CDCl;) §-76.6 (s).
HPLC (Daicel Chiralcel OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min)

tr 17.8 (S) and 25.7 (R) min (minor).
Ethyl 3,3,3-trifluoro-2-hydroxy-2-(5-chloro-indol-3-yl)propionate (4f)13

'H NMR 300.13 MHz (CDCls): & 1.39 (t, J = 6.7 Hz, 3H, CHs),

Et

/
o T 4.35-4.54 (m, 2H, CH,), 4.41 (s, 1H, OH), 7.18-7.32 (m, 2H, Ar),
[e]
¢ CFs 753 (d, J=2.8 Hz 1H, Ar), 7.95 (s, 1H, Ar), 8.33 (br s, 1H, NH).
| N\
H F NMR 282 MHz (CDCls): §-77.1 (s). HPLC (Daicel Chiralcel

OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) tz 26.3 (S) and 34.6 (R)

min (minor).
Ethyl 3,3,3-trifluoro-2-hydroxy-2-(5-methoxy-2-methyl-indol-3-yl)propionate (4g)

'"H NMR 300.13 MHz (CDCLs): §1.37 (t, J = 7.2 Hz, 3H, CHs),

Et

oK, 2.51 (s, 3H, CH3), 3.85 (s, 3H, OCHs), 3.94 (s, 1H, OH), 4.31-
MeO CF3

| N, 452 (m, 2H, CHy), 6.82 (dd, J = 8.7, 2.6 Hz IH, Ar), 7.16 (d,

N 1H, Ar), 7.33 (br s, 1H, Ar), 7.93 (br s, 1H, NH). "’F NMR 282
MHz (CDCls): &-77.0 (s). ). >C NMR 125 MHz (CDCl3): & 13.9, 14.3, 55.9, 63.5,
103.0, 103,8, 110.8, 111.6, 122.8, 125.11, 127.4, 129.7, 135.7, 154.3, 169.3. HPLC
(Daicel Chiralcel OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) g 19.2

(minor) and 32.9 min.

15
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Ethyl 3,3,3-trifluoro-2-hydroxy-2-(5-chloro-2-methyl-indol-3-yl)propionate (4h)

'"H NMR 300.13 MHz (CDCly): §1.42 (t, J = 6.7 Hz, 3H, CHy),
Et

/
(0]
o 2.56 (s, 3H, CHj), 4.36-4.54 (m, 2H, CH,), 4.05 (s, 1H, OH),
o
c | N\ CFs 710 (d, J = 8.6, 1H, Ar), 7.18 (d, J = 8.6, 1H, Ar), 7.86 (s, 1H,
Me
N Ar), 8.03 (br s, 1H, NH). "’F NMR 282 MHz (CDCl;): & -76.3

(s). °C NMR 125 MHz (CDCls): & 13.9, 14.5, 64.0, 103.7, 111.2, 120.4, 121.9, 122.6,
124.9, 126.0, 127.8, 133.0, 136.9, 169.2. HPLC (Daicel Chiralcel OD-H with OD-H

guard, n-hexane/iPrOH (90/10), 1 mL/min) #z 11.3 (minor) and 16.0 min.
Methyl 3,3,3-trifluoro-2-hydroxy-2-(indol-3-yl)propionate (4i)"?

'H NMR 300.13 MHz (CDCl3): §3.96 (s, 3H, CH3), 4.37 (s, 1H,

o OH), 7.16-7.28 (m, 2H, Ar), 7.39(d, J = 7.7 Hz, 1H, Ar), 7.47 (d, J

| \ CFs  =2.1 Hz, 1H, Ar), 7.88 (d, /=8.2 Hz, 1H, Ar), 8.29 (br s, 1H, NH).

N F NMR 282 MHz (CDCls): §-75.2 (s). HPLC (Daicel Chiralcel

OD-H with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) #z 16.7 and 19.2 min

(minor).
Methyl 3,3,3-trifluoro-2-hydroxy-2-(/V-methyl-indol-3-yl)propionate (4j)12

_ve 'H NMR 300.13 MHz (CDCL): & 3.81 (s, 3H, NCHj), 3.96 (s,
O

HO o 3H. CHy), 4.32 (s, 1H, OH), 7.15-7.36 (m, 4H, Ar), 7.86 (d. J =

CF
' N\ °  82Hz IH, Ar). "’F NMR 282 MHz (CDCls): §-76.7 (s). HPLC

N\M (Daicel Chiralcel OD-H with OD-H guard, n-hexane/iPrOH
e

(90/10), 1 mL/min) #z 10.8 and 15.9 min (minor).

