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Charge-Enhanced Thiourea Catalysts as Hydrogen Bond Donors for

Friedel-Crafts Alkylations

Ivor Smajlagic, Brenden Carlson, Nicholas Rosaraydén Foy and Travis Dudding*

Brock University, 1812 Sir Isaac Brock Way, St. I@atnes, ON L2S 3A1, Canada.
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ABSTRACT Charge-enhanced catalysis has emerged as a pbalézfnative to the mainstream use of neutrallgsita

With this in mind, we report a catalytic Fried€fafts alkylation method catalyzed by a chargedutea incorporating a cationic
cyclopropenium moiety. Mechanistic studies, inchgddensity functional theory computational caldolas, variable time normal-
ization analysis, antH NMR binding studies, collectively reveal this ched-enhanced reactivity proceeds by a dual hyaroge
bond-mediated LUMO-lowering mode of substrate atibn. Key to these findings is the observed stesidie concentration of
the catalyst withn situ derived monomeric catalytic species predominatinger the reaction conditions.
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INTRODUCTION

Catalysis is a key component of innovative techgiele for
the production of bulk and fine chemicdlsn this regard,
metal-free organocatalyzed processes, e.g., hydroged (H-
bond) catalysis continues to attract widespreadntitin as
attested for by countless examples over the past dec-
ades’” Central to these reports, arguably, and futureectal-
ings is the ability to selectively access one, orenof these
different modes of H-bond activation; however, tigsnot
always a simple task.

One way for accessing a desired mode of H-bondaiiin is
through mechanistic understanding. To this endiouarem-
pirical methods and/or physical organic paramesees rou-
tinely employed for gaining insight and probing thechanis-
tic underpinnings of catalysis. In particular, Kinestudies)
determination ofpK,> nucleophilicity and electrophilicity
parameter§ and colorimetric assayare often used to provide
insight into reaction profiles. Likewise, modernydaomputa-
tional tools offer a powerful means for acquiringahanistic
understanding and, as such, continue to gain popul&his
is evidenced by numerous reports in drug deSigmethod
development, and material applicatiSrigurther to this point,
key in advancing

chemical discovery, more and more, has been thefudensi-
ty functional theory (DFT) computational calculat®oas an
effective and versatile resource for examining tiedyg, e.g.,
H-bond orchestrated catalyst—substrate interacaoniscataly-
sis!® The impetus for this development, inherently, bein
linked to the ability of DFT-guided mechanistic @stigations
to streamline discovery efforts and circumventive heed for
performing laborious experimental screening studdspo-
tential applications.

On a related note, inspired by the many remarkahidies
carried out with thiourea catalysts, we recentlgoréed the
synthesis and use of cyclopropenium-functionalizationic
thiourealas a Brgnsted acid catalyst for synthetically rafev
pyranylation of alcohols and phenBi§igure 1A, right-hand
side). Notably, this catalyst exhibited both caigohi-bond
donor and electrostatically enhanced character gwanthe
cyclopropenium ring system as supported by the cetp
molecular electrostatic potential (MEP) surfaéég(re 1A,
left-hand side). Given this precedent, we weragogd by the
prospect of using thiourehas a H-bond catalyst for catalyz-
ing FriedetCrafts alkylations. In this aim, we envisioned us-
ing a DFT-augmented approach to initiate our meistian
investigation. Realized, this undertaking would &addthe
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synthetic chemists' toolbox of catalysis and meigtignun-
derstandings, while further demonstrating the tytiif mod-
ern-day research programs entrenched in compugtimd
experimental chemistries.

Accordingly, we contribute here the first instandée Friedet
Crafts alkylation catalyzed by a cyclopropeniumdzhs
charge-enhanced thiourea organocatalyst. Moretivieryork
expands the versatility of cyclopropenium buildibépcks
within another domain of catalysis, namely dual rogen
bond-mediated catalysis. In terms of practicaligse of cata-
lyst preparation from inexpensive commercial odiyaavail-
able reagents in a protecting-group fteeperationally simple
two-step synthetic route is a salient strengthhid tmethod.
Further, the heterocyclic indole products furnishad this
synthetic approach are prevalent motifs in Natateh as in
natural products offering broad-spectrum bioagtjvie.g.,
antibacterial, antifungal, and anti-inflammatoryoperties.’
The scalability of this method to gram scales salemon-
strated. Lastly, the computational models repoheatin pro-
vide in-depth electronic and structural insight aicipate
will aid the future design of thiourea and cyclopeai-
um/cyclopropenimine catalysts, as well as relatkilat or-
ganocatalysts.

