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ABSTRACT

Chapter 1. Palladium-Catalyzed Fluorination of Cyclic Vinyl Triflates: Dramatic Effect of
TESCF; as an Additive

A method for the synthesis of cyclic vinyl fluorides with high levels of regiochemical fidelity has
been achieved by Pd-catalysis employing a new biarylphosphine ligand and TESCF; as a crucial
additive. Five, six, and seven-membered vinyl triflate substrates, as well as a few acyclic
substrates undergo the transformation successfully. The intriguing “TESCF; effect” provided a
new tool for addressing the problem of the formation of regioisomers in Pd-catalyzed
fluorination reactions.

Chapter 2. Mechanistic Studies on Pd-Catalyzed Fluorination of Cyclic Vinyl Triflates:
Evidence for in situ Ligand Modification by TESC;3 as an additive.

A detailed mechanistic hypothesis for the Pd-catalyzed fluorination of cyclic vinyl triflates, and
the unusual effect of TESCF,; as an additive has been developed by combined experimental and
computational studies. The preference of conducting B-hydrogen elimination rather than
reductive elimination from the trans-LPd(vinyl)F complex, which is generated predominantly
due to the rrans-effect, caused the poor regioselectivity of the fluorination reaction under
TESCF;-free conditions. An in situ ligand modification by trifluoromethyl anion, leading to the
generation of the cis-LPd(vinyl)F complex which prefers reductive elimination rather than f3-
hydrogen elimination, is proposed to be responsible for the improved regioselectivity of the
fluorination reaction when TESCF,; was used as an additive.

Chapter 3. CuH-Catalyzed Enantioselective Alkylation of Indoles with Ligand-Controlled
Regiodivergence

A method for the enantioselective synthesis of either N1- and C3-chiral indoles by CuH-catalysis,
depending on the choice of ligand, was developed. In contrast to conventional indole
functionalization in which indoles are used as nucleophiles, hydroxyindole derivatives are
employed as electrophiles in this method. DFT calculations indicated that the extent to which the
Cu-P bonds of the alkylcopper intermediate distort, determines the regioselectivity of the
reaction.

Thesis Supervisor: Stephen L. Buchwald
Title: Camille Dreyfus Professor of Chemistry
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Chapter 1
Palladium-Catalyzed Fluorination of Cyclic Vinyl Triflates: Dramatic Effect
of TESCF, as an Additive
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1.1 Introduction

Fluorine-substituted olefins constitute a valuable class of compounds of interest for
medicinal chemistry and chemical biology (Scheme 1).'* The alkenyl fluoride group resembles
an amide linkage in terms of both steric demand and charge distribution,” but fluoroalkenes
exhibit substantially enhanced stability towards hydrolysis compared to amides. Moreover, in
contrast to amides, which often exist as equilibrating s-cis and s-trans rotamers, fluoroalkenes
are configurationally stable. As a result, they have been investigated as amide bioisosteres with
improved lipophilicity and metabolic stability in pharmaceutical applications and as tools for

probing the conformational properties of biologically active amides.*

Scheme 1. Representative fluoroalkenes as peptidomimetics.

F oe o
R 2@ Ry @ — Ra'
H‘l)\l/ 3 <: H1./j\r;|/ 3 R1')L|:| 3
R Ry' Re'
Fluoroalkenes Amides
Ra (0]
o, / R
Me, NH HN—y °
NHPG
— F
F NH 7
H
O O N R,
BzHN
Dipeptidy| peptidase IV(CD26) inhibitor mimetics CXCR4 antagonist analogue mimetics
MeO OMe
F
B
F n SN
Bn S
COOH
RHN ; \I/J\HP\COOH Me’N “Me
F  Me NH, 0

EAVSLKPT peptidomimetics  Peptide transporter PEPT1 mimetics Diketopiperazine mimetics

In addition to these applications, fluoroalkenes also serve as versatile starting materials
for a variety of transformations, including the Diels—Alder reaction,™ cyclopropanation,™ and
epoxidation,™ allowing for the construction of other classes of fluorine-containing molecules.
Despite considerable potential, fluoroalkenes are underutilized due to challenges in their
synthesis. Current approaches for their preparation generally require multistep functional group

manipulations or the use of harsh reaction conditions, which limit the functional group
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compatibility of these techniques.®" The development of a mild and general method for
fluoroalkene synthesis would therefore be highly desirable. Due to the challenge of preparing
suitable precursors, cyclic fluoroalkenes are particularly difficult to access using existing

methods, and new methods that provide access to these compounds would be especially useful.

1.2 Results and Discussion

We commenced our study using 4-phenylcyclohexenyl triflate (1a) as the model substrate
(Table 1). Preliminary ligand evaluation showed that catalysts based on 7-BuBrettPhos (L1),
AdBrettPhos (L2), HGPhos (L3), or AlPhos (LL4), which were effective ligands for the

12a—c

fluorination of aryl eletrophiles, “* provided low yields of the desired vinyl fluoride 2a and a
substantial amount of the undesired regioisomer 3a (close to 1:1 ratio, entry 1-4). Replacing the
6-methoxyl group of the ligand with a methyl substituent (L5 and L6) led to improved yields,
indicating that ligand rigidity may be important in this transformation (entries 5, 6).” After
further evaluation of ligands possessing a trimethylmethoxy-substituted top ring (L7 and L8)," a
novel biarylphosphine ligand .8 was found to provide 2a in moderate combined yield (58 %)
though still with poor regioselectivity (1.8 :1; entries 7, 8).

During our investigation of the palladium-catalyzed trifluoromethylation of vinyl

sulfonates,'™

we made the serendipitous discovery that the corresponding vinyl fluoride was
formed as a side product with relatively high regioselectivity (6.3:1, Scheme 2). We
hypothesized that the presence of trifluoromethylsilanes, which were used as CF,” sources in
trifluoromethylation reactions, might be responsible for the improved regioselectivity of the
fluorination process. Indeed, the use of TMSCF,;, TESCF; or TIPSCF, as substoichiometric
additives (30 mol%) drastically improved the regioselectivity (34:1, 73:1, and 4.7:1,
respectively) (Table 1, entry 9-11). Although catalyst based on L6 and L8 gave comparable
results in the absence of the trifluoromethyl silane additive, the yield and regioselectivity
obtained with L8 were considerably higher when TESCF; (30 mol%) was added (entries 6, 8, 10
and 12). Finally, performing the reaction in 2-MeTHF at 90 ° C with L8 as the supporting ligand,
along with a substoichiometric amount of TESCF; afforded the desired product 2a in 74% yield
with excellent regioselectivity (>99:1) (entry 13). In addition to this significant improvement in

regioselectivity, the addition of the TESCF; additive also allowed the reaction to be conducted at

a lower temperature (entry 13 vs. entry 14).
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Table 1. Reaction optimization studies.

oTf [{cinnamyl)PdCl] (2.0 mole) F
Ligand (5.0 mol%) F
KF (2.0 eq.), Additive (30 mol%) N Q/
>
B 1,4-dioxane, 110 °C, 12 h Bh Ph
1a 2a 3a
Entry Ligand Additive 2a (%) 3a (%) 2a/3a
| L1 - 23 21 1.1:1
2 L2 - 18 18 1.0:1
3 L3 - 11 13 0.8:1
4 L4 - 19 19 1.0:1
5 LS ~ 27 20 1.4:1
6 L6 - 37 19 1.9:1
7 L7 - 23 20 1.2:1
8 L8 — 37 21 1.8:1
9 L8 TMSCF, 68 2 34:1
10 L8 TESCF; 73 1.0 73:1
11 L8 TIPSCF; 47 10 4.7:1
12 L6 TESCF,; 57 50 11:1
13° L8 TESCF, 74 0.4 >99:1
14° L8 7 4.0 1.8:1

“Reactions were run at 0.1 mmol scale. Yields were determined by '"F NMR analysis of the

crude reaction mixture using I-fluoronaphthanlene as an internal standard. "2-MeTHF, 90 °C.
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Scheme 2. Fluorinated side products generated in the palladium-catalyzed

trifluoromethylation reaction.

CF4 F
oTf [(cinnamy!)PdCl], (2.0 mol%) F
-BuXPhos (5.0 mol%) + +
KF (2.0 eq.), TESCF4 (100 mol%)
Ph 1,4-dioxane, 110°C, 12 h Ph Ph Ph
4a 2a 3a
1a 14% 19% 3%

We subsequently examined the substrate scope using these optimized reaction conditions,
and found this protocol to be applicable to the fluorination of a variety of 1,2-disubstituted cyclic
vinyl triflates (Table 2). In addition, the fluorination of 1,22 2-trisubstituted vinyl triflates, for
which regioisomer formation is not an issue,'* was possible with L3 as the ligand and CsF as the
fluoride source. TESCF; was not required for these processes. Interestingly, our new ligand (L8)
developed for vinyl triflate 1a, did not perform well for 1,2 2-trisubstituted vinyl triflates, which

likely stems from its sterically encumbered nature.

1-Cyclohexenyl triflates with substituents at the 4-(2a and 2c), 3-(2e) or 2-(2b) position
were all excellent substrates (Table 2, n = 1). Benzofused (2f) and oxygen-containing six-
membered cyclic triflates (2g) were compatible as well. Moreover, the method could be used to

access fluorinated analogues of biologically active terpene and steroid derivatives (2h, 2i and 2j).
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In the case of 1j, isomerization of the terminal double bond to the more thermodynamically

stable internal position occurs under these reaction conditions.

In general, the fluorination of 1-cyclopentenyl triflates was more difficult, presumably
due to the higher energy barrier for C—F reductive elimination from the respective palladium(II)
complex (Table 2, n = 0)." Thus, vinyl triflate 1k without additional substitution on the double
bond provided the desired cyclopentenyl fluoride in low yield. However, substrates possessing
an additional substituent at the 2-position reacted efficiently to provide the corresponding cyclic

vinyl fluorides in good to excellent yields (21, 2m and 2n).

Although I-cycloheptenyl triflate 10 was fully consumed under these conditions, the
fluorinated product was not obtained (Table 2, n = 2). GC/MS analysis of the crude reaction
mixture indicated the formation of the corresponding alkyne or allene product, implying that the
vinyl triflate starting material decomposed through (3-hydrogen elimination. Consistent with this
hypothesis, seven-membered cyclic vinyl triflates without f-hydrogen atoms were fluorinated in

good yields (2p, 2q and 2r).

A variety of functional groups were tolerated in this transformation, including an acetal
(2d), a nitrile (2I), a trifluoromethyl group (2m), an amide (2n) and a nitro group (2r).
Heterocycles, including an indole (2e), a pyrimidine (2q) and a pyridine (2p) were also

compatible.

The fluorination of acyclic 1-substituted vinyl triflates 1s was unsuccessful, presumably
as a result of competitive §-hydrogen elimination. More highly substituted vinyl triflates without

[-alkenyl hydrogen atoms were successfully fluorinated (1t and 1u).

The formation of side-products is an important factor affecting the synthetic utility of a
fluorination reaction due to the challenges often encountered during the separation of fluorinated
products from side-products with similar physical properties. Thus, careful analysis of the crude
reaction mixture in this fluorination protocol was performed. Generally speaking, the
corresponding reduction product was formed in less than 0.5% in all cases while the
corresponding vinyl chloride was formed in 2.5%-0.5%. Although the entries in Table 2 could all
be purified to >99.5% purity by column chromatography, conditions that would avoid the
formation of the vinyl chloride side product would significantly simplify purification of the

desired vinyl fluoride.
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Table 2. Palladium-catalyzed fluorination of cyclic vinyl triflates.

[(cinnamyl)PdCI], (2.0 mol%)

oTf Ligand F
R KF (2.0 eq.), TESCF3 (30 mol%) R
n ~ n

1 2-MeTHF (0.2 M), 90 °C, 12 h 9
n=1
F
F
F
()«
~
W 0
O CsHyq
2a 2bb 2c 2d 2e 2f 2907

71%, L8 86%, L8 74%, L8 76%, L8 72%, L8 73%, L8 72%, L3

Me Me“

3 Me
F Me M M
Mé °Me a4 MO e JL
i . F TfO
2h? 2if gj 1]
69%, L1 84%, L8 41%, L8
n=0 F
F
g F (N
= SOUERS
0 0
CF
® o
2k9 21 2m? 2n®
16%, L8 88%, L3 93%, L3 81%, L3

W=E Me OMe NO,

20 2pb,e1f qu,e,f 2rb,e,f
0%, L8 85%, L3 78%, L3 75%, L3

“Isolated yields are reported as an average of two runs on 1.0 mmol scale. "Reaction conditions:
[(cinnamyl)PdCI], (2.0 mol%), ligand (5.0 mol%), CsF (2.0 equiv), 2-MeTHF, 90 °C, 12 h. “t-
BuBrettPhos as the ligand. “In 1 4-dioxane. ‘In toluene.’110 °C. #130 °C.
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Table 3. Palladium-catalyzed fluorination of acyclic vinyl triflates.

1 1
H [(cinnamyl)PdCl], (2.0 mol%) R
joﬁ/OTf Ligand RQJ\I/ F
v CsF (2.0 eq.) ’

2-MeTHF (0.2 M), 90 °C, 12 h

2s 2t 2ub
0%, L3 72%, L1 79%, L3

“Isolated yields are reported as an average of two runs on 1.0 mmol scale. “110 °C.

Towards this goal, the use of precatalysts of the form [(1,5-cyclooctadiene)(LPd),]| that
activate with minimal generation of reactive or other undesired byproducts were investigated. In
the case of vinyl triflates for which regioisomer formation is not a concern, the use of the L3-
derived precatalysts of this type in place of L3/[(cinnamyl)PdCl|, was found to provide
comparable or superior yields without formation of vinyl chloride (Table 4, 2m and 2p).
However, because of the large size of L8, the corresponding precatalysts based on L8 could not
be prepared. Therefore, for fluorination reactions employing L8, a modified reaction protocol
employing a “sacrificial” vinyl triflate was developed. We found that preheating the reaction
mixture with cyclohexenyl triflate (2v) (50 mol%) as the “sacrificial” vinyl triflate for one hour
prior to the addition of the vinyl triflate starting material led to improved yields (Table 4, 2a, 2f,
2i). The volatile fluorination and chlorination products derived from 2v could be easily removed
in vacuo. Using this protocol, the corresponding vinyl chloride coming from the vinyl triflate
starting material was not detected by GC analysis of the crude reaction mixtures. Moreover,

yields obtained using this protocol were generally higher than those obtained previously.
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Table 4. Modified fluorination reaction protocol without the generation of chlorination side
products.

Ligand = HGPhos

H1 R?
RgJ\rOTf HGPhos precatalyst HgJﬁ/F L=Pd— —Pd—L

H CsF (2.0 eq.) .'
: 3 : 3
e - L L = HGPh

B 2-MeTHF (0.2 M), 90 °C, 12 h ) N =

1 2 HGPhos precatalyst
F N._-Me
F e
8! S
O o9
zm zpb.C
92% (93%)¢ 95% (85%)?
Ligand = L8
1
Preheat R
s ~ oy O
oTf . R
[(cinnamyl)PdCl], (2.0 mol%) : R3 R
L8 (5.0 mol%), KF (2.0 eq.) L ~ _F
TESCF; (30 mol%) 1 s R2
- - R3
50 mol% 2-MeTHF, 90 °C
2v 90°C,12h
L 1h ) 2
F

Me,

- S
MeO F Me

e :

2a 2f 2i
85% (71%)9 79% (73%)° 88% (84%)°7

“Isolated yields are reported as an average of two runs on 1.0 mmol scale. “In toluene. ‘110 °C.

“Yield when conducted under previous reaction conditions.
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1.3 Conclusion

(o8

In summary, we have deveioped a method for paliadium-catalyze
triflates for the synthesis of cyclic fluoroalkenes. High levels of regiochemical fidelity of this
reaction were achieved by employing a new biarylphosphine ligand L8 and TESCF; as a crucial
additive. The reaction exhibited good functional group tolerance and proceeded efficiently for
five, six and seven-membered vinyl triflate substrates, as well as a few acyclic substrates. As the
synthesis of cyclic vinyl fluorides using existing methods is problematic due to the lack of
availability of starting materials and limited functional group compatibility of the existing
methods, our palladium-based protocol is complementary to these previously developed
processes.”™ ™ The intriguing “TESCF, effect” has provided us with a new tool for addressing
the problem of the formation of regioisomers in palladium-catalyzed fluorination reactions of
vinyl triflates. Studies are undergoing to gain a detailed mechanistic understanding of this

phenomenon.

1.4 Experimental

General Reagent Information: 2-Methyltetrahydrofuran (2-MeTHF) and dioxane were
purchased from Sigma-Aldrich in Sure-Seal™ bottles and used as received. CDCl; and THF-d,
were purchased from Cambridge Isotope Laboratories, Inc. Cesium fluoride (CsF) (99.9%) was
purchased from Strem and dried at 180 °C under vacuum for 48 h. The dried CsF was then
transferred to a nitrogen-filled glove box where it was thoroughly ground using an oven-dried
mortar and pestle. The finely ground CsF was then filtered through a 45 wm stainless-steel sieve
(purchased from Cole Parmer) to obtain CsF with particle size of < 45 um."” Potassium fluoride
(KF) (99.0%) was purchased from Sigma-Aldrich and dried using the procedure described for
CsF. Silver(l) fluoride (AgF) (98%) was purchased from Strem and used as received. The
preparations of r-BuBrettPhos (1), AdBrettPhos (L2), HGPhos (1.3), AlPhos (LL4), L5 and L6
have been previously described.” All other reagents were purchased from commercial sources

and used as received.

General Analytical Information: Compounds were analyzed by 'H, "C, "°F, and *'P NMR,
where appropriate. All '°F NMR yields stated for fluorination reactions are calculated from F

NMR spectra relative to an internal standard of 1- fluoronaphthalene (-124 ppm). 'H, °C, and °F
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NMR spectra were recorded on a Varian Inova-500 MHz spectrometer, a Bruker Avance-400
MHz spectrometer, and a Varian Mercury-300 MHz spectrometer. 'H and "“C spectra were
calibrated using residual solvent as an internal reference (CDCl;: 8 7.26 ppm and & 77.16 ppm,
respectively). '’F NMR spectra were calibrated to an external standard of neat CFCl, (8 0.0
ppm). *'P NMR spectra were calibrated to an external standard of H,PO, (8 0.0 ppm). Elemental
analyses were performed by Atlantic Microlabs Inc., Norcross, GA, USA. HRMS was recorded
on a Bruker Daltonics APEXIV 4.7. Tesla Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR-MS). The following abbreviations were used to explain multiplicities: s =
singlet, bs = broad singlet, d = doublet, t = triplet, pt = pseudotriplet, q = quartet, p = pentet, m =
multiplet. Melting points were obtained using a Stanford Research Systems EZ-Melt melting

point apparatus.