16
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Methyl 3,3,3-trifluoro-2-hydroxy-2-(2-methyl-indol-3-yl)propionate (4k)"

e 'HNMR 300.13 MHz (CDCls): &5 2.49 (s, 3H, CHs), 3.94 (s, 3H,

/
(@)
HO o, CHy),3.97 (s, 1H, OH), 7.11-7.27 (m, 3H, Ar), 7.78 (d, J =7.7 Hz,
CF
| N\ _,. 1H, Ar),8.02 (brs, IH, NH). "’F NMR 282 MHz (CDCLy): §-77.3
N
H

w

(s). HPLC (Daicel Chiralcel OD-H with OD-H guard, n-

hexane/iPrOH (90/10), 1 mL/min) #g 17.37 (minor) and 26.0 min.
Methyl 3,3,3-trifluoro-2-hydroxy-2-(5-chloro-indol-3-yl)propionate @n'»

'"H NMR 300.13 MHz (CDCls): 53.97 (s, 3H, CHs), 4.39 (s, 1H,

Me
o

o OH), 7.19 (dd, J = 8.7, 2.0 Hz, 1H, Ar), 7.29 (d,

(0]
B % J=87Hz IH, Ar), 7.49 (d, J = 2.0 Hz, 1H, Ar), 7.89 (br d, 1H,
N
; Ar), 8.45 (br s, 1H, NH). "’F NMR 282 MHz (CDCls): §-77.0 (s).

HPLC (Daicel Chiralcel OD-H with OD-H guard, n-hexane/iPrOH (95/5), 1 mL/min) tg

39.9 and 43.8 min (minor).
Methyl 3,3,3-trifluoro-2-hydroxy-2-(5-chloro-2-methyl-indol-3-yl)propionate (4m)

_we 'HNMR 300.13 MHz (CDCly): 52.52 (s, 3H, CHj), 3.97 (s, 3H,
[e)

HOU o CHj), 3.99 (s, 1H, OH), 7.13 (d, J = 8.6, 1H, Ar), 7.20 (d, J = 8.6,

CFs
l Mo 1H, Ar), 7.79 (s, 1H, Ar), 8.07 (br s, |H, NH). "°’F NMR 282 MHz

Cl

N
H

(CDCLy): & -77.5 (s). °C NMR 125 MHz (CDCls): & 14.2, 53.9, 103.8, 111.2, 120.0,
122.0, 122.6, 124.8, 126.2, 127.9, 133.0, 136.6, 169.6. HPLC (Daicel Chiralcel OD-H

with OD-H guard, n-hexane/iPrOH (90/10), 1 mL/min) #g 13.1 (minor) and 19.6 min.
Computational Details

Density functional theory (DFT) calculations were performed using the Gaussian09

suite of programs”’ with the M06 functional.” The structures were optimized using the

17
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SDD basis set® for Ir, while the 6-31G(d)* basis set was used for all remaining atoms
C, O, P, N, F, and H. The geometries were optimized without symmetry constraints.
The nature of the stationary points as minima or transition states was confirmed by
frequency calculations. The connectivity between the transition state and the associated
minima was confirmed by a combination of intrinsic reaction coordinate (IRC)
calculations (in the region near the transition state) and geometry optimization
(connecting the final point of the IRC to the local minimum). Solvation effects were
introduced through single-point calculations based on the gas phase structures with
SMD mode®' (SMD, &= 8.93 for dichloromethane) at the M06 level using the SDD basis
set for Ir, while the 6-31+G (d) basis set for all remaining atoms. The potential energies
in solution were taken directly from the SCRF calculation, and the free energies in
solution were obtained from the additional introduction of gas phase free energy
corrections. The temperature used in these frequency calculations was the experimental
value of -78 °C, and the pressure was 1 atm. All reported energy values in the text are

free energies in solution unless otherwise stated.
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