RESULTS AND DISCUSSION

At the outset of this work in targeting the devetemt of
Friedel-Crafts alkylation* method we were aware the majori-
ty of reported organocatalyzed approaches for tii@igsfor-
mation were limited by one or more of the followir{d) poor
substrate scope (2) use of costly reagents ancfoensive
catalyst often prepared by multi-step synthetiaesu(3) lack
of scalability; and (4) high catalyst loadings. frthese prec-
edents, we postulated our recently reported thaoegalystl
would serve as a viable organocatalyst for FrieQedfts al-
kylation reactions. Central to this proposition vifas prospect
that cationic thioured would impart a multifaceted charge-
enhanced lowest unoccupied molecular orbital (LUMO)
lowering element of substrate activation. Thuskéeping
with our philosophy of utilizing computation to augnt ex-
perimental development, we initially turned to D#Tdiscern
to what, if any, extent thioureawould catalyze the Friedel
Crafts alkylation of indoles with Michael acceptivans-3-
nitrostyrene 2a).

To this end, we performed computational calculatian the
(IEFPCM(DCM))B97XD/6-311+G(d,p)/def2-
SV/IwB97XD/6-31G(d)/def2-SV level of theory using the
Gaussian 09 program (see Supporting InformationExmer-
imental section for computational details) with Waro-
methane (DCM) selected as the implicit solventtfase cal-
culations based on the observed solubility of caticthiourea
1. Thus, working in the framework of frontier moléau or-
bital (FMO) analysis the LUMO-lowering activatiolfi wans-
B-nitrostyrene by, in the absence of a counterion for compu-
tational efficiency, was gauged against known FaieQrafts
alkylation H-bond catalyst N,N'-bis[3,5-bis(CF)-
phenyl]thiourea, otherwise commonly referred toSabrein-
er's thioured™® (3) and acetic acid, which is an ineffective
catalyst for this conversion. Most illuminating tioaic thiou-
real was predicted to have the greatest LUMO-lowerifig e
fect as seen by a 0.11 eV reduction in the LUMOrgnef
substrate?2a, while the LUMO-lowering effects of thiourea
and acetic acid were smaller in magnitude, meaguia5 eV
and 0.01 eV (see H-bond complexXégure 1B). In terms of
the H-bonding manifold of«2a, telling, was the presence of a

double H-bond mode of nitro-group binding by theo tiv-H
hydrogen bond acceptor groupsIotvith N-HeeeO distances
of 1.95 A and 2.00 ARigure 1C, left-hand side). These H-
bond contacts exhibited characteristic quantumrihed at-
oms in molecules (QTAIM) bond critical points (BCR)th
rho (p) densities of 0.023 and 0.025 au and Laplacip)(
values of -0.021 and -0.023 au, consistent witlongfrH-
bonding®® Further, natural bond orbital (NBO) analysis aé th
donor-acceptor nature of these H-bond interactions, fedea
significant charge transfer from the oxygen longgmto the
antibondings*-orbitals of the N-H bonds (R—. o = 17.5 kcal
mol'™"), hence supporting noticeable charge-transferebase
“partial covalent” H-bonding charactdfigure 1C, right-hand
side).
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Figure 1. (A) Molecular electrostatic potential (MEP) surfade o
cationic thiourea catalysi. (B) Computed structures c2a,
AcOHe+2a, 3+2a, and1+2a and their respective LUMO energies in
electronvolts (eV).€) H-bonding complexXts2a (left-hand side)
with respective NBO donor—acceptor interactionghtrhand
side) (see Supporting Information and Experimestadtion for
computational details).



Charged with this insight, our efforts turned todvétie exper-
imental use of thioured as a H-bond catalyst for Friedel
Crafts alkylation Table 1). In this vein, an initial control reac-
tion performed in the absence of catalyst led seesally no
conversion after 44 hours (entry 1), while sluggishctivity
was observed using neutral thiourea catalsand4 (entries

2 and 3). Based on these results and with the impyoving
reactivity, we investigated the use of various gedrthiourea
catalyst salts of. The logic for doing this being possible tight
anion binding, i.e., very short intermolecular N-
Heeecounteranion contacts as a possible sourcetehwated
reactivity’” Corroborating this hypothesis, thiourgavith an
inexpensive and weakly coordinating tetrafluorob®reoun-
teranion provided superior results relativels€IO,, 1-Cl,
and 1.CR:SO; (entries 4-7). Next, various solvents were
screened using thioured»BF, (entries 7-12) resulting in
DCM as the solvent of choice affording an optimahweersion
of 96% (entry 7). This finding comes as no surprbesn
solvents with expected H-bond acceptor charactepasne to
disrupt catalyst-substrate interactions. LastlyJuoéing the
catalyst loadings to 5 mol% and even as low as ®aaiten-
uated conversion (entries 13 and 14).