1.4.1 Synthesis of L7

(OMNeI)
(OMe) ©
Me Me
Br CuC! (1.0 eq.)
Cy Cy 1) Mg (2.0 eq.), dibromoethane, THF, 60 °C N CIPAd, (1.2 eq.) . Me PAd,
o o c c
2) OMe THF toluene Y Y
Me Me 75°C,12h
Cy 1.0 eq.
Me Br Cy
Br L7

An oven-dried 100 mL three-neck round-bottom flask, was equipped with a stir bar and charged
with Mg shavings (0.552 g, 23.0 mmol), then fitted with a reflux condenser, a glass stopper, and
a rubber septum. The flask was purged with argon, and 2-bromo-1,3,5-tricyclohexylbenzene
(4.04 g, 10.0 mmol) and anhydrous THF (20 mL) were added. The reaction mixture was heated
to 60 °C, and 1,2-dibromoethane (25 pl.) was added via syringe. The reaction mixture was
stirred at 60 °C for an additional 1.5 h. 1,2-dibromo-4-methoxy-3,5,6-trimethylbenzene (3.08 g,
10.0 mmol) was added to the reaction mixture under a positive pressure of argon. After the
addition was complete, the reaction mixture was sti.rred at 60 °C for an additional 1.5 h. The
reaction mixture was cooled to room temperature, CuCl (0.990 g, 10.0 mmol) and CIP(Ad),
(4.04 g, 12.0 mmol) were quickly added under a stream of argon, followed by toluene (20 mL).
The reaction mixture was heated at 75 °C for 24 h. The reaction mixture was cooled to room
temperature, diluted with Et,0, washed with 30% NH,OH (50 mL x 3), dried over MgSQ,,

filtered and concentrated under reduced pressure to give a pale yellow oil. The crude material
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was triturated in MeOH with the aid of a sonication bath until a milky white suspension formed.
The suspension was filtered and washed with additional MeOH to give crude L7 as a fine white
powder (~ 80% purity by *'P NMR). To obtain crystalline material, the white powder was
recrystallized from EtOAc¢/MeOH. First crop: 2.32 g. Second crop: 1.47 g. (combined 3.79 g,
49% yield, regioisomer ratio: 1:0.73). '"H NMR (400 MHz, CDCl,) 8 6.91/6.89 (s, 2H), 3.75/3.69
(s, 3H), 2.62/2.60 (s, 3H), 2.50 (m, 1H), 2.29/2.21 (s, 3H), 2.10 — 0.85 (m, 65H) ppm. "C NMR
(101 MHz, CDCl,) 6 157.1, 155.2,150.2, 149.8, 147.1, 146.6, 146.1, 146.0, 145.5, 1452, 141 .6,
138.1, 1379, 1356, 134.0, 133.8, 1294, 128 4, 126.6, 121.6, 121.5,59.6,59.3,44.6,44.5,42 6,
424,42.1,420, 39.1, 389, 36.9,36.2,36.0,34.7,33.3,33.2,293,292,274,273,272,27.1,
26.8,26.6,264,22.5,20.6,17.3, 134, 13.3 ppm. (Observed complexity is due to the mixture of
two isomers and C-P coupling)*'P NMR (162 MHz, CDCl;) & 43 .43, 43.16 ppm. IR (thin film)
2902, 2848, 1447, 1374, 1300, 1206, 1085, 904, 728, 649 cm'. m.p. 231 °C. HRMS (ESI) m/z
calcd. for C3HxF,OP" [M+H|": 773.5785; found 773.5771.

1.4.2 Synthesis of L8
{Me)
(ome) §Me
Me Me
Br CuCl (1.0 eq.) O
1) Mg (2.0 eq.), dib thane, THF, 60 °C CIP(+-Bu), (1.2 eq.
Cy Cy ) Mg (2.0 eq.), dibromoethane, N (+Bu), ( qL Me P(£BU),
o o c c
2) OMe THE y y
Me Me 75°C, 12 h
Cy 1.0eq.
Me Br Cy
Br L8

An oven-dried 100 mL three-neck round-bottom flask, which was equipped with a stir bar and
charged with Mg shavings (0.552 g, 23.0 mmol), then fitted with a reflux condenser, a glass
stopper, and a rubber septum. The flask was purged with argon, and then 2-bromo-1,3,5-
tricyclohexylbenzene (4.04 mL, 10.0 mmol) and anhydrous THF (20 mL) were added. The
reaction mixture was heated to 60 °C, and 1,2-dibromoethane (25 pl) was added via syringe.
The reaction mixture was stirred at 60 °C for an additional 1.5 h. 1,2-dibromo-4-methoxy-3,5,6-
trimethylbenzene (3.08 g, 10.0 mmol) was added to the reaction mixture under a positive
pressure of argon. After the addition of was complete, the reaction mixture was stirred at 60 °C
for an additional 1.5 h. The reaction mixture was cooled to room temperature, CuCl (0.990 g,
10.0 mmol) and CIP(z-Bu), (2.4 mL, 12.0 mmol) were added. The reaction mixture was heated to
reflux at 75 °C for 12 h. The reaction mixture was cooled to room temperature, diluted with

Et,O, washed with 30% NH,OH (50 mL x 3), dried over MgSO,, filtered and concentrated under
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reduced pressure to give a pale yellow oil. The crude material was triturated in MeOH with the
aid of a sonication bath until a milky white suspension formed. The suspension was filtered and
washed with additional MeOH to give crude L8 as a fine white powder (~ 80% purity by *'P
NMR). To obtain crystalline material, the white powder was recrystallized from EtOAc/MeOH.
First crop: 1.60 g. Second crop: 1.23 g. (combined 2.83 g, 46% yield, regioisomer ratio: 1:1.2).
'H NMR (400 MHz, CDCl;) & 6.91/6.90, (s, 2H), 3.73/3.66 (s, 3H), 2.56/2.53 (s, 3H), 2.53 —
243 (m, 1H), 2.27/2.20 (s, 3H), 2.04 — 1.80 (m, 8H), 1.78/1.76 (s, 3H), 1.75 — 1.11 (m, 22H),
1.10 — 1.07 (m, 18H), 1.05 - 0.85 (m, 2H) ppm. "C NMR (101 MHz, CDCl,) & 1574, 155.5,
1498, 1493, 146.5, 146.2, 146.1, 146 .0, 1453, 1453, 145.0, 141 4, 138.0, 1379, 1377, 137 .6,
136.1, 135.7, 135.6, 1337, 133.6, 1332, 129.8, 1284, 128.3, 127.0, 121.7, 121.6, 59.5, 594,
446,420,419,359,358,34.7,342,34.1,339,33.8,334,333,326,325,324,273,273,
27.1,269,26.7,26.5,264,26.0,21.6,20.7,20.6,17.2, 13.3, 13.2 ppm. (Observed complexity is
due to the mixture of two isomers and C-P coupling).’'P NMR (162 MHz, CDCIl;) 8 38.15,
37.71 ppm. IR (thin film) 2920, 2849, 1606, 1558, 1444, 1373, 1359, 1207, 1085, 1000, 861 cm’
'.m.p. 189-191 °C. EA Calcd. for C,,HOP: C, 81.77; H, 10.62. Found: C, 82.01; H, 10.79.

1.4.3 General procedure for the synthesis of vinyl triflates
Vinyl triflates 1a", 1b*, 1¢*', 1d", 1e*, 1f'°, 1h*', 1i"®, 1j'°, 1t and 1u* have been previously
described.

General procedure for the synthesis of 1g, 11, Im, 1n, 1p, 1q and 1r.

R o
R?JYO 1) NaH, DMF, 0°C, 2 h RzJ\rOTf
:' R3 2) PhNTf,, rt, overnight . :: RO
! 2

To a suspension of sodium hydride (95%, 0.32 g, 1.2 eq.) in DMF (20 mL) cooled to 0 °C in an
ice/water bath, was added dropwise a solution of the corresponding ketone (10 mmol) in DMF
(20 mL). The mixture was stirred for 2 h at ambient temperature. Then, N-phenyl-
bis(trifluoromethanesulfonimide (3.9 g, 1.1 eq.) was added and the mixture was stirred
overnight. The reaction mixture was extracted with Et,O, the combined organic layers were
washed with saturated NH,CI (aq), water, brine, dried over Mg,SO,, and filtered. The solvents

were removed in vacuo and the residue purified by flash chromatography.
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S-phenyl-3,6-dihydro-2H-pyran-4-yl triflouromethanesulfonate (1g)

oTf The general procedure was followed using 3-phenyltetrahydro-4H-pyran-4-one (2.12
(\/(P“ g, 12 mmol), NaH (0384 g 144 mmol), and N-phenyl-
0 bis(trifluoromethanesulfonimide (4.71 g, 132 mmol). Silica gel column
19 chromatography (10:1 Hexanes:EtOAc) yielded the title product as a colorless oil.

(0.740 g,20 %). 'H NMR (400 MHz, CDCl,) & 7.50 — 7.33 (m, 3H), 7.32 — 7.23 (m, 2H), 4.42 (t,
J=26Hz,2H),4.00 (t,J =55 Hz, 2H), 2.64 (tt, J = 5.4, 2.6 Hz, 2H) ppm. *C NMR (101 MHz,
CDCly) & 140.3, 13222, 130.1, 128.8, 128.6, 128.3, 118.1 (q, J = 321.2 Hz), 68.5 (t, J = 8.0 Hz),
64.47,28.3 ppm. "“F NMR (376 MHz, CDCl,) & -75.00 ppm. IR (thin film) 2863, 1699, 1414,
1202, 1137, 1107, 1042, 988, 870, 823, 759, 697, 598 cm”. HRMS (DART) m/z calcd. for
C,,H,sF;NO,S* [M+NH,]|": 326.0668; found 326.0670.

2-(3-cyanophenyl)cyclopent-1-en-1-yl triflouromethanesulfonate (11)
OTf cn The general procedure was followed using the 3-(2-
‘ O oxocyclopentyl)benzonitrile® (0.93 g, 5.0 mmol), NaH (0.25 g, 9.5 mmol),
and N-phenyl-bis(trifluoromethanesulfonimide (2.3 g, 6.5 mmol). Silica gel
b column chromatography (10:1 Hexanes:EtOAc) yielded the title product as a
orange oil. (1.1 g, 70 %). 'H NMR (400 MHz, CDCl;) 6 7.82 — 7.66 (m, 2H), 7.63 — 7.57 (m,
1H),7.54 - 7.46 (m, 1H), 3.00 — 2.72 (m, 4H), 2.13 (m, 2H) ppm. "C NMR (101 MHz, CDCl,)
0145.0,133.8,131.6,130.3,1299,127.0,1184, 1183 (q,J = 3222 Hz), 122.9,32.4,31.7, 193
ppm. "°F NMR (376 MHz, CDCl,) § -74.22 ppm. IR (thin film) 2965, 2231, 1662, 1418, 1205,
1135, 958, 848, 798, 603 c¢cm'. HRMS (DART) m/z calcd. for C,;H,F,N,O,S" [M+NH,|":

335.0672; found 335.0687.

2-(4-(trifluoromethyl)phenyl)cyclopent-1-en-1-yl triflouromethanesulfonate (1m)

The  general  procedure  was  followed  using the 2-(4-

OTf
(trifluoromethyl)phenyl)cyclopentan-1-one® (1.1 g, 5.0 mmol), NaH (0.25
CF
’ g, 9.5 mmol), and N-phenyl-bis(trifluoromethanesulfonimide (2.3 g, 6.5
1m

mmol). Silica gel column chromatography (10:1 Hexanes:EtOAc) yielded
the title product as a orange oil. (1.5 g, 82 %). 'H NMR (400 MHz, CDCl,) 8 7.71 — 7.53 (m,
4H), 3.01 — 2.75 (m, 4H), 2.13 (m, 2H) ppm. "C NMR (101 MHz, CDCL;) 8 144.8, 1359, 130.1
(d,J =323 Hz),127.9,127.6, 1254 (q,J =40 Hz), 1239 (q,J =272.7 Hz), 1184, 1182 (q,J =
3212 Hz), 1129, 324,315, 19.3 ppm. "°’F NMR (376 MHz, CDCl,) § -62.79, -74.23 ppm. IR
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(thin film) 2962, 1662, 1619, 1421, 1324, 1209, 1123, 1075, 1058, 1016, 936, 839, 604 cm''.
HRMS (DART) m/z caled. for C,;H ,F,NO;S* [M+NH,|": 378.0593; found 378.0584.

2-(4-(diethylcarbamoyl)phenyl)cyclopent-1-en-1-yl triflouromethanesulfonate (1n)

OTf The general procedure was followed using the NN-diethyl-4-(2-
‘_._<“Et2 oxocyclopentyl)benzamide™ (3.6 g, 14 mmol), NaH (0.709 g, 26.6
‘ Q 0 mmol), and N-phenyl-bis(trifluoromethanesulfonimide (6.50 g, 18.2

in mmol). Silica gel column chromatography (1:1 Hexanes:EtOAc) yielded
the title product as a orange solid. (5.2 g, 94 %). '"H NMR (400 MHz, CDCl,) § 7.57 - 745 (d, J
= 8.0 Hz, 2H), 7.45 - 7.33 (d, J = 8.0 Hz, 2H), 3.79 — 3.05 (m, 4H), 3.01 — 2.66 (m, 4H), 2.16 —
2.04 (m 2H), 1.35 — 1.00 (m, 6H) ppm. "C NMR (101 MHz, CDCL,) § 170.7, 143.8, 1370,
133.2, 1284, 1274, 1266, 118.3 (q,J = 321.2 Hz),43.3,39.3,32.3,31.6,19.3, 142, 129 ppm
(Observed complexity is due to amide rotamers). '°’F NMR (376 MHz, CDCl;) & -74.31 ppm. IR
(thin film) 2979, 2939, 1622, 1414, 1202, 1136, 1061, 933, 840, 764, 607 cm'. m.p. 50-52 °C.
HRMS (DART) m/z calcd. for C;H, F;NO,S* [M+H[": 392.1138; found 392.1156.

8-(2-methylpyrimidin-5-yl)-6,7-dihydro-5H-benzo[7]Jannulen-9-yl
triflouromethanesulfonate (1p)

OMe The general procedure was followed using the 6-(2-methylpyrimidin-5-

o /\\N yD)-6,7 8 9-tetrahydro-5H-benzo|7 Jannulen-5-one** (2.82 g, 11.2 mmol),
NaH (0.568 g, 213 mmol), and N-phenyl-

O‘ - bis(trifluoromethanesulfonimide (5.21 g, 14.6 mmol). Silica gel column
1q chromatography (1:1 Hexanes:EtOAc, 1% triethylamine) yielded the title

product as a white solid. (3.66 g, 85 %). 'H NMR (400 MHz, CDCl,) §
8.74 (s, 2H),7.57 - 7.52 (m, IH), 741 - 7.36 (m, 2H), 7.34 — 7.29 (m, 1H), 2.87 (t,J = 7.1 Hz,
2H), 2.79 (s, 3H), 2.43 (p, J = 7.1 Hz, 2H), 224 (t,J = 7.1 Hz, 2H) ppm. “C NMR (101 MHz,
CDCl,) 6 167.5, 1559, 142.6, 141.1, 133.0, 1304 129.3, 129.0, 127.7, 127.2, 126.7, 118.0 (q, J
= 3222 Hz), 349, 31.6, 30.8, 25.9 ppm. "’F NMR (376 MHz, CDCl,) § -74.35 ppm. IR (thin
film) 2956, 2870, 1582, 1538, 1485, 1450, 1412, 1232, 1206, 1138, 962, 854, 803,775,607 cm™".
m.p. 108-110 °C. HRMS (DART) m/z calcd. for C;H,(F;N,O,S* [M+H|": 385.0859; found
385.0828.
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8-(4-nitrophenyl)-6,7-dihydro-5H-benzo[7]annulen-9-yl triflouromethanesulfonate (1r)
NO, The general procedure was followed using the 6-(4-nitrophenyl)-6,7,8.9-
o Q tetrahydro-5H-benzo|7 |annulen-5-one* (5.6 g, 20 mmol), NaH (0.96 g,
38 mmol), and N-phenyl-bis(trifluoromethanesulfonimide (9.3 g, 26
O‘ mmol). Silica gel column chromatography (10:1 Hexanes:EtOAc)
i yielded the title product as a white solid. (7.4 g, 90 %). 'H NMR (400
MHz, CDCl,) 6 8.37 — 8.24 (m, 2H), 7.72 — 7.59 (m, 2H), 7.60 — 7.50 (m, 1H), 7.46 — 7.36 (m,
2H), 7.33 (m, 1H), 290 (t, J = 7.1 Hz, 2H), 247 (p, J = 7.1 Hz, 2H), 2.29 (t, J = 7.2 Hz, 2H)
ppm. “C NMR (101 MHz, CDCl,) & 147.3, 1447, 1419, 1410, 133.1, 132.3, 130.3, 1294,
1293, 1272, 126.7, 1237, 1179 (q, J = 322.2 Hz), 35.2, 31.5, 31.1 ppm. °’F NMR (376 MHz,
CDCl;) 6 -74.43 ppm. IR (thin film) 2955, 2867, 1640, 1593, 1511, 1416, 1340, 1210, 1135,
1012, 998, 964, 855, 698, 601 cm”.m.p. 140 °C. HRMS (DART) m/z calcd. for C gH sF;N,O.S*

[M+NH,]": 431.0883; found 431.0869.

1.4.4 General procedure for palladium-catalyzed fluorination of vinyl triflates
1
R [(cinnamyl)PdCl], (2.0 mol%) A
HzJ\(OTf Ligand RzJ\rF
. s KF/CsF (2.0 eq.), TESCF3 (30 mol%) ;
"R > “

1 2-MeTHF (0.2 M), 90 °C, 12 h )

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisher 20 x 125 mm tubes — Cat. No.
1495937A) equipped with a stir bar, was charged successively with [(cinnamyl)PdCl}, (2.0
mol%, 4.0 mol% Pd), ligand (5.0 mol%), fluoride source (2.0 eq.), vinyl triflate (1.0 mmol, 1.0
eq.) and 5 mL of the reaction solvent. If the vinyl triflate was a liquid, 5 mL of the reaction
solvent was added, followed by the triflate. TESCF, was then added via a micro syringe if
needed. The reaction tube was sealed with a screw cap (CLOSURE OT S/T 18-400TH 14, Cat.
No. 033407G) containing a Teflon septa (Thermo Scientific SPTA PTFE/SIL F/18-400 10, Cat.
No. 03394B), and the reaction tube was removed from the glovebox, and vigorously stirred at 90
°C for 12 h. The reaction mixture was cooled to room temperature, filtered through a pad of
silica gel, eluting with Hexanes or EtOAc and concentrated with the aid of a rotary evaporator.