Table 1. Optimization of Reaction Condition§!

Ph

NO,
SN0, m thiourea catalyst 1+X; 3, 4 N\
Ph N e caeys TR St N

solvent, rt \
Me Me
2a 5a 6a

oNNe
E E y @ :
i ) D
3 oo
cr, 4 CF, l‘\lJ\l‘\l NGPr), o
H H

) o o of y o .
g /@N )k,‘q /@\CFE i 1:CI7 1:CF380;  1-BF,  1-CIO4
H H
3
entry  solvent catalyst catalyst load  conversioff’
(mol%)
1 CH,Cl, - - <5%
2 CH,Cl, 4 10 <5%
3 CH,Cl, 3 10 34%
4 CHCI, 1CIO,~ 10 82%
5 CH,Cl, 1CI” 10 10%
6 CH,Cl, 1:CRSO; 10 46%
7 CH,Cl, 1BF,” 10 96%
8 CsHsCHs 1-BF,~ 10 64%
9 THF 1BF,” 10 36%
10 CHC} 1-BF, 10 90%
11 CHCH.CN 1BF,” 10 29%
12 MeCN 1-BF, 10 58%
13 CHCl, 1-BF, 50%
14 CHCl, 1BF,” 18%

BIReactions were performed at room temperature ukiadol-
lowing conditions: 0.5 mmao2a, 1.5 mmol5a, 0.05 mmol cata-
lyst, and 0.5 mL solvent for 44 B!Conversion was determined
via *H NMR spectroscopic analysis of the crude reactiur-
tures. This involved monitoring the disappearanicthe signal at

With optimized reaction conditions in hand, thepe®f this
reaction with respect to indole was investigatEjfre 2).
Unprotected indoleébb reacted withtrans-B-nitrostyrene to
afford product6b in very good vyield, whileN-protected in-
doled® 5¢ and5d resulted in no conversion, presumably, ow-
ing to reduced indole nucleophilicity imparted ke telectron
withdrawing N-tosyl andN-acetyl groups. Next, we explored
the scope of this reaction with respect to theoalicene com-
ponent. Non-functionalized 2-furyl and 2-napthyroélkenes
(2b and 2¢) reacted to afford produc®e and 6f in good to
excellent yields, while electron-rich alkoxy- anéya nitroal-
kenes 2d-g) provided variable yields. For instandeans-4-
methylB-nitrostyrene 2d) reacted smoothly to afford product
6g in excellent yield, whereas alkoxy substitutedns-S-
nitrostyrenesZe-g) all led to poor conversion$lf-j). Further,
halogenatedtrans-g-nitrostyrenes Zh-I) provided products
6k-0 in good to excellent yields. The high yields efdtinated
products6k and electron-poof6o is notable given the im-
portance of organofluorine compounds in pharmacaist®
agrochemical8’ and material scienfeindustries.
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Figure 2. Employment of Thiourea 1BF for Friedel—
Crafts Alkylation &

[BReactions were performed at room temperature usiacfol-
lowing conditions: 0.5 mmol of respective nitroalke 1.5 mmol

8.00 ppm for 2a) and appearance of the signal at 5.21 ppm for respective indole, 0.05 mmi#BF,, and 0.5 mL DCM for 44

the FC alkylated produc64).

h. The yields of isolated products are reportedrdfash chroma-



tography.®!No reaction occurred using thedefunctionalized
indoles.

Next, the practicality of this reaction was demoeitstd by the
gram-scale preparation of Fried€frafts alkylation produdia
in excellent yield (97%, 1.8 ghcheme 1

Scheme 1. Gram-Scale Reaction Catalyzed by Thiourea
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Finally, to probe the underlying mechanism of thisedel
Crafts reactivity and thereby determine the reacticder and
stability of catalystl*BF,, we performed binding studies in
conjunction with variable time normalization anadys
(VTNA). The latter being a timely qualitative methéor ex-
tracting mechanistic information from reaction plesf under
synthetically relevant conditior8?? Addition of increasing
equivalents of substratieans-S-nitrostyrene 2a) to catalyst
1-BF, in CDCk resulted in a slight downfield shift of the N—
H hydrogen atom'd NMR, A§ = 0.04 ppm), thus, consistent
with a LUMO-lowering mode of substrate activatia@s op-
posed to a Brgnsted acid mode of reactivity, seé\8xt, the
robustness of the catalyst was probed by a VTNAn&sax-
cess” experimentigure 3).
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Figure 3. Plot of time (h) vs. concentration (M) for twodie

pendent starting concentrationstiadns-g-nitrostyrene performed
under synthetically relevant conditions for theedetination of
thiourealsBF, robustnessia same excess experiment.

Overlay of the two curves as seen in Figure 3 liinte of

steady-state catalyst concentration with catalytinover af-
fected by neither catalyst deactivation nor prodaobibition

(see Sl for further details). Further analysis eded a 0.8-
order dependency in catalyst indicative of a higbpprtion of
the catalyst persisting as monomeric species utisol, much
unlike that of previous thiourea-catalyZ&égrocessesFigure

4). This divergence, presumably, arising from keyaural
differences, i.e., the bulky cyclopropenium diisgpylamine
substituents abating formation of dimeric or higheter ag-
gregate complexes. Collectively, these kinetic Itesshed
light and speak to the value of incorporating cgctipenium
building blocks as core components of H-bond orgate
lysts, such as thiourea catalysts.

f6a) (M)
f6a) (M)

thy ‘ ‘ qca;yi‘ s

f6al ()
A

8-
[

tlcat]o® tlcat]?

Figure 4. Plot of time (h) vs. concentration (M) for twodie
pendent starting concentrations of thioute®F, (blue triangle -
0.168 M; red square - 0.084 M) performed under fsstitally
relevant conditions (top left). Plots of normalizéiche scale
(t[cat],”) vs. concentration (M) for the determination o tbr-
der in catalyst (top right and bottom).

On the basis of the above findings, the tentatit"d Bupport-
ed catalytic cycle depicted in Figure 5 is offer@tie cycle
initiates in formation of compleXe2a, which subsequently
reacts by rate-determining indole addition trapsitstateTS1
with a Gibbs free activation energgG’) of 20.5 kcal mol*
relative to the separate starting reagents andysat&alient
features of this transition state include a C--e@dksforming
distance of 2.05 A associated with a synclinal rigtion of
the styrene and indole substrates as defined ddah angle
Bc(1)-c)-c@)-c@ymeasuring -5221Further was a slightly skewed
double H-bond manifold with NHee«O distances of 1.84 A
and 1.75 A linked to & Z-thiourea conformation. Though less
obvious, was stabilizing charge polarizegltstacking be-
tween the indole ring and the nitroalkene, cleaitjble from
the green isosurfaces in the non-covalent interac(NCI)
plot of Figure 5. From TS1 zwitterionic nitronate-
azocarbenium intermediatie6a’ ensues that following a se-
ries of proton transfer events leads to exergonitiyct 6a)
formation and catalyst turnover.

CONCLUSION




To recap, in building upon the timely relevancecgtlopro-
penium ions, we have advanced a charge-enhancimhicat
thiourea-catalyzed FriedeTrafts alkylation method. Versatili-
ty, scalability, ease of catalyst preparation ambrational
simplicity are hallmarks of this method. Inheremtthe mech-
anism of these FriedeCrafts alkylations is a steady-state con-
centration of a monomeric charged thiourea catatysich at
odds with existing state-of-the-art reactivity patis accessi-
ble usmg thiourea catalysts. Additionally, DFT audhtions
and'H NMR binding studies revealed a dual hydrogen bond
mediated LUMO-lowering mode of substrate activatisn
pivotal to this reactivity. Collectively, the findgs of this
study provide a compelling basis for the developmamnd
future use of cyclopropenium frameworks as charged-
structs for enabling catalysis.
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Figure 5. Mechanistic proposal for thiourea-catalyzet) (
Friedel-Crafts alkylation. Reported relative Gibbs free rene