The crude material was purified by silica gel chromatography.
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Modified reaction procedure (A) using HGPhos precatalyst:

HT R1 /\
RgJﬁ/OTf HGPhos precatalyst RZJ\(F L‘Pd_U_Pd—L
L CsF (2.0 eq.) 1 fo
s L = HGPhos
2-MeTHF (0.2 M), 90°C, 12 h
1 ( ) 2 HGPhos precatalyst

The general procedure was followed except for the use of L3 precatalyst (4.0 mol% Pd) instead

of [(cinnamyl)PdCl], and the ligand.

Modified reaction procedure (B) using a sacrificial vinyl triflate 2v:

;
Preheat i
™~ U OTf
( ot . R?‘J\(
[(cinnamyl)PdCl], (2.0 mol%) : B3 Rt
L8 (5.0 mol%), KF (2.0 eq.) S ~ F
TESCF; (30 mol%) i ] R?
> - R?
50 mol% 2-MeTHF, 90 °C
ov h 90°C, 12h )

\ J

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisher 20 x 125 mm tubes — Cat. No.
1495937A) equipped with a stir bar, was charged successively with |(cinnamyl)PdCl], (2.0
mol%), ligand (5.0 mol%), fluoride source (2.0 eq.) and 5 mL of the reaction solvent.
Cyclohexenyl triflate 2v (0.50 mmol, 0.5 eq.) and TESCF; (0.055 mL, 0.30 mmol) was then
added via a micro syringe, respectively. The reaction tube was sealed with a screw cap
containing a Teflon septa, removed from the glovebox, and the reaction mixture was vigorously
stirred at 90 °C for 1 h. The reaction mixture was cooled to room temperature and transferred
into the glovebox. The vinyl triflate (1, 1.0 mmol, 1.0 eq.) was added. The reaction mixture was
sealed again and removed from the glovebox and vigorously stirred at 90 °C for 12 h. After
completion, the reaction mixture was allowed to cool to rt, filtered through a pad of silica gel,
eluting with Hexanes or EtOAc and concentrated with the aid of a rotary evaporator. The crude

material was purified by silica gel chromatography.

Compounds 2a™, 2b*, racemic 2h*’, 2m® and 2u® have been previously described. Compound

1v was purchased from commercial sources and used as received.
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4-fluoro-1,2,3,6-tetrahydro-1,1'-biphenyl (2a) was prepared according to general procedure
F using |(cinnamyl)PdCl}, (0.010 g, 0.020 mmol), L8 (0.031 g, 0.050 mmol), 1,2,3.6-
tetrahydro-| I,1'-biphenyl |-4-yl trifluoromethanesulfonate (0.31 g, 1.0 mmol), KF (0.12

g, 2.0 mmol), TESCF; (55 pL, 30 mmol%) in 2-MeTHF (5 mL) at 90 °C for 12 h. The
Ph

2a
white solid (Run 1: 129 mg, 73%; Run 2: 120 mg, 68%). '"H NMR (400 MHz, CDCl,) 6 7.43 —

7.36 (m, 2H),7.35 — 7.27 (m, 3H), 5.35 (m, 1H), 2.92 — 2.82 (m, 1H), 2.55 — 2.25 (m, 4H), 2.15
— 1.94 (m, 2H) ppm. *C NMR (101 MHz, CDCL,) & 159.7 (d, J = 255.5 Hz), 145.7 (d, J = 2.0
Hz), 128.5,126.9, 126 4, 101.7 (d, J = 15.9 Hz), 39.7 (d, J = 2.0 Hz), 30.7 (d, J = 8.3 Hz), 29.6
(d,J =93 Hz),26.0 (d, J = 242 Hz) ppm. '°F NMR (376 MHz, CDCl,) & -103.23 ppm. IR (thin
film) 3027, 2922, 2845, 1704, 1495, 1373, 1126, 818, 754, 698 cm’". EA Calcd. for C,HsF: C,
81.78; H, 744. Found: C, 81.76; H, 7.40.

crude material was purified by silica gel chromatography (Hexanes) to provide 2a as a

6-fluoro-2,3,4,5-tetrahydro-1,1'-biphenyl (2b) was prepared according to general procedure
F using [(cinnamyl)PdCI|, (0.010 g, 0.020 mmol), L.3 (0.039 g, 0.050 mmol), 3.4,5,6-
©/Ph tetrahydro-| I,1'-biphenyl|-2-yl trifluoromethanesulfonate (0.31 g, 1.0 mmol), CsF
(0.30 g, 2.0 mmol) in 2-MeTHF (5 mL) at 90 °C for 12 h. The crude material was
20 purified by silica gel chromatography (Hexanes) to provide 2b as a white solid (Run
I: 144 mg, 82%; Run 2: 157 mg, 89%). 'H NMR (400 MHz, CDCl;) 6 7.57 = 7.51 (m, 2H), 7.49
- 741 (m, 2H), 741 —7.28 (m, 1H), 256 — 249 (m, 2H), 2.49 — 242 (m, 2H), 1.96 — 1.87 (m,
2H), 1.87 — 1,78 (m, 2H) ppm. EA Calcd. for C,,H;F: C, 81.78; H, 7.44. Found: C, 81.75; H,
7.26.

1-fluoro-4-pentylcyclohex-1-ene (2c) was prepared according to general procedure using
F [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.031 g, 0.050 mmol), 4-
pentylcyclohex-1-en-1-yl trifluoromethanesulfonate (0.30 g, 1.0 mmol), KF (0.12 g,2.0

mmol), TESCF; (55 pL, 30 mmol%) in 2-MeTHF (5 mL) at 90 ° C for 12 h. The crude

CsHyy
2c
colorless oil (Run 1: 117 mg, 69%; Run 2: 132 mg, 78%).'H NMR (400 MHz, CDCl,) & 5.13

(m, 1H), 2.30 — 2.05 (m, 3H), 1.89 — 1.78 (m, 1H), 1.73 — 1.63 (m, 1H), 1.55 — 1.44 (m, 1H),

1.45 — 1.20 (m, 9H), 090 (t, J = 6.8 Hz, 3H) ppm. "C NMR (101 MHz, CDCl,) & 1599 (d, J =

2545 Hz), 1014 (d,J =15.1 Hz),35.8 (d,/=22Hz),33.3(d,/J=19Hz),32.3,293 (d,/J =8.1

Hz), 289 (d, J = 9.1 Hz), 264 (d, J = 1444 Hz), 254,229, 143 ppm. °F NMR (376 MHz,
28

material was purified by silica gel chromatography (Hexanes) to provide 2¢ as a



CDCl;) & -103.56 ppm. IR (thin film) 2955, 2922, 2855, 1705, 1456, 1376, 1138, 1110, 815,777,
667 cm™. HRMS (DART) m/z calcd. for C,,H," IM-F[": 151.1481; found 151.1493.

9-fluoro-3,3-dimethyl-1,5-dioxaspiro[5.5]undec-8-ene (2d) was prepared according to general
F procedure using [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.031 g, 0.050 mmol),
3,3-dimethyl-1,5-dioxaspiro|5.5 Jundec-8-en-9-yl trifluoromethanesulfonate (0.33 g,

<5 1.0 mmol), KF (0.12 g, 2.0 mmol), TESCF; (55 pL, 30 mmol%) in 2-MeTHF (5 mL)

at 90 °C for 12 h. The crude material was purified by silica gel chromatography (40:1
Me” Me  Hexanes:EtOAc to 30:1 Hexanes:EtOAc) to provide 2d as a yellow oil (Run 1: 146
2d mg, 73%; Run 2: 158 mg, 79%). 'H NMR (400 MHz, CDCl,) § 5.07 — 5.00 (m, [H),
3.55(d,J =12.0 Hz, 2H), 3.50 (d, J = 12.0 Hz, 2H), 2.43 — 2.36 (m, 2H), 2.31 — 2.23 (m, 2H),
2.08 —2.03 (m, 2H), 1.01 (s,3H), 0.94 (m, 3H) ppm. "C NMR (101 MHz, CDCl,) 8 158.9 (d, J
=255.5Hz),98.3 (d,J=18.7 Hz),964 (d,J =19 Hz),70.5,31.4 (d,J = 8.6 Hz),30.2,27.6 (d,
J=99Hz),234(d,J =263 Hz),226(d,J = 13.5 Hz) ppm. ’F NMR (376 MHz, CDCl,) § -
105.20 ppm. IR (thin film) 2954, 2868, 1708, 1473, 1379, 1247, 1112, 1039, 858, 726, 646 cm™'.
m.p. 34-35 °C. HRMS (DART) m/z calcd. for C;,H,3sFO," [M+H]": 201.1285; found 201.1289.

3-(3-fluorocyclohex-2-en-1-yl)-1-methyl-1H-indole (2e) was prepared according to general
F procedure using [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.039 g,

‘ 0.050 mmol), 3-(1-methyl-1H-indol-3-yl)cyclohex-1-en-1-yl

O trifluoromethanesulfonate (0.36 g, 1.0 mmol), KF (0.12 g, 2.0 mmol),
N TESCEF; (55 pL, 30 mmol%) in 2-MeTHF (5 mL) at 90 °C for 12 h. The
2e crude material was purified by silica gel chromatography (Hexanes to 5:1
Hexanes:DCM) to provide 2f as a light yellow oil (Run 1: 156 mg, 68%; Run 2: 174 mg, 76%).
'H NMR (400 MHz, CDCl;) & 7.78 —7.72 (m, 1H), 743 — 7.31 (m, 2H), 7.27 — 721 (m, 1H),
6.92 (d,J=0.8 Hz, 1H),5.56 (ddt,J =17.6,3.7, 1.4 Hz, 1H), 4.04 — 3.90 (m, 1H), 3.81 (s, 3H),
249 - 230 (m, 2H), 2.18 — 1.76 (m, 4H) ppm. "C NMR (101 MHz, CDCl,) 6 160.7 (d, J =
255.5 Hz), 137.5, 1269, 126.6, 121.7,119.2, 1188, 118.7 (d, J = 2.0 Hz), 1094, 1057 (d, J =
14.3 Hz), 32.7,31.1 (d,J = 84 Hz),29.8 (d,J = 2.2 Hz),25.8 (d, J = 23.3 Hz),20.5 (d, J = 9.1
Hz) ppm. "°F NMR (376 MHz, CDCl;) 8 -101.33 ppm. IR (thin film) 3048, 2934, 2860, 1699,

1471, 1366, 1326, 1326, 1232, 1131, 876, 735, 639 cm'. HRMS (DART) m/z calcd. for
C,sH,,FN" [M+H]": 230.1340; found 230.1336.
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3-fluoro-6-methoxy-1,2-dihydronaphthalene (2f) was prepared according to the general
MeO " Procedure using, [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.039 g,
W 0.050 mmol), 7-methoxy-3 4-dihydronaphthalen-2-yl
of trifluoromethanesulfonate (0.33 g, 1.0 mmol), KF (0.12 g, 2.0 mmol),
TESCEF; (55 pL, 30 mmol%) in 2-MeTHF (5 mL) at 90 ° C. The crude material was purified by
silica gel chromatography (Hexanes to 10:1 Hexanes:EtOAc) to provide 2g as a light yellow oil
(Run 1: 125 mg, 70%; Run 2: 135 mg, 76%). 2f was also prepared according to the modified
procedure B (Run 1: 145 mg, 81%; Run 2: 138 mg, 77%). Less than 5% of the product was
oxidized to 2-fluoro-7-methoxynaphthalene by air during separation. 'H NMR (400 MHz,
CDCl;) & 7.06 — 6.99 (m, 1H), 6.66 (dd, J = 8.2, 2.7 Hz, 1H), 6.58 (d, J = 2.7 Hz, 1H), 6.02 (m,
1H), 3.80 (s, 3H),2.97 (tdd, J = 84,27, 09 Hz, 2H), 2.57 (tdd, J = 8 4, 3.9, 1.2 Hz, 2H) ppm.
“C NMR (101 MHz, CDCl;) 6 163.8 (d, J = 269.7 Hz), 158.6, 1344 (d, J = 10.3 Hz), 128.0,
124.1,111.9(d,J =6.1 Hz), 111.0(d,J =24 Hz), 1049 (d,J = 189 Hz),5529 ,27.8 (d,/ =74
Hz),25.1 (d,J = 23.2 Hz) ppm. °F NMR (376 MHz, CDCl;) & -100.02 ppm. IR (thin film) 2940,
2835, 1675, 1607, 1499, 1308, 1256, 1217, 1125, 1037, 866,792,772 cm™'. HRMS (DART) m/z
caled. for C, H,,FO" [M+H|": 179.0867; found 179.0868.

4-fluoro-5-phenyl-3,6-dihydro-2H-pyran (2g) was prepared according to general procedure
. using [(cinnamyl)PdCl}, (0.0104 g, 0.020 mmol), .3 (0.039 g, 0.050 mmol), 5-

N phenyl-3,6-dihydro-2H-pyran-4-yl trifluoromethanesulfonate (0.31 g, 1.0 mmol),

o CsF (0.30 g, 2.0 mmol) in 2-MeTHF (5 mL) at 110 °C for 12 h. The crude
29 material was purified by silica gel chromatography (Hexanes to 10:1
Hexanes:EtOAc) to provide 2h as a colorless oil (Run 1: 123 mg, 69%; Run 2: 134 mg, 75%). 'H
NMR (400 MHz, CDCl) 6 742 — 7.26 (m, 5H), 4.46 (dt,J = 6.7,2.4 Hz,2H),3.98 (td, J = 5.7,
2.5 Hz, 2H), 2.51 (tq, J = 54, 2.6 Hz, 2H) ppm. "C NMR (101 MHz, CDCl;) & 1525 (d, J =
265.6 Hz), 1284, 1275 (d,J =4.0 Hz), 1274, 1129 (d,J = 4.8 Hz), 669 (d, J = 3.7 Hz), 64.8
(d,J =93 Hz),269 (d,J = 21.2 Hz) ppm. "’F NMR (376 MHz, CDCl;) 6 -105.59 ppm. IR (thin
film) 3057, 2933, 2837, 1695, 1495, 1348, 1178, 1132, 987, 854, 760, 693, 672 cm'. HRMS

(DART) m/z calcd. for C,,H,,0" [M-F|': 159.0804; found 159.0808.
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4-fluoro-5-phenyl-3,6-dihydro-2H-pyran (2h) was prepared according to general procedure
Me using [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L1 (0.024 g, 0.050 mmol), (R)-2-
©/F methyl-5-(prop-1-en-2-yl)cyclohex-1-en-1-yl trifluoromethanesulfonate (025 g, 1.0
mmol), CsF (0.30 g, 2.0 mmol) in 2-MeTHF (5 mL) at 90 °C for 12 h. The crude

W

Me  material was purified by silica gel chromatography (Hexanes) to provide 2i as a
2h colorless oil (Run 1: 99 mg, 64%; Run 2: 113 mg, 73%). '"H NMR (400 MHz, CDCl,)
0 4.85 —4.65 (m, 2H), 2.35 — 1.90 (m, 5H), 1.80 — 1.35 (m, 8H) ppm.

(85,95,10R,13R,14S)-3-fluoro-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-

2,789,10,11,12,13,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthrene (2i) was
'V'e,,_‘ prepared according to general procedure  using
[(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.031 g,
0.050 mmol), (85,95,10R,13R,145)-10,13-dimethyl-17-((R)-

6-methylheptan-2-y1)-2,7,8,9,10,11,12,13,14,15,16,17-

Me

2i dodecahydro-1H-cyclopenta|a|phenanthren-3-yl
trifluoromethanesulfonate (0.52 g, 1.0 mmol), KF (0.12 g, 2.0 mmol), TESCF, (55 uL, 30
mmol%) in 2-MeTHF (5 mL) at 110 °C for 12 h. The crude material was purified by silica gel
chromatography (Hexanes) to provide 2j as a white solid (Run 1: 329 mg, 85%; Run 2: 317 mg,
82%). 2j was also prepared according to the modified procedure B (Run 1: 344 mg, 89%; Run 2:
337 mg, 87%.) 'H NMR (400 MHz, CDCl,) 6 5.56 (dd,J = 15.4,2.1 Hz, 1H), 5.33 (dd,J = 5.1,
2.1 Hz, 1H), 2.46 — 2.34 (m, 1H), 2.27 — 2.09 (m, 2H), 2.02 (dt, J = 12.6, 3.5 Hz, IH), 1.92 —
1.79 (m, 2H), 1.70 — 1.00 (m, 20H), 0.97 (s, 3H),0.92 (d, J = 6.5 Hz, 3H),0.87 (dd,J = 6.6, 1.8
Hz, 6H), 0.70 (s, 3H) ppm. "C NMR (101 MHz, CDCl;) 6 159.2 (d, J = 260.6 Hz), 1389 (d, J =
8.3 Hz), 122.4 (d, J =94 Hz), 106.5 (d, J = 17.4 Hz), 100.0, 56.8, 56.2, 48.0,42.4,39.7, 39.5,
36.2,35.8,35.0,33.6(d,/J=88Hz),31.8(d,J=5.1 Hz),28.2,28.0,24.2,23.8,23.6,234,22.8,
22.6,21.3,18.7 (d,J = 54 Hz), 12.0 ppm. ’F NMR (376 MHz, CDCl,) & -105.56 ppm. IR (thin
film) 2934, 2867, 1681, 1641, 1467, 1380, 1207, 1128, 870, 862, 650 cm™. m.p. 84-85 °C. EA
Calcd. for C,;H,;F: C,83.88; H, 11.21. Found: C, 83.87; H, 11.23.
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(4a$ SR)-7-fluoro-4a,5-dimethyl-3-(propan-2-ylidene)-1,2,3.4,4a,5-hexahydronaphthalene

MeMe Me (2j) was prepared according to general procedure using
/@/\Me [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L8 (0.031 g, 0.050 mmol),
F (4R 4aS)-4 Aa-dimethyl-6-(propan-2-ylidene)-4.4a,5 6,7 8-
2 hexahydronaphthalen-2-yl trifluoromethanesulfonate (0.35 g, 1.0 mmol),

KF (0.12 g, 2.0 mmol), TESCF, (55 uL, 30 mmol%) in 1 4-dioxane (5 mL) at 110 °C for 12 h.
The crude material was purified by silica gel chromatography (Hexanes) to provide 2j as an oil
(Run 1: 82 mg, 37%; Run 2: 99 mg, 45%). 'H NMR (400 MHz, CDCL,) & 5.51 (dt,J =66, 1.7
Hz, 1H),4.73 (dt,J = 12.3, 2.4 Hz, 1H), 2.64 — 2.49 (m, 3H), 2.35 - 228 (m, 2H), 1.98 — 1.78
(m, 2H), 1.68 (d, J = 1.2 Hz, 6H), 1.04 (dd, J = 74, 0.8 Hz, 3H), 0.78 (s, 3H) ppm. "C NMR
(101 MHz, CDCl;) & 156.3 (d, J = 2485 Hz), 151.6 (d,J =95 Hz), 128.1, 124.1, 1133 (d, J =
34.3 Hz), 1033 (d,/J =124 Hz),41.2,40.7,384 (d,J = 6.1 Hz),31.6 (d,J =2.0 Hz), 294, 20.1
(d,J=4.0Hz), 149,143 (d,J = 1.3 Hz) ppm. ’F NMR (376 MHz, CDCl,) 6 -120.20 ppm. IR
(thin film) 2967, 2922, 2356, 1670, 1451, 1370, 1182, 1098, 998, 911, 838, 668 cm™'. HRMS
(DART) m/z calcd. for C,sH,,F" [M+H]": 221.1700; found 221.1709.