timized structures were further refined by singtent calcu-
lations performed at th@B97XD/6-311+G(d,p)/def2-SV lev-
el of theory using the integral equation formalipolarizable
continuum model (IEFPCM) with the default parametef
dichloromethaneg(= 8.9) to account for solvefit.The ther-
mal corrections to the Gibbs free energies (tempera=
298.15 K) computed at the lower level of thecwyB07XD/6-
31G(d)/def2-SV) were added to the electronic emsrgib-
tained from the single point calculations to previthe final
reported Gibbs free energies. NBO analysis withgram
NBO 6 using second-order perturbation theory wasd ue
estimate the contributions of nitro group oxygemeaopair
donation into the antibondingf-orbitals of the NH bonds of
cationic thiouredal. The 3D images of all optimized geome-
tries were generated with CYLvieth.Natural bond orbital
images were produced using ChemctaftaussView? was
used to construct all structures prior to optini@atand to
visualize the output from the Gaussian 09 calooeti The
program AIM2006° was used to compute the quantum theory
of atoms in molecules (QTAIM) rhg) densities and Laplaci-
an (V’p) values at the respective bond critical points RBC
The reported non-covalent interaction (NCI) platogialue =
0.3, min = -0.05 and max = 0.05), lowest unoccupiediecu-
lar orbital (LUMO) diagrams (isovalue = -0.05) amalecular
electrostatic potential (MEP) surface (isovalue.60Q, min =
25.7 and max = 90.4) were calculated using the B3IDG"
functional with a LAVP*+ basis set using the pragrdaguar
of the Schradinger software package.

MATERIALS AND METHODS

Materials were obtained from commercial supplierd awere
used without further purification unless otherwiggecified.
The solvents dichloromethane (DCM), toluene, cltnm,
propionitrile, and acetonitrile were distilled ugircalcium
hydride (CaH), whereas tetrahydrofuran was distilled from
sodium/benzophenone, all under an inert atmospligse
Reactions were performed under an inert atmospheveen-
dried glassware. Reactions were monitored by tlayer
chromatography (TLC) using TLC silica gel 6@s4~ EMD
Millipore Corporation, and visualized using hanahdlV
lamps. Flash column chromatography was performedilon
trapure silica gel (230-400 mesh). NMR spectra vedrtained
with a Bruker DPX-300"H 300 MHz, **C 75.5 MHz,**F
292.4 MHz) in CDCJ. The observed chemical shifts are re-
ported asi-values in ppm relative to tetramethylsilane (TMS).
Coupling constantsJ) are recorded as Hz. Multiplicities are
reported as follows: s (singlet), d (doublet) ripfet), m (mul-

gies in kcal mat are enclosed in parentheses (see Supporting!iPlet), dd (doublet of doublets), br (broad sinpléass spec-

Information and Experimental section for computadiode-
tails).

EXPERIMENTAL SECTION

COMPUTATIONAL METHODS

Quantum mechanical calculations were performed gusin
Gaussian 0% All geometry optimizations were performed
using thewB97XD functionaf® with a 6-31G(d)/def2-SV ba-
sis set. The optimized geometries were verifiedrassition
state structures (one imaginary frequency) or ménifzero
imaginary frequencies) by frequency calculationstrimsic
reaction coordinate (IRC) calculations were perfdrto con-
firm that all transition state structures were édkto relevant
minima. The energies of theB97XD/6-31G(d)/def2-SV op-

tra were obtained on an MSI/Kratos concept IS memesc-
trometer.trans-B-nitrostyrene derivatives, catalysts1,** 2,%
1-CI™** and1+BF, ,** and indole derivative5a,*® 5¢°” and5d™®
were prepared according to literature procedures.

N-[2,3-Bis(diisopropylamino)cyclopropenium]-N’-phgn
thioureasCIQ (1)«CIO, .

ThiourealsCl” (100 mg, 0.24 mmol) was dissolved in DCM
(2.00 mL) and washed with saturated bicarbonatex @0
mL). The conjugate base was then acidified with M 8olu-
tion of 70% HCIQq (1 x 4.0 mL), dried over MgSQand
concentratedn vacuo to afford a viscous green oil. The oil
was then triturated with diethyl ether (2 x 5.0 ntb)furnish
thiourea 1ClO, as a pale-green solid (98 mg, 85%). Mp:
125-127 °C; '"H NMR (300 MHz, CDC}, 25 °C): § =
1.40-1.42 (dJ = 6.8 Hz; 24H), 4.05-4.14 (m, 4H), 7.19-7.24
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(t, 3 = 7.4 Hz; 1H), 7.35-7.40 (§ = 7.6 Hz; 2H), 7.75-7.78
(d, 3= 7.8 Hz; 2H), 9.30 (s, 1H), 9.75 (s, 1HC{*H} NMR
(75.5 MHz, CDC}, 25°C): § = 21.9, 51.9, 106.2, 123.5,
126.1, 126.4 128.7, 138.2, 178.1.
N-[2,3-Bis(diisopropylamino)cyclopropenium]-N’-phgn
thiourea*CESQO; (1)*CR:SO; .

ThiourealsCl” (100 mg, 0.24 mmol) was dissolved in DCM

(2.00 mL) and washed with saturated bicarbonaté L).
The conjugate base was then acidified with a 3 MtEm of
trifluoromethanesulfonic acid (1 x 2.0 mL), driedeo MgSQ
and concentrateth vacuo to afford a viscous green oil. The
oil was then triturated with diethyl ether (2 x 5rQL) to fur-

nish thioureal*CF;SO; as a pale-green solid (96 mg, 76%).

Mp: 147-149°C; *H NMR (300 MHz, CDCJ, 25°C): 6 =

1.39-1.41 (d)) = 6.8 Hz; 24H), 4.01-4.15 (m, 4H), 7.17-7.22

(t, J=7.4 Hz; 1H), 7.34-7.39 (8 = 7.6 Hz; 2H), 7.77-7.80
(d,J = 7.9 Hz; 2H), 9.84 (s, 1H), 10.1 (s, 1Hic{*H} NMR
(75.5 MHz, CDC}, 25°C): § = 21.9, 51.9, 106.6, 123.4,
125.9, 126.8 128.6, 138.4, 178'%F{'H} NMR (292.4 MHz,
CDCl,;, 25°C) 6 =-78.3.

Representative Procedure for the Thiourea-Catalyzed
Friedel-Crafts Alkylation.

To an oven-dried 5.0 mL round-bottom flask chargeth

thiourea 1.BF, (24 mg, 10 mol%); respective indole (1.5

mmol) and nitroalkene (0.5 mmol) were combined anldse-
quently diluted in dichloromethane (0.5 mL). Thesuking
solution was stirred for 44 hours at room tempegatinder an
inert atmosphere. Reaction progress was monitaied LC.
After removal of the solvent, the crude materiabwgabjected
to flash chromatography using a hexanes/ethyl sestavent
system to yield the FriedeCrafts alkylated product.

Characterization Data of the Products (6a-0). NMR dta
are consistent with the literature.
1-methyl-3-(2-nitro-1-phenylethyl)-1H-indol&#) *°

(129 mg, 92%), pink solid'H NMR (300 MHz, CDC}, 25
°C): 6 = 3.78 (s, 3H), 4.93-5.00 (dd,= 12.3, 8.5 Hz; 1H),
5.05-5.12 (ddJ = 12.4, 7.4 Hz; 1H), 5.19-5.24 (= 7.9 Hz;
1H), 6.89 (s, 1H), 7.07-7.13 @~ 6.9 Hz; 1H), 7.23-7.39 (m,
7H), 7.47-7.49 (d) = 7.9 Hz; 1H).
3-(2-nitro-1-phenylethyl)-1H-indolesp).*

(115 mg, 86%), brown solidH NMR (300 MHz, CDC}, 25
°C): § = 4.94-5.01 (ddJ = 12.3, 8.4 Hz; 1H), 5.06-5.13 (dd,
J = 12.3, 7.6 Hz; 1H), 5.19-5.25 (§ = 7.9 Hz; 1H),
7.05-7.13 (m, 2H), 7.20-7.39 (m, 7H), 7.46-7.49)&, 7.9;
1H), 8.09 (br, 1H).
3-(1-(furan-2-yl)-2-nitroethyl)-1-methyl-1H-indoi@e).*

(124 mg, 92%) yellow oil'H NMR (300 MHz, CDC}, 25
°C): & = 3.78 (s, 3H), 4.91-4.98 (dd,= 12.5, 7.4 Hz; 1H),
5.05-5.12 (ddJ = 12.5, 8.1 Hz; 1H), 5.27-5.32 (= 7.7 Hz;
1H), 6.22-6.23 (d) = 3.3 Hz; 1H), 6.36-6.37 (dd,= 3.1, 1.9
Hz; 1H), 7.03 (s, 1H), 7.16-7.21 (m, 1H), 7.28-7(88 1H),
7.43-7.44 (dJ = 1.1 Hz; 3H), 7.60-7.62 (d,= 7.9 Hz; 1H).
1-me0thyl-3-(1-(naphthalen-2-yl)-2-nitroethyl)-1Hd0Ie

(6f)."