3-(2-fluorocyclopent-1-en-1-yl)benzonitrile (21) was prepared according to general procedure
F CcN using [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L3 (0.039 g, 0.050 mmol), 2-
(3-cyanophenyl)cyclopent-1-en-1-yl trifluoromethanesulfonate (0.32 g, 1.0
mmol), CsF (0.30 g, 2.0 mmol) in 2-MeTHF (5 mL) at 90 °C for 12 h. The
2 crude material was purified by silica gel chromatography (Hexanes to 10:1
Hexanes:EtOAc) to provide 2m as an solid (Run 1: 161 mg, 86%; Run 2: 168 mg, 90%). 'H
NMR (400 MHz, CDCl,) 6 7.80 — 7.68 (m, 2H), 7.53 — 7.38 (m, 2H), 2.69 (m, 4H), 2.13 - 1.96
(m, 2H) ppm. "C NMR (101 MHz, CDCl;) § 159.8 (d, J = 287.9 Hz), 135.0 (d, J = 49 Hz),
130.7 (d,J =7.5 Hz), 130.0 (d,J = 8.1 Hz), 129.8 (d,J =2.0 Hz), 129.1, 119.0, 1125, 111.6 (d,
J=34Hz),309(d,J=202Hz),294 (d,J =7.0 Hz), 18.0 (d, J = 9.8 Hz) ppm. "’F NMR (376
MHz, CDCl;) 6 -112.95 ppm. IR (thin film) 2923, 2854, 2229, 1675, 1482, 1343, 1199, 796, 689
cm’'. m.p. 40-42 °C. EA Calcd. for C,,H,,FN: C, 76.99; H, 5.38. Found: C,76.91; H, 5 45.
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1-(2-fluorocyclopent-1-en-1-yl)-4-(trifluoromethyl)benzene (2m) was prepared according to

F general procedure using [(cinnamyl)PdCI}, (0.010 g, 0.020 mmol), L3

’

CF3 0039 g 0050 mmol),  l-(2-fluorocyclopent-I-en-1-yl)-4-

(trifluoromethyl)benzene (0.360 g, 1.0 mmol), CsF (0.30 g, 2.0 mmol) in

2m

2-MeTHF (5 mL) at 90 °C for 12 h. The crude material was purified by
silica gel chromatography (Hexanes) to provide 2n as a white solid (Run 1: 216 mg, 94%; Run 2:
212 mg, 92%). 2n was also prepared according to the modified procedure A. Run 1: 214 mg,
93%; Run 2: 209 mg, 91%. 'H NMR (400 MHz, CDCl,) & 7.65 — 7.55 (m, 4H), 2.77 — 2.66 (m,
4H), 2.09 — 1.99 (m, 1H) ppm. “C NMR (101 MHz, CDCl;) & 159.7 (d, J = 2879 Hz), 137.3
(dd,J =49, 15 Hz), 128.3 (qd, J =32.3,2.0 Hz), 126.7 (d,J = 7.1 Hz), 125.1 (q,J = 3.8 Hz),
1244 (q,J =272.7 Hz), 112.3 (d,J=3.0 Hz),309 (d,J =212 Hz),29.5 (d,/ =7.3 Hz), 18.0 (d,
J =9.7 Hz) ppm. "°’F NMR (376 MHz, CDCl;) & -62.51,-113.25 ppm. IR (thin film) 2968, 1829,
1760, 1674, 1619, 1323, 1164, 1116, 1064, 1015, 841 cm™'. m.p. 56-58 °C. HRMS (DART) m/z
caled. for C,sH,F" [M-H|": 229.0646; found 229.0632.

N,N-diethyl-4-(2-fluorocyclopent-1-en-1-yl)benzamide (2n) was prepared according to general
F procedure using [(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L.3 (0.039 g,
NEtz 0.050  mmol),  2-(4-(diethylcarbamoyl)phenyl)cyclopent-1-en-1-yl

O trifluoromethanesulfonate (0.39 g, 1.0 mmol), CsF (0.30 g, 2.0 mmol) in

2n 2-MeTHF (5 mL) at 90 ° C for 12 h. The crude material was purified by

silica gel chromatography (2:1:1 Hexanes:EtOAc:DCM with 1% triethylamine) to provide 20 as
a an oil (Run 1: 201 mg, 77%; Run 2: 220 mg, 84%). 'H NMR (400 MHz, CDCl,) 6 747 (d,J =
8.2 Hz,2H),7.31 (d,J =83 Hz,2H),3.71 - 3.03 (m, 4H),2.77 - 2.53 (m,4H), 1.96 (p,J =74
Hz, 2H), 1.34 — 0.95 (m, 6H) ppm. "C NMR (101 MHz, CDCl;) & 171.1, 158.6 (d, J = 286.8
Hz), 135.1 (d,/=2.0 Hz), 1346 (d,/J=5.1 Hz), 1265, 126 4, 1263, 1127 (d,J = 3.5 Hz),43 .3,
393,309,/ =212Hz),296 (d,J=7.3 Hz), 18.0 (d,J =9.7 Hz), 14.2, 12.9 ppm (Observed
complexity is due to amide rotamers). '’F NMR (376 MHz, CDCl;) & -114.98 ppm. IR (thin film)
2970, 2933, 2853, 1675, 1626, 1471, 1422, 1345, 1286, 1096, 1074, 944, 841, 767 cm’'. EA
Calcd. for C,(H,,FNO: C,73.53; H,7.71. Found: C,73.58; H, 7.82.

33



5-(9-fluoro-6,7-dihydro-5H-benzo[7]annulen-8-yl)-2-methylpyrimidine (2p) was prepared
.. Me according to general procedure using [(cinnamyl)PdCI], (0.010 g, 0.020
/\\(N mmol), L3 (0.039 g, 0.050 mmol), 8-(2-methylpyrimidin-5-yl)-6,7-

o

dihydro-5H-benzo|7 Jannulen-9-yl trifluoromethanesulfonate (0.38 g, 1.0
mmol), CsF (0.30 g, 2.0 mmol) in toluene (5 mL) at 110 °C for 12 h. The

2p crude material was purified by silica gel chromatography (10:1
Hexanes:EtOAc to 1:1 Hexanes:EtOAc with 1% triethylamine) to provide 2p as a white solid
(Run 1I: 209 mg, 82%; Run 2: 224 mg, 88%). 2p was also prepared according to the modified
procedure B. Run 1: 242 mg, 95%; Run 2: 242 mg, 95%. 'H NMR (400 MHz, CDCl,) & 8.74 (s,
2H),7.56 —7.51 (m, 1H),7.34 - 7.16 (m, 3H), 2.79 — 2.73 (m, 2H), 2.72 (s, 3H), 2.35 - 2.28 (m,
2H),2.26 — 2.16 (m, 2H) ppm. "C NMR (101 MHz, CDCl,) 4 166.1 (d,J = 1.5 Hz), 156.0 (d, J
=5.5Hz), 154.1 (d,J =256.5 Hz), 141.0 (d,J = 7.0 Hz), 1324 (d, J =27.3 Hz), 129.5, 129.1 (d,
J =30 Hz), 1290, 1266 (d, J = 44 Hz), 1264, 113.1 (d, J = 12.1 Hz), 328,326 (d,J =20
Hz),29.1 (d, J = 3.3 Hz), 25.7 ppm. "°F NMR (376 MHz, CDCl;) & -101.87 ppm. IR (thin film)
3025, 2931, 2859, 1649, 1582, 1536, 1446, 1285, 1046, 760, 749, 648 cm™. m.p. 67-69 °C. EA
Calcd. for C,(H,sFN,: C,75.57; H, 5.95. Found: C,75.62; H, 6.04.

5-(9-fluoro-6,7-dihydro-5H-benzo[7]annulen-8-yl)-2-methoxypyridine (2q) was prepared
omMme according to general procedure using [(cinnamyl)PdCl|, (0.010 g, 0.002
4 \N mmol), L3 (0039 g, 0.050 mmol), 8-(6-methoxypyridin-3-yl)-6,7-

F
dihydro-5H-benzo|7 Jannulen-9-yl trifluoromethanesulfonate (0.37 g, 1.0

O‘ mmol), CsF (0.30 g, 2.0 mmol) in toluene (5 mL) at 110 °C for 12 h.

2q The crude material was purified by silica gel chromatography (Hexanes
to 10:1 Hexanes:EtOAc) to provide 2q as a light yellow oil (Run 1: 199 mg, 74%; Run 2: 221
mg, 82%). '"H NMR (400 MHz, CDCl,) 8 8.36 (m, 1H), 7.74 (m, 1H), 7.61 —7.53 (m, 1H), 7.35
—-7.21 (m,3H), 6.78 (dd, J = 8.6, 0.8 Hz, 1H), 398 (s, 3H), 2.77 (t,J = 6.6 Hz, 2H), 2.36 - 2.15
(m, 4H) ppm. "C NMR (101 MHz, CDCl;) 1629 (d, J = 1.3 Hz), 152.5 (d, J = 254.5 Hz),
146.3 (d,J = 4.8 Hz), 1409 (d, J = 6.9 Hz), 138.7 (d,J = 5.0 Hz), 133.3 (d, J = 28.3 Hz), 129.1
(d,J =2.0Hz), 129.0, 1272, 1265 (d,J = 3.8 Hz), 1263, 116.2 (d,J = 11.7 Hz), 110.3, 53 4,
33.1(d,J=2.5Hz),32.8,29.6 (d,J = 3.5 Hz) ppm. "°F NMR (376 MHz, CDCl,) 6 -105.02 ppm.
R (thin film) 2942, 2858, 1598, 1563, 1492, 1375, 1283, 1254, 1024, 828, 761 cm"'. HRMS

(DART) m/z calcd. for C;H,;FNO" [M+H]": 270.1289; found 270.1270.

34



9-fluoro-8-(4-nitrophenyl)-6,7-dihydro-5H-benzo[7 Jannulene (2r) was prepared according to
NO, general procedure using [(cinnamyD)PdCl], (0.010 g, 0.020 mmol), L3
E Q (0.039 g, 0.05 mmol), 8-(4-nitrophenyl)-6,7-dihydro-5H-
benzo|7Jannulen-9-yl trifluoromethanesulfonate (041 g, 1.0 mmol), CsF
OO (0.30 g, 2.0 mmol) in toluene (5 mL) at 110 °C for 12 h. The crude
2r material was purified by silica gel chromatography (Hexanes to 10:1
Hexanes:EtOAc) to provide 2r as a white solid (Run 1: 201 mg, 71%; Run 2: 224 mg, 79%). 'H
NMR (400 MHz, CDCl,) 6 8.32 - 8.20 (m, 2H), 7.75 - 7.62 (m, 2H),7.62 —7.53 (m, 1H),7.42 —
7.32 (m, 2H),7.32 — 726 (m, 1H), 2.81 (t,J = 6.7 Hz, 2H), 2.45 — 2.20 (m, 4H) ppm. "C NMR
(101 MHz, CDCl;) 6 154.1 (d,J = 2596 Hz), 1464, 1452, 141.1 (d,J =7.0 Hz), 1328 (d, J =
273 Hz),129.6,1292,129.1,126.7 (d,J =3.8 Hz), 126 .4,123.5,117.7 (d,J = 10.6 Hz),33.2 (d,
J=25Hz),32.6,29.5 (d,J = 3.0 Hz) ppm. "’F NMR (376 MHz, CDCl;) 6 -101.15 ppm. IR (thin
film) 3070, 2933, 2837, 1695, 1496, 1348, 1178, 1132, 987, 854, 760, 693, 672 cm™'. m.p. 126-
128 °C. HRMS (DART) m/z calcd. for C;H,sFNO," [M+H]|": 284.1081; found 284.1083.

(2-fluoroethene-1,1-diyl)dibenzene (2t) was prepared according to general procedure using

[(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L2 (0.032 g, 0.050 mmol), 2,2-

O A~E diphenylvinyl trifluoromethanesulfonate (0.41 g, 1.0 mmol), CsF (0.30 g, 2.0

mmol) in 2-MeTHF (5 mL) at 90 ° C for 12 h. The crude material was purified

O by silica gel chromatography (Hexanes to 30:1 Hexanes:EtOAc) to provide 2t as

2t a colorless oil (Run 1: 137 mg, 69%; Run 2: 149 mg, 75%). 'H NMR (400 MHz,

CDCl;) 6 7.56 — 7.34 (m, 10H), 7.08 (d,J = 80.0 Hz, 1H). "C NMR (101 MHz, CDCl;) & 145.9

(d, J =269.7 Hz), 1372 (d, J = 8.1 Hz), 135.3, 1299 (d, J = 42 Hz), 128.8 (d, J = 3.0 Hz),

128.7, 1284, 128.0, 1279, 1264 (d,J = 5.5 Hz) ppm. '°F NMR (376 MHz, CDCl,) & -127.74 (d,

J =82.7 Hz) ppm. IR (thin film) 3067, 1635, 1497, 1444, 1175, 1088, 1072, 909, 761, 728, 693,
655 cm’'. HRMS (DART) m/z calcd. for C,,H,F* [M+H]|": 199.0918; found 199.0937.
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(2-fluoroprop-1-ene-1,1-diyl)dibenzene (2u) was prepared according to general procedure

~Xy wMe using|[(cinnamyl)PdCl], (0.010 g, 0.020 mmol), L3 (0.039 g, 0.050 mmol), 1,1-

| A \# ¢ diphenylprop-1-en-2-yl trifluoromethanesulfonate (0.34 g, 1.0 mmol), CsF (0.30

g,2.0 mmol) in 1 4-dioxane (5 mL) at 110 °C for 12 h. The crude material was

purified by silica gel chromatography (Hexanes to 30:1 Hexanes:DCM) to

2u provide 2u as a white solid (Run 1: 159 mg, 75%; Run 2: 176 mg, 83%). 'H

NMR (400 MHz, CDCl;) & 7.49 — 7.28 (m, 10H), 2.17 (d, J = 17.9 Hz, 3H) ppm. “C NMR (101

MHz, CDCl;) 6 155.1 (d, J = 285.6 Hz), 1394 (d, J = 8.3 Hz), 137.8, 130.5 (d, J = 3.0 Hz),

129.7 (d, J = 4.8 Hz), 128.5, 128.1, 127.3, 1269, 120.5 (d, J = 14.8 Hz), 17.2 (d, J = 30.3 Hz)

ppm. °F NMR (376 MHz, CDCl,) & -96.41 (q, J = 18.0 Hz) ppm. IR (thin film) 3057, 1664,

1600, 1496, 1444, 1382, 1265, 1200, 906, 760, 730, 696, 633 cm™'. m.p. 52-54 °C. EA Calcd. for
CsH;F: C,84.88; H,6.17. Found: C, 85.02; H, 6.14.
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S-phenyl-3,6-dihydro-2H-pyran-4-yl triflouromethanesulfonate (1g)

oTf

19
H NMR, 400 MHz, CDClq

N
e [ — —_—
g8 3 s
T T T T T T T T T T T T T : T r T v T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 L5 1.0 0.5 -0.5
fl (ppm)
oTf £ sme
| N
Ph
=
0
1g
18C NMR, 101 MHz, CDClg
|
1
T T T T \ T r T T T T T T T T T T T T T :
210 200 190 180 170 160 150 140 130 120 110 " 100 80 70 &0 50 40 30 20 10 -10
(ppm)

44



OTf

\Ph

O
19
19F NMR, 376 MHz, CDCl,

-72.95

-190

T
-200

T
-210

T
-90

T
-100  -110
f1 (ppm)

45

-120

T
-130



11
'H NMR, 400 MHz, CDClg

i e i
8288 z g
0.0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 ER) 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5
f1 (ppm)
] ® ] =
OTf CN g
i ‘ I 1722 VS \ I
1
13C NMR, 101 MHz, CDCly
]
| 1
Ll . N
210 200 190 180 170 160 150 140 130 120 110 ’1}00 3 80 70 60 50 40 30 20 10 o 10
ppm

46



oTt CN

OaW

1l
9F NMR, 376 MHz, CDClg

—Ta2

T

~100
f1 (ppm)

-110

-120

-130

T
~140

-150

-160

47



2-(4-(trifluoromethyl)phenyl)cyclopent-1-en-1-yl triflouromethanesulfonate (1m)
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2-(4-(diethylcarbamoyl)phenyl)cyclopent-1-en-1-yl triflouromethanesulfonate (1n)
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8-(2-methylpyrimidin-5-yl)-6,7-dihydro-5H-benzo[7]annulen-9-yl

triflouromethanesulfonate (1p)
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8-(6-methoxypyridin-3-yl)-6,7-dihydro-5H-benzo[7]annulen-9-yl triflouromethanesulfonate
(1q)