(101 mg, 61%) yellow oil'H NMR (300 MHz, CDC}, 25
°C): & = 3.5 (s, 3H), 5.11-5.14 (dd, = 7.4, 1.3 Hz; 2H),

6.07-6.12 () = 7.7 Hz; 1H), 6.86 (s, 1H), 7.07-7.12 (m, 1H),

7.23-7.34 (m, 2H), 7.39-7.60 (m, 5H), 7.80-7.83 (1d 6.5,
2.8 Hz; 1H), 7.90-7.93 (m, 1H), 8.27-8.30 & 7.9 Hz;
1H).

1-methyl-3-(2-nitro-1-p-tolylethyl)-1H-indolesg).*°

(132 mg, 90%) colourless ofH NMR (300 MHz, CDCJ, 25
°C): 8 =2.34 (s, 3H), 3.77 (s, 3H), 4.90-4.97 (d&; 12.4, 8.6
Hz; 1H), 5.03-5.10 (dd] = 12.2, 7.3 Hz; 1H), 5.17-5.23 @,
= 7.9 Hz; 1H), 6.88 (s, 1H), 7.08-7.17 (m, 3H),2%=2.33 (m,
4H), 7.48-7.50 (dJ = 7.9 Hz; 1H).
3-(1-(4-methoxy)-2-nitroethyl)-1-methyl-1H-indolék).*°

(81 mg, 52%) colourless oiftH NMR (300 MHz, CDCJ, 25
°C): 8 =3.77 (s, 3H), 3.82 (s, 3H), 4.93-4.97 (d&; 12.4, 8.6
Hz; 1H), 5.04-5.11 (dd] = 12.3, 7.4 Hz; 1H), 5.17-5.23 @,
= 7.9 Hz; 1H), 6.91-6.93 (dl = 8.7 Hz; 3H), 7.12-7.18 (m,
1H), 7.28-7.37 (m, 4H), 7.51-7.54 @7 7.9 Hz; 1H).
3-(1-(3,4-dimethoxy)-2-nitroethyl)-1-methyl-1H-intdo(Gi). *
(32 mg, 19%) yellow oil'H NMR (300 MHz, CDC]J, 25°C):

8 =3.77 (s, 3H), 3.85 (s, 3H), 3.88 (s, 3H), 4.8964(dd,J =
12.2, 8.6 Hz; 1H), 5.03-5.09 (dd, = 12.2, 7.2 Hz; 1H),
5.13-5.18 (tJ = 8.0 Hz; 1H), 6.83-6.93 (m, 4H), 7.08-7.13
(m, 1H), 7.23-7.34 (m, 2H), 7.48-7.50 (& 7.9 Hz; 1H).
3-(1-(4-benzyloxy)-2-nitroethyl)-1-methyl-1H-indo(§j).

(77 mg, 40%) colorless oifH NMR (300 MHz, CDCJ, 25
°C): & = 3.77 (s, 3H), 4.88-4.95 (dd,= 12.3, 8.7 Hz; 1H),
5.03-5.09 (ddJ = 12.3, 7.8 Hz; 1H), 5.05 (s, 2H), 5.14-5.20
(t, J=7.9 Hz; 1H), 6.88 (s, 1H), 6.95-6.99 (m, 2HPI~7.14
(m, 1H), 7.24-7.45 (m, 10H)*C{*H} NMR (75.5 MHz,
CDCl,;, 25°C): 8 = 32.8, 40.9, 70.1, 79.8, 109.5, 113.1, 115.2,
119.1, 119.4, 122.2, 126.3, 126.5, 127.5, 128.8,61.2128.8,
131.7, 136.9, 137.3, 158.2; HRMS (Elywz [M+H]" calc’'d
for C,H,,05N,, 386.1636; found: 386.1627.
3-(1-%4-ﬂuorophenyl)-2-nitroethyl)-1-methyl-1H-in>db

(6Kk)."