PMe T VW
7\
IO N
1q
'H NMR, 400 MHz, CDCl,
I
I
j—‘l |
s i L a
T A T T T
1I Qo I.[:.S l[;.(J 9'5 9?0 EIS B.’D 75 7'0 EIS 6“0 5'5 !jD 415 4'0 3: 3'0 Z:E ZIO 1:5 1‘0 DIS DIO (; 5 —Ij
1 (ppm)
/7 [ | | | 1N
O <N
1q
13C NMR, 101 MHz, CDCl,
o A j _.J A T A b bovitAsy AR s
Z:U ZEIU 1;0 1;0 l_ir‘D 1;0 l;D 1;0 1;0 150 l;ﬁ 160 9TU Blu 7‘0 6"0 SrD 4'0 3‘0 2'0 I.‘D i; -;D
f1 (ppm)

54



—-7456

OMe
7\
TIQ N
1q

19F NMR, 376 MHz, CDCl,

T T T T T T T T T T T T T T T
-110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210

-50 -60 -70 -B0 -90 -100
f1 (ppm)

55



8-(4-nitrophenyl)-6,7-dihydro-5H-benzo[ 7 Jannulen-9-yl triflouromethanesulfonate (1r)
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6-fluoro-2,3,4,5-tetrahydro-1,1'-biphenyl (2b)
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1-fluoro-4-pentylcyclohex-1-ene (2¢)
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9-fluoro-3,3-dimethyl-1,5-dioxaspiro[5.5]Jundec-8-ene (2d)
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H NMR, 400 MHz, CDCl,4
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3-fluoro-6-methoxy-1,2-dihydronaphthalene (2f)
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4-fluoro-5-phenyl-3,6-dihydro-2H-pyran (2g)
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4-fluoro-5-phenyl-3,6-dihydro-2H-pyran (2h)
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3-(2-fluorocyclopent-1-en-1-yl)benzonitrile (21)
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1-(2-fluorocyclopent-1-en-1-yl)-4-(trifluoromethyl)benzene (2m)
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N ,N-diethyl-4-(2-fluorocyclopent-1-en-1-yl)benzamide (2n)

F g 2% 3 g332  g8E33 53833
NEt, / Vol S N SN
- 4
2n
H NMR, 400 MHz, CDClg
1
L J B
T I T T =
H;.D DTS 9:0 BTS sro ?‘IS ?:U 6:5 STD 515 510 4:5 4TD iri 3!0 2?5 2?0 ll‘S ltU U‘IS OTD —(;S
f1 (ppm)
Tl v iTNE VY
F
-0
[0}
2n
13C NMR, 101 MHz, CDCly
| i ‘
1 ]
H Jod il
2‘10 2(’)0 lllm HIID l;ﬂ 1(‘50 1.5'0 1;0 1;0 I;D 1:.0 ) QID -‘;0 7‘0 6‘0 5ID 4‘D 3:} ZIU l‘l] I :‘w

100
f1 (ppm)

80



F
OO
6}
2n
19F NMR, 376 MHz, CDCl,

—-112.98

T
-30

~100
f1 (ppm)

81

-110

T
-120

-130

T
-140

T
-150

T
-160

T
=-170



5-(9-fluoro-6,7-dihyd
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5-(9-fluoro-6,7-dihydro-5H-benzo[7 Jannulen-8-yl)-2-methoxypyridine (2q)
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9-fluoro-8-(4-nitrophenyl)-6,7-dihydro-5H-benzo[ 7 ]annulene (2r)
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(2-fluoroethene-1,1-diyl)dibenzene (2t)
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(2-fluoroprop-1-ene-1,1-diyl)dibenzene (2u)
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Chapter 2
Mechanistic Studies on Pd-Catalyzed Fluorination of Cyclic Vinyl Triflates:
Evidence for in situ Ligand Modification by TESCF, as an Additive
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2.1 Introduction

Organofluorine compounds' are ubiquitous among pharmaceuticais® and agrochemicais’
due to their desirable biological properties.* Nonetheless, mild and general methods for their
preparation are still lacking.” Pd%Pd"-catalyzed coupling of aryl/vinyl (pseudo)halides with
simple metal fluoride salts (“F ) is an attractive approach, although it is associated with several
challenges mainly derived from the high barrier for C-F reductive elimination from Pd(Il)
complexes.” To circumvent these problems, reactions based on reductive elimination from a

Pd(IV) species using electrophilic fluorinating agents (“F*”’) have been developed.’

Our solution to this problem has taken advantage of the unique C—F reductive elimination
from LPdArF complexes supported by biaryl monophosphine ligands, thereby permitting the
Pd°/Pd"-catalyzed fluorination of (hetero)aryl (pseudo)halides (bromides, iodides and triflates).®
Mechanistic studies were performed to elucidate the in situ ligand modification process,” and to
understand the formation of regioisomeric side products® in these reactions. These mechanistic
discoveries prompted the rational design and synthesis of a series of novel bulky biarylphosphine
ligands (z-BuBrettPhos, AdBrettPhos, HGPhos, and AlPhos), culminating in the discovery of the
currently optimal ligand AlPhos. This ligand facilitates the Pd-catalyzed aromatic fluorination
via a Pd(0)-Pd(Il) cycle, under mild reaction conditions with improved substrate scope and
regiochemical control (Scheme 1, a).*

In 2016, motivated by the utility of fluorine-substituted olefins as amide linkage

surrogates in medicinal chemistry and chemical biology,'*"

a Pd-catalyzed fluorination of cyclic
vinyl triflates was developed (Scheme 1, b)."”” During this investigation, several experimental
observations were made that could not be explained by current mechanistic hypotheses for the
aromatic fluorination reaction. First, despite the success of the use of AlPhos as a ligand in
aromatic fluorination reactions, poor results were observed in the fluorination of cyclic vinyl
triflates. Instead, ligand L1 with a more rigid structure was found to be optimal in this case.
Second, the generation of regioisomers of the vinyl fluoride products was an even bigger
problem than for the fluorination of aromatic substrates. Moreover, little influence of the
regiochemical outcome could be made by changing the ligand. Of significance was that the
addition of TESCEF,; to the reaction mixture was found to significantly improve the regiochemical

outcome. This dramatic effect was the key to the success of the vinyl fluorination reaction that

we reported. Thus, we conducted a combined experimental and computational study to
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understand the general mechanism of our Pd-catalyzed vinyl fluorination process and

particularly the effect of the TESCF; additive.

Scheme 1. Pd-catalyzed fluorination of aryl triflates and cyclic vinyl triflates.

(a) oTf F

OMe
(LPd),-COD (2.0 mol%) F O
+
> R P(Ad),

CsF (3.0 equiv)
n-Bu

i-Pr Pr
cyclohexane, temp. nBu n-Bu O
12 A B’ Ar

-Pr
L= temp. A’ (%) B’ (%) A’/B’
HGPhos 110°C 76 9 8.4:1 R = OMe, Ar = 4-n-BuPh (HGPhos)
AlPhos 80 °C 81 - > 991 R =H, Ar = 2,3,5,6-F4-4-n-BuPh (AIPhos)
©  OTf  cinnamy)CIPd], 2.0 moles) (Me)
L1 (5.0 mol%), KF (2.0 equiv) F (ome) §Me
- + Me Me
2-MeTHF, 90 °C, 12 h O
Ph Ph Ph Me P(t-Bu),
1a A B Cy O Cy
Additive A (%) B (%) AB
- 7 4 1.8:1 Cy
TESCF3 (30 mol%) 74 - > 99:1 L1

2.2 Results and Discussion

2.2.1 Pd-catalyzed fluorination of cyclic vinyl triflates in the absence of TESCF; as the
additive

Based on the previous studies in our group on the Pd-catalyzed aromatic fluorination
reaction,” we proposed the mechanism for the fluorination of cyclic vinyl triflates 1a with ligand
L1 in the absence of TESCF, as the additive shown in Scheme 2. This catalytic cycle involves
the oxidative addition of 1a to the phosphine-ligated Pd(0) species 1 to form L1Pd(vinyl)(OTf) 3
(pathway A), transmetalation with KF to form L1Pd(vinyl)F § (pathway B), and C-F reductive
elimination from S (pathway C), to form the fluorinated product A. In a separate pathway D, KF
or a second molecule of L1Pd(vinyl)F 5§ could act as a base and deprotonate the vinylic proton of
3 to form L1Pd(Il)-cyclohexyne intermediate 6A, generating one molecule of HF in the process.
Intermediate 6A is in fast equilibrium with isomer 6B. The nonselective reaction of 6A and 6B
with HF provides regioisomeric L1Pd(vinyl)F § and 7B (pathway F), which can both undergo

C-F reductive elimination to generate the observed mixture of regioisomeric vinyl fluorides A
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and B. In addition, we anticipated that f-hydride elimination from 5 or 7B could compete with

C—F reductive elimination to generate the L1Pd(1I)-cyclohexyne intermediates (pathway E).

Scheme 2. Proposed catalytic cycle for Pd(II)-catalyzed fluorination of cyclic vinyl triflates

in the absence of TESCF; as the additive.
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F
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4 Path C
h

Ph
A Ph o
k/ 7I|:3 P_P:d 8Tf
P—Pd, Path E Path FﬂPath g PathD ¢
. F — HF HF tF
5 pat>\ ’/HF

@ -0

KOTf KF

Me I-Bl% \J—Bu
-Pd — i
L —
Me =

L1Pd(0)

The reaction progress in the absence of TESCF; was monitored and the fluorination of 1a
was found to be sluggish at 90 °C, providing the fluorinated products in ~11% yield (7% A, 4%
B, 1.8:1 regioselectivity) with ~30% starting material conversion after five hours (Scheme 3).
The poor regioselectivity and mass imbalance suggested that an unproductive decomposition
pathway might be occuring, which we hypothesized to involve the formation of the L1Pd(II)-

cyclohexyne intermediates, 6A and 6B.
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Scheme 3. Reaction kinetic profile under TESCF;-free conditions.
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“Yields were determined by GC analysis of aliquots taken from the reaction mixture. The

reaction was conducted at 1.0 mmol scale.

We speculated that 6A and 6B, would be generated with the formation of HF in a
reversible process. Thus, as we did for the fluorination of aromatic substrates, we carried out the
reaction in the presence of an exchangeable deuterium source. This would presumably form DF
in situ, which could recombine with 6A and 6B to allow deuterium incorporation into the vinyl
fluoride products. Indeed, when 1.0 equiv of 7~-BuOD was added to the reaction mixture, in
addition to the formation of products A and B, a significant amount of products, 2-A-d, and 2-B-
d,, was also observed by '"F NMR and confirmed by GC/MS (Scheme 4a). Additionally, a
crossover experiment using A and 2,6,6-A-d; provided eight products, representing the
isotopologues of A and regioisomer B (Scheme 4b). These observations of proton and deuterium
exchange into the products at 2-position are consistent with the presence of L.1Pd-cyclohexyne

intermediates (6A and 6B).

To further understand the proposed mechanism, especially the generation of L1Pd(1I)-

cyclohexyne intermediates, we performed density function theory (DFT) calculations in
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collaboration with the Baik group at KAIST. Seoung-Tae (Baik group) conducted all the
calculations discussed in this chapter. Figure la shows the reaction energy profile of the
oxidative addition and the transmetalation step in the proposed mechanism. L1Pd(0) 1 engages
1a through the initial m-complex 2, and undergoes the oxidative addition with a barrier of 12.7
kcal/mol (via transition state 2-TS) to afford L1Pd(vinyl)OTf 3. Further dissociation of triflate
and association of fluoride from 3 gives the intermediate rrans-L1Pd(vinyl)F 5.

a

Scheme 4. Deuterium labeling experiments under TESCF;-free conditions.

(a) D
oTf [(cinnamyl)PdCl], (2.0 mol%) F
L1 (5.0 mol%)
KF (2.0 equiv), +-BuOD (1.0 equw *
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3% 9% 9% 10%
1a A 2-A-d, B 2-B-d,
(b)
oTf
D
F
+
0. 50 equw [( cmnamyi PdCl], (2.0 mol%) Ph
(5 mel) 18°/ °/ 2°/ 6%
KF (2.0 equiv) ° ° ¢ ¢
. ., A 2-A-d, B 2-B-d,

1,4-dioxane, 110 °C, 12 h

aTf F F D H
B 5 D D D H D F D P
- D , B , D , D
Ph Ph Ph Ph

Ph
0.50 equiv 20% 5% 2% 6%
2,6,6-1a-d, 2,6,6-A-ds 6,6-A-ds 2,6,6-B-d; 6,6-B-d>

“Reactions were run at 0.10 mmol scale and at elevated temperature (110 °C) and dioxane to get

better yields for analysis.

We envisioned that the addition of a fluoride anion to intermediate 4 could potentially
provide complex 5 or SA, where the fluoride is either bound in frans or cis arrangement to the
phosphine ligand (Figure 2). In principle, the trans-isomer 5 should be lower in energy due to the
trans-effect. Indeed, our DFT calculations indicated that isomer 5 is 2.4 kcal/mol lower in energy
than SA. The computed bond lengths illustrate the impact of the trans-effect. In 5, the computed
Pd—P and Pd-F bond lengths are 2.388 and 2.017 A, respectively, and the Pd—C(vinyl) bond is
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2.024 A. In 5A, due to the mismatch in trans-directing strengths, the Pd-P, Pd-F, and the Pd-
C(vinyl) bonds elongate to 2.481,2.024, and 2.037 A, respectively.
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b) Last phase of the energy profile
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Figure 1. Energy profiles of the proposed mechanism under TESCF;-free conditions.
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Figure 2. Optimized structure of 5 and 5A with selected bond lengths in A and relative free

energies in kcal/mol. Hydrogen atoms and phenyl group of the substrate are omitted for clarity.

As § is the major isomer generated after transmetalation in the fluorination process, we
next considered the reactivity of this trans-complex. As discussed above, 5 can either provide the
fluorinated product A via reductive elimination or undergo P-hydride elimination to yield the
L1Pd(I)-cyclohexyne intermediate (6A and 6B). As illustrated in Figure 1b, DFT calculations
indicated that the reductive elimination from 5 is associated with a barrier of 24.9 kcal/mol (via
5-TS), while the competing (3-hydride elimination to form 6A requires a lower activation energy
of 22.2 kcal/mol (via 6A-TS). The 2.7 kcal/mol energy difference favoring pathway E suggested
that the generation of 6A is much faster than the productive reductive elimination. Once 6A is
formed, it readily rearranges to 6B through rotation of the cyclohexyne group (via 6AB-TS) with
a barrier of 184 kcal/mol, which is achievable under the fluorination conditions. The
recombination of 6B and HF generates 7B (the trans-isomer is generated preferentially in this
step due to the rrans-effect, see Supporting Information for details), which could form the
undesired fluorinated product B by reductive elimination. The transition state 6B-TS and 6A-TS,
7B-TS and 5-TS are isoenergetic, indicating that 7B also favors [3-hydride elimination than
reductive elimination. Overall, the calculations suggested a Curtin~-Hammett situation in the

vinyl fluorination process in the absence of TESCF;, whereas 5 and 7B interconvert rapidly via a
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low energy barrier, each proceeding irreversibly to a different product through a higher energy
barrier (A and B, respectively). It is the preference of 5 and 7B to undergo [-hydride elimination
rather than the productive elimination that lowers both the efficiency and selectivity of the

fluorination.

To gain experimental evidence for the above hypothesis, we sought to prepare the rrans-
L1Pd(vinyl)F § and investigate its reactivity stoichiometrically. After several attempts, we found
that the synthesis of Pd(Il) complexes supported by L1 to be difficult, presumably due to the
large size of L1. We therefore employed L2 as the supporting ligand for our studies with
stoichiometric Pd complexes. As previously reported, L2 was also effective for vinyl
fluorination, although the regioselectivity of the process was not as high as when L1 was
employed.'> We felt that trans-L2Pd(viny)F (C2) could be prepared from trans-L2Pd(vinyl)Br
(C1) via salt metathesis with AgF (Scheme 5). When C1 was treated with AgF, little or none of
the complex C2 was observed under any of the reaction conditions we attempted. Instead,
fluorinated products A and B were readily formed, even at room temperature (Scheme 5, see
Supporting Information for details). This suggested that the reductive elimination of C2 is
relatively rapid, which is consistent with the computed barrier of ~24 kcal/mol for the reductive
elimination. In 2-MeTHF at 90 °C, which is the solvent and temperature used in the catalytic
reaction, A and B were generated in 26% and 25% NMR yields, respectively. The
regioselectivity of this stoichiometric process (1.0:1) is consistent with the theoretical
regioselectivity (~1:1) based on the computed energies.

Scheme 5. Attempted synthesis of L2Pd(vinyl)F.
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2.2.2 Fluorination of cyclic vinyl triflates with TESCF; as the additive.

We next looked into the mechanism of the fluorination process employing TESCF; as an
additive. As discussed above, the addition of a substoichiometric amount of TESCF; has a
dramatic impact on the reaction, and the desired vinyl fluoride A was formed in good yield
(74%) with >99:1 regioselectivity (Scheme 1b).
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Scheme 6. Reaction kinetic profile with 30 mol% TESCF; as an additive.
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Scheme 7. Reaction kinetic profile of adding extra TESCF; after the inhibition period.
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The kinetic profile of the fluorination process in the presence of TESCF; (30%) is shown
in Scheme 6. We noticed relatively fast consumption of 1a at the beginning of the reaction
(10%—15%). This loss of starting material was likely related to some process which generates the
true active catalyst (vide infra). After this, the conversion of 1a slowed down and TESCF; was
consumed. During this time no vinyl fluoride products were formed. Although an active catalyst
had been generated, the fluorination process did not commence until all of the TESCF; had been
consumed. We hypothesized that this is caused by TESCEF; inhibiting the fluorination process.
Indeed, longer induction period was observed when more than 30 mol% of TESCF, was added at
the beginning of the reaction. In addition, introduction of more TESCF; to an ongoing
fluorination reaction, which was providing product, completely shut down the reaction (Scheme
7). Only after the TESCF, had, again, been totally consumed does formation of A resume. We
reasoned that when the concentration of TESCF; is much larger than L1Pd(vinyl)" 4 in the
reaction solution, fluoride anion reacts preferentially with TESCF; instead of 4, therefore
preventing the generation of L1Pd(vinyl)F and in turn inhibiting the formation of A."” These
observations indicated that although TESCF, was a crucial additive for improving the
regioselectivity of the reaction, the presence of too much TESCF; postponed the start of the
productive fluorination process and lowered the overall efficiency of the reaction. Studies on the
influence of the quantity of TESCF, added to the fluorination reaction mixture illustrated that 30
mol% was the minimal amount to achieve the highest regiochemical ratio of products (Table 1).