(137 mg, 92%) yellow oil'H NMR (300 MHz, CDCJ, 25
°C): & = 3.78 (s, 3H), 4.89-4.96 (dd,= 12.4, 8.7 Hz; 1H),
5.04-5.10 (ddJ = 12.4, 7.2 Hz; 1H), 5.17-5.23 (= 7.9 Hz;
1H), 6.88 (s, 1H), 7.01-7.14 (m, 3H), 7.25-7.36 @@h]),
7.43-7.46 (dJ = 8.0 Hz; 1H).
3-(1-(4-chlorophenyl)-2-nitroethyl)-1-methyl-1H-inké (6l).*°
(141 mg, 82%) colorless oiftH NMR (300 MHz, CDCJ, 25
°C): & = 3.78 (s, 3H), 4.89-4.96 (dd,= 12.5, 8.7 Hz; 1H),
5.03-5.10 (ddJ = 12.3, 7.2 Hz; 1H), 5.17-5.22 = 7.8 Hz;
1H), 6.89 (s, 1H), 7.10-7.16 (m, 1H), 7.26-7.36 @h]),
7.44-7.47 (dJ =7.9 Hz; 1H).
3-(1-(3-chlorophenyl)-2-nitroethyl)-1-methyl-1H-iokk
(6m).*°

(136 mg, 79%) colorless oitH NMR (300 MHz, CDC}, 25
°C): & = 3.78 (s, 3H), 4.88-4.95 (dd,= 12.5, 8.6 Hz; 1H),
5.02-5.09 (ddJ = 12.6, 7.4 Hz; 1H), 5.16-5.21 (= 7.9 Hz;
1H), 6.90 (s, 1H), 7.09-7.14 (m, 1H), 7.24-7.29 (@h]),
7.32-7.35 (m, 2H), 7.44-7.47 (@= 8.0 Hz; 1H).
3-(1-(4-bromophenyl)-2-nitroethyl)-1-methyl-1H-inkdo
(6n).%°

(156 mg, 87%) colorless oiftH NMR (300 MHz, CDC}, 25
°C): § = 3.79 (s, 3H), 4.90-4.97 (dd,= 12.5, 8.7 Hz; 1H),
5.03-5.09 (ddJ = 12.5, 7.2 Hz; 1H), 5.14-5.20 (= 7.7 Hz;
1H), 6.87 (s, 1H), 7.08-7.13 (m, 1H), 7.23-7.34 (@h]),
7.42-7.44 (dJ = 8.0 Hz; 1H), 7.46-7.49 (dd,= 6.6, 1.8 Hz,
2H).
1-methyl-3-(2-nitro-1-(4-(trifluoromethyl)phenyl)eyl)-1H-
indole Go).*

(160 mg, 92%) yellow oil'H NMR (300 MHz, CDCJ, 25
°C): § = 3.79 (s, 3H), 4.95-5.02 (dd,= 12.7, 8.8 Hz; 1H),
5.07-5.13 (ddJ = 12.7, 7.2 Hz; 1H), 5.26-5.31 = 7.9 Hz,



1H), 6.89 (s, 1H), 7.01-7.16 (m, 1H), 7.26-7.36 @H),
7.40~-7.52 (m, 3H), 7.61-7.63 (@= 8.2 Hz; 2H).

Representative Procedure for Experimental Detertiimaof
Potential Product Inhibition or Catalyst Deactivati

Two separate reactions were conducted in oven-@5%@ mL
round-bottom flasks charged with 10 mol% catalgs168 M,
0.335 mmol) {-BF;) to which was addedtrans-f-
nitrostyrene (1.68- or 1.00 M; 3.35-, or 2.00 mm@) and
1-methylindole (5.03- or 4.35 M; 10.1- or 8.70 minba)
diluted in 2.0 mL DCM at room temperature underiert
atmosphere. Reaction progress was determinetHbMMR
(CDCls) spectroscopy analyses of aliquots taken peridglica
This involved monitoring the disappearance of tigna at

8.00 ppm for 2a) and appearance of the signal at 5.21 ppm for

the FC alkylated produc64).
Experimental Determination of the Order in Catalyst

Two separate reactions were conducted in oven-@%@ mL
round-bottom flasks charged with either 5- or 10%meata-
lyst (0.084- or 0.168 M; 0.168- or 0.335 mmolygF,) to
which was addedrans-g-nitrostyrene (1.68 M, 3.35 mmol)
(2a) and 1-methylindole (5.03 M, 10.1 mmoB4d] diluted in
2.0 mL DCM at room temperature under an inert aphese.
Reaction progress was determined'HyNMR (CDCL) spec-
troscopy analyses of aliquots taken periodicallyisTinvolved
monitoring the disappearance of the signal at §pth for
(2a) and appearance of the signal at 5.21 ppm forFtheal-
kylated product@a).
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