Table 1. Influence of the quantity of TESCF; on the fluorination reaction.

OTf [(cinnamyl)PdClI], (2.0 mol%) F
L1 (5.0 mol%) F
KF (2.0 equiv), TESCF3 (X mol%) @ @ Q/
" 2-MeTHF, 90°C, 12 h ot /8
1a A B
Entry* TESCEF; (mol%) A (%) B (%) A:B

1 0 7 4 1.8:1
2 10 66 2 33:1
3 20 70 | 70:1
4 30 74 <0.5 >99:1]
5 50 73 <0.5 >90:1
6 100 71 <05 >99:1
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“Reactions were run at 0.10 mmol scale. Yields were determined by '’F NMR analysis of the

crude reaction mixture using 1-fluoronaphthalene as an internal standard.

After the induction period, the fluorination reaction proceeded efficiently providing the
desired fluorinated product A in 74% yield with less than 0.5% of B as indicated by '’F NMR
(regioselectivity >99:1). The significantly improved regioselectivity as compared to the additive-
free conditions (1.8:1) suggested that the L1Pd(II)-cyclohexyne intermediates 6A and 6B were
either not generated or were not part of the product-determining step. Indeed, when the
deuterium labeling crossover experiment was carried out as before but with the addition of 30
mol% TESCF;, A and 2,6.6-A-d; were the only fluorination products formed, and no deuterium
crossover or regioisomer formation was observed (Scheme 8).

Scheme 8. Deuterium labeling experiment with the addition of 30 mol% TESCF,."

oTf oTf [(cinnamyl)PdCl], (2.0 mol%) F F
D D L1 (5.0 mol%) D D
+ D KF (2.0 equiv), TESCF5 (30 mol%) + D
e
B .9 2-MeTHF, 90 °C, 12 h o B
0.50 equiv 0.50 equiv 39% 36%
1a 2,6,6-1a-d; A 2,6,6-A-d;

“The reaction was run at 0.10 mmol scale and at elevated temperature (110 °C) and dioxane in

order to get better yields for analysis.

We therefore started to investigate the potential roles of TESCF, in the fluorination
process. As previously reported, TMSCF; or TIPSCEF;, although less efficient additives than
TESCF;, exhibit the same effect of improving the regioselectivity of the vinyl fluorination
reaction when wused as additives. These trifluoromethylsilanes are widely employed

trifluoromethyl anion (CF;") sources'* '

and, in particular, have been used to deliver CF; in the
Pd-catalyzed trifluoromethylation reactions.'”'® However, even with 1.0 equiv of TESCF, added
in the fluorination reaction, the trifluoromethylated side product was barely detectable. As the
generation of such a side product through reductive elimination from a L1Pd(vinyl)CF; species
should occur under our reaction conditions,”® we reasoned that such an intermediate is not
formed in this fluorination process. Our attempts to prepare L2Pd(vinyl)CF, from either
L2Pd(vinyl)Br or L2Pd(viny)OTf all provided <5% of L2Pd(vinyl)CF;, as observed by "F

NMR analysis of the crude reaction mixture (see Supporting Information for details). We

surmise that the rigidity of the ligand backbone and the steric hindrance of the two di-zerz-butyl
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groups on the phosphorous of these ligands (L1 and L2) prevents CF;” from attacking the Pd(II)

center.

We therefore considered alternative roles of CF; in the vinyl fluorination reaction. In
2012, researchers at Amgen observed the generation of complex D with a dearomatized ligand in
the Pd-catalyzed cross-coupling reactions. Complex D can be independently synthesized by
heating 7-BuXPhos and Pd,(dba),-CHCI, in toluene (Scheme 9)". The key step for its generation
is a cyclopropanation reaction, in which a dichlorocarbene (CCl,:) attacks the bottom ring of the
ligand in ~-BuXPhosPd(0). Inspired by their work, we hypothesized a similar process in the
fluorination reaction where a difluorocarbene (CF,:) or a trifluoromethyl anion (CF;") attacks the
bottom ring of L1 in L1Pd(vinyl)" 4. DFT calculations were performed to investigate the
plausibility of this proposal.

Scheme 9. Generation of Pd complexes with ligand with a dearomatized bottom ring.

; tBu J u
top aryl ring

P(t-Bu) P%MMEG%@ Spy-Cl
i-Pr -Pr /
] toluene, 85 °C
bottom aryl ring -Pr

- CHCl,

t-BuXPhos
Based on calculations, the reaction of 4 with CF,” is more favored than with
difluorocarbene (see Supporting Information for details), requiring an activation energy of 16.5
kcal/mol via transition state 4’-TS to form the dearomatized intermediate 6. The
trifluoromethylation at both the mera- and para-positions of the bottom ring of L1 were
considered. The reaction at the meta-position is kinetically favored, while the para-position is

thermodynamically favorable (see Supporting Information for details).

After the generation of 6, we envisioned that it reacts with a fluoride anion to form
intermediate 7 or 7°, where the fluoride is bound either in cis or trans-disposition to the
phosphine ligand. Unlike in the case of 5 and SA where the trans-isomer 5 is more stable, we
found that the cis-isomer 7 is energetically preferred by as much as 6.7 kcal/mol over the trans-
isomer 7°. A detailed analysis of the structures and relative energies of these two species
revealed that the trifluoromethylation of the bottom ring of L1 places a negative charge on the

aryl component and turns the weakly coordinating, neutral, m-basic arene ligand into a stronger,
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anionic donor ligand. As a result, it is now energetically much more favorable to place the
fluoride trans to this donor.

f Ph Tt
AG(sol)

kcal/mol /[g

(0.00)

I

P-Pd® F
! |

- , (-18.53) WCF 5A
) Ph * (-21.89)
TESF + CF, ¢
I Ph
P—Pd Ph
NP Sk = A
(-37.49)
- s + .
Ligand Fluoride Ligand Reductive
Modification Binding Modification

Elimination
Figure 3. Energy profile of the possible reaction between CF; and 4.
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Figure 4. Optimized structure of 7 and 7’ with selected bond lengths in A and relative free

energies in kcal/mol. Hydrogen atoms and phenyl group of the substrate are omitted for clarity.

The subsequent elimination of CF;” from intermediate 7 provides the corresponding cis-
isomer SA. Interestingly, as we investigated the preferred reaction pathway of SA between [3-
hydride elimination and reductive elimination, we found that 5A displays opposite reaction
preferences than § does. It undergoes reductive elimination with a barrier of 18.1 kcal/mol, while
the B-hydride elimination from 5A has a barrier of 25.4 kcal/mol (Scheme 10). Therefore as
showed in Figure 3, once formed from 7, SA undergoes facile reductive elimination to provide
the fluorinated product A with the desired regioselectivity. Overall, Figure 3 illustrates a
potential fluorination process catalyzed by CF;7, whereas the LI1Pd(II)-cyclohexyne
intermediates that are responsible for the poor regioselectivity, are never formed, consistent with

our experimental finding of no deuterium exchange or crossover.
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Scheme 10. Reaction preference of intermediates 5 and 5A.
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We attempted to obtain experimental evidence for the existence of the key intermediate
6. We were unable to observe 6 by spectroscopic analysis of the crude reaction mixture. Our
attempts to independently prepare an analogous complex supported by L2 were also
unsuccessful. However, when we treated L2PdCl, (E1) with TMSCEF, in the presence of CsF, we
were able to obtain complex E2, in which the bottom ring of L2 was dearomatized by CF, at the
para-position (Scheme 11). The synthesis and isolation of E2 provides support for the hypothesis
that CF;” is able to attack and dearomatize the bottom ring of the ligand when the Pd(II) center is
difficult to access due to steric hindrance and also is consistent with DFT calculations that the
para-substituted isomer is more stable than the ortho-substituted isomer (see Supporting

Information for details).

e
E\O I-BL{ +Bu 0] r—Btép..\J Bu

P\P/CI TMSCF,, CsF C\F’d‘Cl

cpPing /

o DCM, rt 9 Qr &
Me Cy N \ Cy

Cy CF;

E1 E2

Scheme 11. Synthesis of Pd complexes supported by CF, -dearomatized L2.

The experiments described above suggested that complex 6, if involved in the

fluorination process, must be generated in low concentration. We wanted to investigate its
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generation by quantifying the fate of CF;". The release of CF;” from TESCF; in the presence of
KF is a heterogeneous process and difficult to control. In addition to the main byproduct TESF, a
significant amount of CHCF; and CF,CF, was formed as well. These compouhds are volatile and
could not easily be accurately quantified. We speculated that a LPd(Ph)CF, complex could serve
as an CF;™ source for our study. In addition potentially releasing CF;",° it mainly undergoes
reductive elimination to provide trifluorobenzene, which could be quantified accurately by "F
NMR. We prepared the BrettPhos-supported Pd(Ph)(CF,) (F) complex according to a previously
reported protocol.'® BrettPhos is known to facilitate the Pd-catalyzed trifluoromethylation
reaction but is less effective in Pd-catalyzed fluorination reactions.” When BrettPhos-supported
Pd(Ph)(CF;) (4 mol%) was used as both the Pd precatalyst and the CF;™ additive, together with 5
mol% L1, the fluorination proceeded successfully giving the fluorinated products in 59% yield
and 29:1 regioselectivity (Scheme 12a). This regioselectivity was significantly improved
compared to the TESCF;-free conditions (1.8:1). As expected, F alone was unable to facilitate
the fluorination process (Scheme 12b). We believe that, in the reaction in Scheme 12a, some of F
first undergoes reductive elimination to generate trifluorobenzene and the BrettPhosPd(0)
species. Subsequent ligand exchange with L1 would form L1Pd(0) (B0) as the viable catalyst for
vinyl fluorination. Meanwhile, the remaining F acts a source of CF;™ in the fluorination process.
Analysis of the crude reaction mixture by '"F NMR showed that close to 4% of trifluoromethyl
benzene (4 mol% F was used) was generated, suggesting that only a trace amount of CF; is
released into the reaction mixture. Thus, the active species responsible for the improved
regioselectivity in the fluorination reaction (6) is generated at extremely low concentrations.

Scheme 12. BrettPhosPd(Ph)CF; species used as both the Pd precursor and the CF;”

additive.’

F
a
) OoTt BrettPhos-Pd(Ph)CF, (F) (4 mol%) F
L1 (5 mol%)
KF (2.0 equiv) *
B 2-MeTHF, 90 °C, 12 h Ph Ph
A B
1a
57% 2%
F
b) OTf .
BrettPhos-Pd(Ph)CF; (F) (4 mol%) .
KF (2.0 equiv)
oh 2-MeTHF, 90 °C, 12 h Ph Ph
A B
1a 0% 0%
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“Reactions were run at 0.10 mmol scale.

TESCEF; as the additive as is summarized in Scheme 13. Upon the generation of L1Pd(0) (1)
from [(cinnamyl)PdCl], and L1, 1 undergoes oxidative addition with the vinyl triflate 1a to form
L1Pd(vinyl)" (4). The CF, in the reaction then reacts with 4 to form the CF,-modified
intermediate 6, which further interacts with F~ to provide cis-L1Pd(vinyl)F (5A) and regenerate
CF;". SA then undergoes reductive elimination to form the fluorinated product with the desired
regioselectivity (A).

Scheme 13. Proposed fluorination process using TESCF; as an additive.
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2.3 Conclusion

In conclusion, we deveioped a detailed mechanistic hypothesis for the Pd(ii)-catalyzed
fluorination of cyclic vinyl triflates. Based on combined experimental and computational studies,
a plausible mechanistic model for the dramatic effect of TESCF; as an additive was postulated.
In the absence of TESCF;, the trans-L1Pd(vinyl)F 5 is generated predominantly due to the trans-
effect. 5 preferentially undergoes f-hydride elimination to form the L1Pd(II)-cyclohexyne
intermediates (6A and 6B), which ultimately produces mixtures of products. In the presence of
TESCF;, by temporarily dearomatizing the bottom aryl ring of ligand L1 with CF;", the rate of
formation of these two intermediates, the trans-isomer (7°) and cis-isomer (7), is reversed,
leading to the generation of cis-L1Pd(vinyl)F SA as the major isomer. SA undergoes facile
reductive elimination rather than f3-hydride elimination to provide the fluorinated product A with
the desired regioselectivity. While we were unable to obtain direct experimental proof for the
mechanistic role of the TESCF; additive, all of our experimental results are consistent with the

proposal.

2.4 Experimental

General Procedures. All reactions were set up and carried out in a nitrogen-filled glovebox
using oven-dried glassware and anhydrous degassed solvents unless otherwise noted. Anhydrous,
oxygen-free toluene, dichloromethane (CH,Cl,), and tetrahydrofuran (THF) were obtained by
passage through activated alumina columns under argon pressure before use. Cyclohexane was
purchased from Aldrich in Sure-SealTM bottles. CD,Cl, (99.9%) and other deuterium sources
(Table S1) were purchased in sealed ampules from Cambridge Isotopes. tBuOD (99%) and
CDCI; were purchased from Cambridge Isotopes. Potassium fluoride (99.9%) was purchased
from Strem and dried at 200 °C under high vacuum for 24 h. The dried potassium fluoride was
then transferred to a nitrogen-filled glovebox where it was thoroughly ground using an oven-
dried mortar and pestle. The finely ground potassium fluoride was filtered through a stainless-
steel sieve (purchased from Cole Parmer) to obtain potassium fluoride with particle size of <45
um. The preparations of L1, L2 have been previously described. All other reagents were
purchased from commercial sources and used without further purification. All '’F NMR yields
stated for fluorination reactions are calculated from '°F NMR (282 MHz) spectra relative to an
internal standard of I-fluoronaphthalene. All compounds were analyzed by 'H, °C, *'P, and "°F

NMR, IR spectroscopy, as well as GC/MS or elemental analysis. Copies of NMR data are
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attached at the end of the Supporting Information. '"H and “C NMR spectra were recorded on
Varian XL 300 MHz, Varian Inova 500 MHz or Bruker AMX-400 spectrometer spectrometers
and calibrated using residual solvent as internal reference. The following abbreviations were
used to explain multiplicities: s = singlet, d = doublet, t = triplet, pt = pseudotriplet, q = quartet, p
= pentet, m = multiplet. ’F NMR spectra were recorded on Varian XL 300 MHz, Varian Inova
500 MHz or Bruker AMX-400 spectrometer spectrometers and calibrated to an external standard
of CFCl; (8 0.0 ppm). *'P{'"H} NMR spectra were recorded on Varian XL 300 MHz, Varian
Inova 500 MHz or Bruker AMX-400 spectrometer calibrated to an external standard of agq.
H,PO, (& 0.0 ppm). IR spectra were recorded on a Thermo Scientific Nicolet iS5 Fourier
Transform IR Spectrometer. Elemental analysis was performed by Atlantic Microlabs Inc.,
Norcross, GA. High Resolution Mass Spectrometry (HRMS) data were recorded on a Bruker
Daltonics APEXIV 4.7 Tesla Fourier Transform ion cyclotron resonance mass spectrometer.
Unless specified otherwise, reactions were carried out in oven-dried Fisher Scientific 16 x 125
mm screw-cap tubes (Cat. No. 1495925C) using Thermo Scientific PTFE/silicon F/15-425 10
septa (Cat. No. 03394A). All reactions performed in sealed reaction tubes should be carried out

behind a blast shield or a closed hood sash.

2.4.1 General Procedure to Monitor the Kinetics of the fluorination reaction

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisher 20 x 125 mm tubes — Cat. No.
1495937A) equipped with a stir bar, was charged successively with [(cinnamyl)PdCI], (0.010 g,
0.020 mmol, 0.20 mol%), L1 (0.031 g, 0.050 mmol, 0.50 mol%), KF (0.12 g, 2.0 mmol, 2.0
equiv), 1la (0.31 g, 1.0 mmol, 1.0 equiv), 1-fluoronaphthalene (internal standard) (150 pL, 1.16
mmol, 1.16 equiv), and 5 mL of 2-MeTHF. TESCF, was added if necessary. The reaction tube
was sealed with a screw cap containing a Teflon septum and removed from the glovebox. The
reaction mixture was vigorously stirred at 90 ° C. Syringes (1 mL) with a long needle were used
to take aliquots from the ongoing reaction. The ~0.01 mL reaction solution taken was diluted
with 1 mL EtOAc and subjected to GC analysis. The first aliquot was taken at T = ~15 min and

then periodically in ~30 min intervals.
Fluorination in the absence of TESCF,

The general procedure was followed. The normalized quantities of 1a, A, and B relative to the

internal standard were then plotted (Scheme 3).
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Fluorination in the presence of TESCF,
The general procedure was followed with the addition of 55 ul. of TESCF, via syringe at the
beginning of the reaction. The normalized quantities of 1a, A, B, and TESCF, relative to the

internal standard were then plotted (Scheme 6)

Fluorination with an extra amount of TESCF;.

The general procedure was followed with the addition of 55 pL of TESCF, via syringe at the
beginning of the reaction. At T = ~ 250 min, an extra amount of TESCF3 (18 pL, 10 mol%) was
added via syringe. The normalized quantities of 1a, A, B, and TESCF; relative to the internal

standard were then plotted (Scheme 6)

2.4.2 General Procedure for deuterium labeling experiments

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisherbrand, 16 x 125 mm, catalog
no. 1495925C) equipped with a stir bar, was charged successively with [(cinnamyl)PdCl|,
(0.0010 g, 0.0020 mmol, 0.20 mol%), L.1 (0.0031 g, 0.0050 mmol, 0.50 mol%), KF (0.012 g,2.0
mmol, 2.0 equiv), 1a, and 0.5 mL of 14-dioxane. -BuOD, 2,6,6-1a-d,, TESCF, were added if
necessary. The reaction tube was sealed with a screw cap containing a Teflon septum and
removed from the glovebox. The reaction mixture was vigorously stirred at 110 ° C for 12 h. The
reaction mixture was then allowed to cool to room temperature, and 1-fluoronaphthalene (15.0
ML, 1.16 eq.) was added. The crude reaction mixture was analyzed directly by 'F NMR (282

MHz) to determine conversion, yield, and regioselectivity, as necessary.

Deuterium labeling experiments using #-BuOD under TESCF;-free conditions
The general procedure was followed with the addition of 1a (0.031 g, 0.10 mmol, 1.0 equiv) and
1-BuOD (0.0075 g, 0.10 mmol, 1.0 equiv) (Scheme 4a).

Crossover experiments between 1a and 2,6,6-1a-d; under TESCF;-free conditions
The general procedure was followed with the addition of 1a (0.015 g, 0.050 mmol, 0.5 equiv)
and 2,6,6-1a-d; (0.015 g, 0.050 mmol, 0.5 equiv) (Scheme 4b).

Crossover experiment between 1a and 2,6,6-1a-d; with the addition of 30 mol% TESCF,
The general procedure was followed with the addition of 1a (0.015 g, 0.050 mmol, 0.5 equiv),
2,6,6-1a-d; (0.015 g, 0.050 mmol, 0.5 equiv), and TESCF; (5.5 pL, 30 mol%) (Scheme 8).
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2.4.3 Procedure for the attempted synthesis of 5

?r
Ph
OMe
0 MeQ t—Bl% ~FBU
Me P(t-Bu), 1b p’\
C Ph Pd
y Cy Cy'o \Br
O (COD)Pd(TMSCH,), Lo
Cy pentane, rt Cy
L2 C1

Synthesis of C1

The reaction was set up in a nitrogen-filled glovebox. An oven-dried reaction tube (Fisher 20 x
150 mm tubes — Cat. No. 1495937C) equipped with a stir bar, was charged with L2 (0.59 g, 1.0
mmol, 1.0 equiv), 4-bromo-1,2,3 6-tetrahydro-1,1"-biphenyl (047 g, 2.0 mmol, 2.0 equiv), and
pentane (5 mL) to give a colorless solution. To this solution, (COD)Pd(TMSCH,), (0.39 g, 1.0
mmol, 1.00 equiv) was added, followed by pentane (1 mL) to rinse the sides of the reaction tube.
The reaction mixture was stirred at room temperature for 24 h to give a yellow suspension and
the heterogeneous mixture was filtered over a fine sintered glass filter. The filter cake was
washed with pentane (5 mL) and dried under vacuum to give L2Pd(vinyl)Br C1 as a yellow solid
(217 mg, 82% yield).

Attempted synthesis of 5

The reaction was set up in a nitrogen-filled glovebox. An oven-dried reaction tube (Fisher 20 x
150 mm tubes — Cat. No. 1495937C) equipped with a stir bar, was charged with C1 (0.036 g,
0.039 mmol, 1.00 equiv), AgF (0.025 g, 020 mmol, 5.0 equiv), solvent, and additives if
necessary were added to give a dark yellow solution. The mixture was protected from light by

wrapping the reaction tube in foil and was stirred overnight.
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Table S1. Representative experiments for the synthesis of 5

Ph

‘JPh [ A F |/\‘/OM6
MeQ "Blip.t‘t_Bu/G M@ FBL%P:*‘ FBUQ F Me P(-BU),
@ E"Pd‘Br AgF QP"\F ’ © o
—_— 2 —_—
= \ Ph Ph
Me CVQ\CY Me oy~ o A B
c1 - c2 -
Entry  AgF (equiv)  Solvent Temp. Additive A (%) B (%)
1 5.0 CD,Cl, rt / 52 2
2 5.0 CD,Cl, rt 1b (2.0 equiv) 102 17
3 5.0 CD,Cl, rt L2 (1.0 equiv), 1b (2.0 equiv) 85 15
4 50 CsDs rt / 39 trace
5 50 CD,(Cl, rt TMSCEF; (5.0 equiv) trace trace
6 20 CD,(Cl, rt / 43 trace

2.4.4 Procedure for investigating the influence of TESCF, loadings on the fluorination
reaction

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisherbrand, 16 x 125 mm, catalog
no. 1495925C) equipped with a stir bar, was charged successively with [(cinnamyl)PdCl],
(0.0010 g, 0.0020 mmol, 0.20 mol%), L1 (0.0031 g, 0.0050 mmol, 0.50 mol%), KF (0.012 g,2.0
mmol, 2.0 equiv), 1la (0.031 g, 0.10 mmol, 1.0 equiv), and 0.5 mL of 2-MeTHF. The
corresponding amount of TESCF; was added. The reaction tube was sealed with a screw cap
containing a Teflon septum and removed from the glovebox. The reaction mixture was
vigorously stirred at 90 ° C for 12 h. The reaction was then allowed to cool to room temperature,
and -fluoronaphthalene (15.0 uL, 1.16 eq.) was added. The crude reaction mixture was analyzed

directly by '’F NMR (282 MHz) to determine the yield and regioselectivity.

2.4.5 Procedure for fluorination using BrettPhosPd(Ph)CF; as both the Pd and CF;
sources

In a nitrogen-filled glovebox, an oven-dried reaction tube (Fisherbrand, 16 x 125 mm, catalog
no. 1495925C) equipped with a stir bar, was charged successively with BrettPhosPd(Ph)CF; F
(0.0032 g, 0.0040 mmotl, 4 mol%, F was prepared according to a previously reported protocol'®),
L1 (0.0031 g, 0.0050 mmol, 0.50 mol%), KF (0.012 g, 2.0 mmol, 2.0 equiv), 1la (0.031 g, 0.10

mmol, 1.0 equiv), and 0.5 mL of 2-MeTHF. The reaction tube was sealed with a screw cap
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containing a Teflon septum and removed from the glovebox. The reaction mixture was
vigorously stirred at 90 ° C for 12 h. The reaction was then allowed to cool to room temperature,
and 1-fluoronaphthalene (15.0 pL., 1.16 eq.) was added. The crude reaction mixture was analyzed

directly by '°F NMR (282 MHz) to determine the yield and regioselectivity.

2.5 References and Notes
(1) O’Hagan, D. Chem. Soc. Rev. 2008, 37, 308.
(2) (a) Wang, J.; Sanchez-Rosell6, M.; Aceiia, J. L.; delPozo, C.; Sorochinsky, A. E.; Fustero, S ;
Soloshonok, V. A.; Liu, H. Chem. Rev. 2014, 114, 2432. (b) Zhou, Y .; Wang, J.; Gu, Z.; Wang,
S.;Zhu, W.; Aceia, J. L.; Soloshonok, V. A ; Izawa, K_; Liu, H. Chem. Rev. 2016, 116, 422.
(3) Jeschke, P. ChemBioChem 2004, 5,570
(4) (a) Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.; Meanwell, N. A. J. Med. Chem.
2015, 58, 8315. (b) Hagmann, W. K. J. Med. Chem. 2008, 51, 4359.
(5) Balz—Schiemann reaction: Balz, G.; Schiemann, G. Ber. Dtsch. Chem. Ges. B 1927, 60, 1186.;
Halex process: Finger, G. C.; Kruse, C. W. J. Am. Chem. Soc. 1956, 78, 6034.
(6) (a) Grushin, V. V. Acc. Chem. Res. 2010, 43, 160. (b) Grushin, V. V.; Marshall, W. J.
Organometallics 2007, 26,4997. (¢) Grushin, V. V. Chem. -Eur. J. 2002, 8, 1006. (d) Yandulov,
D.V.; Tran,N.T.J. Am. Chem. Soc. 2007, 129, 1342.
(7) (a) Wang, X.; Mei, T.-S.; Yu, J.-Q. J. Am. Chem. Soc. 2009, /31, 7520. (b) Mazzotti, A. R.;
Campbell, M. G.; Tang, P.; Murphy, J. M_; Ritter, T. J. Am. Chem. Soc. 2013, 135, 14012. (c)
Hull, K. L.; Anani, W. Q.; Sanford, M. S.J. Am. Chem. Soc. 2006, 128,7134. (d) Chan,K.S. L.;
Wasa, M.; Wang, X.; Yu, J.-Q. Angew. Chem., Int. Ed. 2011, 50, 9081. (e) Pefez-Temprano, M.
H.; Racowski, J. M.; Kampf, J. W_; Sanford, M. S. J. Am. Chem. Soc. 2014, 136, 4097. (f) Ball,
N. D.; Sanford, M. S. J. Am. Chem. Soc. 2009, 131, 3796. (g) Furuya, T.; Benitez, D.; Tkatchouk,
E.; Strom, A. E.; Tang, P.; Goddard, W. A_; Ritter, T. J. Am. Chem. Soc. 2010, 132, 3793. (h)
Ding, Q.; Ye, C.; Pu, S.; Cao, B. Tetrahedron 2014, 70, 409. (i) Lou, S.-J.; Xu, D.-Q.; Xia, A -
B.; Wang, Y .-F.; Liu, Y .-K_; Du, X.-H.; Xu, Z.-Y . Chem. Commun. 2013, 49,6218.
(8) (a) Watson, D. A;; Su, M.; Teverovskiy, G.; Zhang, Y.; Garcia-Fortanet, J.; Kinzel, T.;
Buchwald, S. L. Science, 2009, 325, 1661. (b) Sather, A. C.; Buchwald, S. L. Acc. Chem. Res.
2016, 49,2146. (c) Lee, H. G.; Milner, P. J.; Buchwald, S. L. Org. Lert. 2013, 15, 5602. (d) Lee,
H. G.; Milner, P. J.; Buchwald, S. L. J. Am. Chem. Soc. 2014, 136, 3792. (e) Sather, A. C.; Lee,
H. G.; De La Rosa, V. Y.; Yang, Y.; Miiller, P.; Buchwald, S. L. J. Am. Chem. Soc. 2015, 137,
13433. (f) Milner, P.J.; Yang, Y ; Buchwald, S. L. Organometallics 2015, 34, 4775.

116



(9) (a) Maimone, T. J.; Milner, P. J.; Kinzel, T.; Zhang, Y .; Takase, M. K.; Buchwald, S. L. J.
Am. Chem. Soc. 2011, 133, 18106. (b) Milner, P. J.; Maimone, T. J.; Su, M.; Chen, J.; Miiller, P;
Buchwald, S. L. J. Am. Chem. Soc. 2012, 134, 19922. (c¢) Milner, P. J.; Kinzel, T.; Zhang, Y .;
Buchwald, S. L. J. Am. Chem. Soc. 2014, 136, 15757.

(10) For reviews, see: (a) Purser, S.; Moore, P. R.; Swallow, S.; Gouverneur, V. Chem. Soc. Rev.
2008, 37, 320. (b) Neumann, C. N.; Ritter, T. Angew. Chem. Int. Ed. 2015, 54, 3216; Angew.
Chem. 2015, 127, 3261. (¢) Kirk, K. L. Org. Process Res. Dev. 2008, 12, 305. (d) Miiller, K_;
Faeh, C.; Diederich, F. Science 2007, 317, 1881.

(11) (a) Welch, J.; Lin, J. Tetrahedron 1996, 52, 291. (b) Narumi, T.; Hayashi, R.; Tomita, K.;
Kobayashi, K.; Tanahara, N.; Ohno, H.; Naito, T.; Kodama, E.; Matsuoka, M.; Oishi, S.; Fujii, N.
Org. Biomol. Chem. 2010, 8, 616. (c) Lamy, C.; Hofmann, J.; Parrot-Lopez, H.; Goekjian, P.
Tetrahedron Lett. 2007, 48, 6177. (d) Niida, A.; Tomita, K.; Mizumono, M.; Tanigaki, H.;
Terada, T.; Oishi, S.; Otaka, A.; Inui, K.-1.; Fuji, N. Org. Lert. 2006, 8, 613. (e) Niida, A.;
Mizumoto, M.; Narumi, T.; Inokuchi, E.; Oishi, S.; Ohno, H.; Otaka, A .; Kitaura, K.; Fujii, N. J.
Org.Chem.2006,71,4118.

(12) Ye, Y .; Takada, T.; Buchwald, S. L. Angew. Chem., Int. Ed. 2016, 55, 15559.

(13) When the stoichiometric experiment in Scheme 5 was conducted in the presence of TESCF,,

no fluorinated products were observed.
Ph

AR i F
P\ AgF (2.0 equiv) N
Cywel s TESCF; (5.0 equiv)
A Br -
\_ Ph Ph
2-MeTHF (0.5 M), rt
Me Cyg A B

C1 0% total yield

(14) Liu, X.; Xu, C.; Wang, M.; Liu, Q. Chem. Rev. 2015, 115, 683.

(15) Prakash, G. K. S.; Wang, F.; Zhang, Z.; Haiges, R.; Rahm, M .; Christe, K. O.; Mathew, T ;
Olah, G. A. Angew. Chem. Int. Ed. 2014, 53, 11575.

(16) Lishchynskyi, A.; Miloserdov, F. M.; Martin, E.; Benet-Buchholz, J.; Escudero-Addn, E. C.;
Konovalov, A. I.; Grushin, V. V. Angew. Chem. Int. Ed. 2015, 54, 15289.

(17) Cho, E. J.; Buchwald, S. L. Org. Lett. 2011, 13, 6552.

(18) Cho, E. 1.; Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; Buchwald, S. L. Science
2010, 328, 1679.

117



(19) Allgeier, A. M.; Shaw, B. J.; Hwang, T.-L.; Milne, J. E.; Tedrow, J. S.; Wilde, C. N.
Organometallics 2012, 31, 519.
(20) Using LPd(Ph)CF, complex supported by BrettPhos as an example, one possible pathway of

2122

CF;™ generation is illustrated below:

Me
~0 Cy Cy Q
v
P\

. Pd
FPE "SCFy

'—-

O 1pr i
Me” iPr

ipso-C-bound isomer O-bound isomer
In solution, BrettPhosPd(Ph)CF, mainly exists as the O-bound isomer. At high temperature, it
could potentially undergo a-fluoride elimination to generate difluorocarbene, which transforms
to CF;™ in the presence of KF.
It is also possible that the O-bound isomer gives an ion pair from which the CF;™ is released and
replaced by F from the KF.
(21) Zhang, S .-L.; Huang, L.; Sun, L.-J. Dalton Trans. 2015, 44,4613.
(22) Grushin, V. V; Marshall, W.J. J. Am. Chem. Soc. 2006, 128, 4632.

118



Chapter 3
CuH-Catalyzed Enantioselective Alkylation of Indoles with Ligand-Controlled
Regiodivergence
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3.1 Introduction

The indole framework is widely recognized as a ‘privileged’ scaffold in numerous
research areas such as pharmaceuticals, fragrances, agrochemicals, pigments, and materials
science (Figure la).' In particular, enantiomerically enriched indole derivatives are ubiquitous in
both biologically active natural products and pharmacologically relevant compounds.” Therefore,
the development of efficient enantioselective synthesis of indoles has been a prominent objective
in organic synthesis. Traditionally, the indole is generally used as the nucleophile partner in
conjunction with a variety of electrophilic partners, including activated olefins, ketones or
imines, allylic alcohol derivatives, and alkynes.’* The preference for bond formation at the C3-,
C2- or Nl-position in these reactions is usually determined by the intrinsic nucleophilicity of
these positions of the indole reactant. For instance, most alkylation reactions largely or entirely
take place at C3 due to the higher nucleophilicity at this position.” In contrast, reactions that
selectively generate enantioenriched Nl-alkylated indoles, despite their potential utility, remain
rare and underdeveloped (Figure 1b). To date, several strategies have been employed to favor
reaction at the NI-position, particularly in the context of the enantioselective N-allylation of
indoles. These include: 1) the installation of an electron-withdrawing substituent at C2 or C3;° 2)
the employment of specialized allylation reagents;’ and 3) two-step synthesis by asymmetric
allylation/oxidation of indolines and asymmetric allylation/Fischer indolization of aryl
hydrazines.® Despite these advances, the enantioselective synthesis of N1-alkylated indoles is
still unknown.” Herein we report a CuH-catalyzed enantioselective alkylation of indoles with

interesting ligand-controlled regiodivergence using a polarity reversal strategy.

In this method, electrophilic indoles (N-benzoyloxyindole derivatives) are employed as
starting materials instead of the nucleophilic reagents that are commonly used (Figure 1¢). N1-
alkylated indoles can be efficiently synthesized with high levels of regio- and enantioselectivity
with a DTBM-SEGPHOS-modified CuH catalyst. Meanwhile, chiral C3-alkylated indoles can

also be selectively accessed when Ph-BPE is used as the ligand.
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a) Biologically active N1- and C3-a-chiral indoles
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Figure 1. Bioactive indoles, traditional chiral indole synthesis and indole alkylation using
an umpolung strategy. a, Representative biologically active N1- and C3-substituted c-chiral
indoles. b, Regioselectivity in enantioselective alkylation of nucleophilic indoles. ¢, Ligand-

controlled regiodivergent alkylation of electrophilic indoles.
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3.2 Results and Discussion
3.2.1 Reaction Design

Since the typical C3-selectivity observed in indole alkylation reactions originates from
the nucleophilic character of the indole, we envisioned that if the indole could be employed as an
electrophile, this intrinsic preference might no longer be dominant. Over the past decade, the
study of transformations of electrophilic indole derivatives has emerged as an active area of

research,'® enabling novel bond constructions in indole synthesis that would be difficult to realize

by conventional methodology.

During the same period, CuH-catalysis emerged as an efficient method for the
enantioselective formation of C—N and C—C bonds.'"'* In these reactions, enantioenriched
alkylcopper intermediates generated from alkenes can act as nucleophiles. We reasoned that
these same species could react with an electrophilic indole reagent and provide alkylated indoles,

potentially with high enantioselectivity and chemoselectivity.

For our proposed transformation to be viable, the electrophilic indole reagent must satisfy
certain criteria. For example, the electrophilic indole must be stable in the presence of the
catalytic LCuH, yet reactive enough to productively interact with a short-lived alkylcopper(l)
intermediate. Furthermore, the reagent must be effective in delivering a range of indole
fragments in order to maximize the synthetic utility of the process. In analogy to our previous
hydroamination reactions, we considered N-benzoyloxyindole derivatives to be promising
reagents for this purpose. Compared with other electrophilic indoles such as indolynes or indoles
bearing electron-withdrawing groups, N-benzoyloxyindoles with many substitution patterns can
be reliably synthesized."” Furthermore, the stability of the electrophilic indole reagent could be

modulated by tuning the character of the leaving group.

Using a N-benzoyloxyindole as the electrophile partner, the mechanism of our proposed
reaction is outlined in Figure 2. At the beginning of the reaction, the phosphine-ligated CuH
catalyst (LCuH, I) is formed in situ from the combination of Cu(OAc),, a phosphine ligand, and
silane. Next, olefin insertion into LCuH (I) forms alkyl copper(I) species II. Interception of II by
indole electrophile 2 generates chiral indole 3 or 4, as well as phosphine-ligated copper(l)
benzoate (LCuO,CAr, III). From here, regeneration of LCuH (I) from the reaction of a

hydrosilane with III closes the catalytic cycle.”
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Figure 2. Proposed mechanism for CuH-catalyzed indole alkylation.

3.2.2 Reaction Discovery

Several N-benzoyloxyindole derivatives with different O-benzoate substituents were
synthesized on gram-scale in 30-60% yields (see Supporting Information for details). The
feasibility of the alkylation process was first investigated using styrene as the precursor to the
benzyl copper nucleophile, copper(ll) acetate as the precatalyst, and DTBM-SEGPHOS as the
ligand. The Nl-alkylated indole was generated with excellent regioselectivity (N1:C3 > 99:1)
and with good enantioselectivity (Table 1). Among the indole electrophiles tested, the N-(2,4,6-
trimethylbenzoyl)indole (2d) provided the best yield and the highest enantiometric excess. We
hypothesized that the steric hindrance provided by the two ortho-methyl groups on the benzoate
slows direct reduction of the carbonyl, allowing the reagent to undergo the desired
transformation at a higher temperature. Interestingly, the regioselectivity was found to switch

from C-N to C—C bond formation when DTBM-SEGPHOS was replaced with Ph-BPE (Table 2,
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entries 1 and 2). Catalysts based on DuanPhos provided the alkylated indoles in diminished
yields and with no chemoselectivity (Table 2, entry 3). JosiPhos and MeO-BIPHEP showed
limited ability to facilitate the reaction (Table 2, entries 4 and 5). With these initial results in
hand, these two alkylation processes were further studied with DTBM-SEGPHOS and Ph-BPE

as the ligands, respectively.

Table 1. Investigation of N-benzoyloxyindole Derivatives as Electrophilic Indole Reagents.

@3 ¢
N (1.0 equiv) PA
PAr,
N Cu(OAc), (5.0 mol%)
©/\ (R)-DTBM-SEGPHOS (6.0 mol%) \
DEMS (4.0 equiv)
Ar = 3,5-(t-Bu)-4-MeO-CgH,

1a
(1.0 equiv) THF (0.1 M), 90 °C, 12 h (R)-DTBM-SEGPHOS
R=
Entry 2 Yield of 3a (%)? e.e. (%) r.r. (3a:4a) Q
NMe

T °

1 2a 48 83 > 201

2a

2 2b 37 78 >20:1
0)

3 2c 5 / > 20:1
a

4 2d 54 88 >20:1

“Reactions were conducted on 0.1 mmol scale. Yields were determined by gas chromatography
using dodecane as internal standard. "The e.e. was determined by SFC analysis using columns

with chiral stationary phases.

3.2.3 Optimization of the N1-Alkylation Reaction

After evaluating a variety of reaction parameters, we found that the Nl-alkylated chiral
indole could be accessed in good yield with excellent regio- and enantioselectivity at 90 °C using
Cu(OAc), as the copper source, DTBM-SEGPHOS as the ligand, diethoxymethylsilane (DEMS)
as the hydride source, and triethylmethanol as an additive (Table 3, entry 1). A higher than usual
temperature, compared to most CuH-catalyzed processes, was required to achieve an optimal
yield (Table 3, entry 2). Substituting diethoxymethylsilane (DEMS) with dimethoxymethylsilane
(DMMS) decreases the observed yield and enantioselectivity (Table 3, entry 3). Since one of the

major side reactions in this transformation is the reduction of the indole electrophile 2d by CuH,
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it was necessary to employ a slight excess of this reagent (1.5 equiv) to achieve a better yield
(Table 3, entry 4). In addition, the reaction gave a better result at 0.1 M of substrate than at 0.5 M
(Table 3, entry 5). Further we found that the inclusion of an alcohol as an additive provided the
desired product with improved efficiency (Table 3, entry 6). We believe that the protonation of
an off-cycle copper indolyl species’ with Et;COH bypasses its slow transmetalation with a

hydrosilane and thus facilitates catalyst regeneration.'

Table 2. Investigation of Ligand Dependence on the Regioselectivity of the Process.

2d (1.0 equiv) K_Q Me  _pn ©f\> Me Me
X Cu(OAc), (5.0 mol%) N N\O\“p/
©/\ Ligand (6.0 mol%) + A\ Ma
DMMS (4.0 equiv) Me N
H

1a I

_—

Indole electrophile 2d

(1.5equiv)  THF (0.5M),50°C, 12h 3a 4a
Entry? Ligand Yield of 3a (%) Yield of 4a (%) Total yield (%, 3a+4a) C-N:C-C
1 (R)-DTBM-SEGPHOS 36 trace 36 >20:1
2 (S,S)-Ph-BPE " 65 76 16
3 (1R, 1'R285,2'S)-DuanPhos 10 10 20 11
4 JosiPhos SL-J009-1 trace trace trace /
5 (R)-MeO-BIPHEP trace trace trace /

O Ph
oL,
0 PAr, —/_p PPh,
o) PAr, P PPh,
( O / Ph
o) Ph
Ar = 3,5-(t-Bu)-4-MeO-CgH, (S,5)-Ph-BPE (1R,1'R25,2’R)-DuanPhos  JosiPhos SL-JO09-1 (R)-MeO-BIPHEP

(R)-DTBM-SEGPHOS
“Reactions were conducted on 0.1 mmol scale. Yields were determined by gas chromatography

using dodecane as internal standard.

3.2.4 N1-Alkylation Substrate Scope.

Utilizing the optimized reaction conditions described above, a range of styrenes was first
investigated as substrates (Table 4). In all cases, we observed that the N1-to-C3 selectivity

was >20:1. Styrenes bearing ortho- (3b, 3n), meta- (3¢, 3m, 3r), and para-substituents (3e) were
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all suitable, yielding the desired Nl-alkylated indoles with high efficiency and high levels of
enantioselectivity. Electron-withdrawing groups on the aryl ring of the styrenes facilitated the
reaction (3¢), while an electron-donating group (3d) slowed down the reaction. Trans-/3-
substituted styrenes were also successfully transformed using this protocol (3g, 3h). In particular,
3h, an important serotonin reuptake inhibitor derivative, was efficiently prepared in a reaction
that proceeded with excellent levels of regio- and enantioselectivity. A more sterically hindered
B B-substituted styrene was transformed to the desired product (31) in moderate yield as a single

diastereomer.

Alkyl-substituted terminal alkenes could also be employed as coupling partners (3j) with
a nearly complete change in preference toward the anti-Markovnikov product. Monosubstituted
C=C double bonds underwent the transformation selectively (3K, 31, 30), with cis-disubstituted

or trisubstituted olefins remaining intact.

Table 3. Optimization of CuH-Catalyzed Enantioselective N1-Alkylation.

2d (1.5 equiv)
Cu(OAC), (5.0 mol%) 4—© ©j\> Ve
(R)-DTBM-SEGPHOS (6.0 mol%) \ N W
N DEMS (4.0 equiv) 5
cr -~ 2
Et;COH (20 mol%)

1a THF (0.1 M), 90 °C, 12 h Indole electrophile 2d
(1.0 equiv) 3a

Entry Change from the “standard conditions” Yield (%)? e.e. (%)° rr.d
1 none 91 (85)P 91 > 2011
2 70 °C 75 93 >20:1
3 DMMS instead of DEMS 69 22 > 201
4 1.0 instead of 1.5 equiv of 2d 86 89 > 20:1
5 0.5 M instead of 0.1 M 71 93 13:1
6 no Et;COH 68 92 > 20:1

“Reactions were conducted on 0.1 mmol scale. Yields were determined by gas chromatography
using dodecane as internal standard. "Isolated yield on a 0.5 mmol scale. ‘The e.c. was
determined by SFC analysis using columns with chiral stationary phases. “The regioselectivity

(r.r.) was determined by GC analysis of the crude reaction mixture.
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Table 4. Substrate Scope of CuH-Catalyzed Enantioselective N1-Alkylation.

2 (1.5 equiv)
Cu(OAc); (5.0 mol%)
(R)-DTBM-SEGPHOS (6.0 mol%)
DEMS (4.0 equiv)

3
H‘\R

R2

1 Et;COH (20 mol%) R?
(1.0 equiv) THF (0.1 M), 90°C, 20 h

Indole electrophile 2

[@
N
Me

4 ]

5 5 5
N N N
©/'\ Me ©\/L Me Meo\©/'\ Me
Me
3a 3b 3c

MeO
3d
85% vyield, 91% e.e. 81% yield, 87% e.e. 71% yield, 93% e.e. 10% vyield
r.r.>20:1 rr.>20:1 rr.>20:1 rr.>20:1

»Y
N i/
4 Me 1 1 Me
N ©/k/\002!-8u ©/'\/\ ,;l.’
SI Piv

3f 39 3h

—

Y.
N
O)L .
F
3e

81% yield, 92% e.e. 63% yield, 93% e.e. 78% yield, 96% e.e. 69% yield, > 99% e.e.
rr.> 201 r.r.>20:1 r.r.>20:1 rr.> 201
-~
4 o ’ Me, N
N ¢ NN _ ;
Me N Me
Y f;l 0 M —_
Ts Me Mé
3i? 3ja 3k? 319
41% yield, > 99% e.e. 61% yield 73% yield 71% yield
d.r.>20:1, rr. > 20:1 rr. > 20:1 rr.>20:1 rr.> 201
CO,t-Bu
J@@ ) mm "
FiC N N V%
N (@]
Q Me Me
Me cl RS
Et,N _
OCHF, N CF3
3m 3n 3r
56% yield, 82% e.e. 61% yield, 92% e.e. 81% yield, 93% e.e. 3p?

r.r.> 201 rr.>20:1 rr.>20:1 76% yield, r.r > 20:1

- N
?‘Me
Ct
3q?

307 43% yield, 0% e.e.
63% yield, r.r > 20:1

rr.>20:1

OMe
N\
N
? ~Me
3C
3s¢

16% yield, 21% e.e

rr.> 201
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Condition: 1 (0.50 mmol), 2 (0.75 mmol), Et;COH (0.10 mmol), Cu(OAc), (5.0 mol%), (R)-
DTBM-SEGPHOS (6.0 mol%), DEMS (4.0 equiv), THF (0.1 M), 90 °C, 20 h. The e.e. was
determined by SFC analysis using columns with chiral stationary phases. “Condition: 1 (0.75
mmol), 2 (0.50 mmol), KF (0.10 mmol), Cu(OAc), (5.0 mol%), (R)-DTBM-SEGPHOS (6.0
mol%), DEMS (4.0 equiv), THF (0.1 M), 70 °C, 20 h. "Using | 4-dioxane instead of THF.
‘Condition: 1 (0.50 mmol), 2 (1.5 mmol), Et,COH (0.10 mmol), Cu(OAc), (5.0 mol%), (R)-
DTBM-SEGPHOS (6.0 mol%), DEMS (4.0 equiv), 1 4-dioxane (0.1 M), 90 °C, 20 h.

In terms of the scope of indole electrophiles, a variety of functional groups were
accommodated at different positions on the benzene ring of the indole, including a 6-
trifluoromethyl (3m), a 4-terr-butyl ester (3n), and a 6-chloro (30) substituent. Alkyl groups at
the 2- and 4-position of the indole electrophile were tolerated and the corresponding products
were synthesized in good yields with excellent enantioselectivities (3r, 3p). An indole
electrophile with a 2-carbomethoxy substituent exhibited low reactivity under the standard
reaction conditions (10% conversion). However, using excess styrene and dioxane as solvent, the
desired product was obtained in moderate yield (3q) albeit in racemic form. Indole electrophiles
bearing substituents at the 3-position were generally poor substrates in this Nl-alkylation

reaction. The desired product was generated in low yield with diminished stereoselectivity.'”

3.2.5 C3-Alkylation Reaction Optimization

Using Ph-BPE as the ligand, the desired C3-alkylated indole 4a was formed in high yield
and with good enantioselectivity. The regioselectivity of this reaction is greater than 5:1 (C3:N1,
Table 5, entry 1). Compared with Nl-alkylation employing DTBM-SEGPHOS, this C3-
alkylation proceeds at lower temperature (Table 5, entry 2). The reaction with 1.0 mol% catalyst
loading gave comparable yield and better enantioselectivity than with 5.0 mol% (Table 5, entry
3). DMMS was employed instead of DEMS to achieve a better yield (Table 5, entry 4). The use
of an excess amount of alkene (2.0 equiv) in this reaction was crucial to achieve an acceptable
yield, although a corresponding diminishment of the enantioselectivity was observed (Table 5,
entry 5). The addition of an alcohol additive again improved both yield and the enantioselectivity

(Table 5, entry 7).
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3.2.6 C3-Alkylation Substrate Scope.

With the o
prepared in moderate to good yields and with useful levels of enantiomeric excess (Table 6). 4-
Trifluoromethyl styrene was found to be an efficient substrate in this transformation, providing
the desired indole product (4b) in moderate yield with a high level of regioselectivity. The lower
enantioselectivity observed compared to 4a might due to fast racemization of the electron-
deficient alkylcopper species.”® In contrast, 1-tosyl-5-vinylindole, a relatively electron-rich
alkene, underwent the transformation with lower regioselectivity but better enantioselectivity
(4¢). A trans-B-substituted styrene was also effectively transformed by this protocol (4d). To
further demonstrate the synthetic utility of this method, chiral C3-alkylated chiral indoles derived
from estrone and loratadine, a common antihistamine, were prepared with good regio- and
enantioselectivities (4e, 4f). In addition to styrenes, a terminal alkyl-substituted olefin was used
as the coupling partner, generating the corresponding product in a moderate yield and with

excellent regioselectivity (4g,>99:1).

Table S. Optimization of CuH-catalyzed Enantioselective C3-Alkylation.

2d (1.0 equiv
(1.0 equiv) Me A o
Cu(OAc), (1.0 mol%) Ph Me
(S,8)-Ph-BPE (1.2 mol%) N
X \
DMMS (4.0 equiv) A\ 0
- Me
- ﬁ o)
1a Et;COH (20 mol%) .
Indole electrophile 2d
(2.0 equiv) THF (0.5 M), 40 °C, 24 h 4a n electrophile
Entry Change from the “standard conditions” Yield (%)@ e.e. (%)° rrd
1 none 79 (71)P 79 5.3:1
2 90 °C 59 67 2.1:1
3 5 mol% instead of 1 mol% Cu(OAc), 78 72 6.0:1
4 DEMS instead of DMMS 22 94 2.31
5 1.0 instead of 2.0 equiv of 1a 37 83 4.9:1
6 0.1 Minstead of 0.5 M 55 73 3.7:1
7 no Et;COH 67 73 5.6:1

“Reactions were conducted on 0.1 mmol scale. Yields were determined by gas chromatography

using dodecane as internal standard. “Isolated yield on a 0.5 mmol scale. ‘The ee. was
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determined by SFC analysis using columns with chiral stationary phases. “The regioselectivity

(r.r.) was determined by GC analysis of the crude reaction mixture.

Table 6. Substrate Scope of CuH-Catalyzed Enantioselective C3-Alkylation.

2d (1.0 equiv) R N
Cu(OAG), (1.0 mol%) R Me Me
(S,5)-Ph-BPE (1.2 mol%) N \/ﬁ
Me

\
H(\,H? DMMS (4.0 equiv) N VW o
a8 N
1 Et;COH (20 mol%) H
Indole electrophile 2d
(1.5 equiv) THF (0.5 M), 40 °C, 36 h 4 = ¢

Me, O Me O CFs3 Me,

N N N N
H H H
4a 4b 4c 4d
71% yield, 76% e.e. 61% yield, 50% e.e. 55% yield, 85% e.e. 61% yield, 69% e.e.
r.r. =5:1 r.r. = 53:1 rr.=3:1 r.r.=4:1

62% vyield, 84% e.e.

rr.=5:1
Q ‘ O OMe
OEt F
N
at 4g
41% yield, XX% e.e. 32% yield Crystal structure of 4e
rr=5:1 r.r.>99:1

Condition: 1 (1.0 mmol), 2d (0.50 mmol), Et;COH (0.10 mmol), Cu(OAc), (1.0 mol%), (S,5)-
Ph-BPE (1.2 mol%), DMMS (4.0 equiv), THF (0.5 M), 40 °C, 24 h. The e.e. was determined by
SFC analysis using columns with chiral stationary phases. The regioselectivity (r.r.) was

determined by GC analysis of the crude reaction mixture.
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3.2.7 Mechanistic Discussion

In order to analyze the origin of the ligand-controlled regiodivergence, density functional
theory (DFT) calculations were performed in collaboration with the Baik group at KAIST, to
elucidate the mechanism of this alkylation process. We focused on the reaction between the
alkylcopper intermediate II and the indole electrophile, which determines the regioisomer of
product that is formed. Based on previous mechanistic studies on CuH chemistry" and

experimental observations,”” two pathways were proposed (Figure 3).

In pathway 1 (blue), the copper center of II undergoes oxidative insertion into the N1-O
bond of the indole electrophile 2d via transition state II-TS’ to generate intermediate III. Next,
the oxidative addition complex IIIy produces the Nl-alkylated product 3a by reduction
elimination via transition state IIIy-TS. Alternatively, in Pathway 2 (purple), the oxidative
addition takes place at the C3-position of the indole electrophile 2d via II-TS to generate II.
Subsequent reductive elimination from Il (via III.-TS) followed by rearomatization through
tautomerization forms the C3-alkylated product 4a. Notably, intermediate III and Il could
potentially interconvert via intermediate IV. However, computational studies suggest that these
I ,3-migration processes can be neglected since the competing reductive elimination processes
are much faster (see below, as well as the full energy profile in the Supporting Information).
Therefore, if irreversible, the oxidative addition process should determine the overall

regioselectivity of the reaction.

DFT calculations were then conducted on the oxidative addition step using different
ligands (Figure 4). Instead of DTBM-SEGPHOS, SEGPHOS, which experimentally gives the
same regioselectivity as DTBM-SEGPHOS (>20:1 N1:C3), was used for the calculation to

reduce the complexity of the systems and facilitate computational analysis.

When SEGPHOS was employed as the supporting ligand, the alkylcopper complex II
prefers the Nl-oxidative addition with 2d over the alternative C3-oxidative addition. The N1-
oxidative addition is associated with a barrier of 23 .4 kcal/mol (II;-TS’), while the C3-oxidative
addition transition state II-TS is 2.8 kcal/mol higher in energy. This computed energy difference
agrees with the experimental observations that the Nl-alkylated indoles are formed with
excellent (>20:1) regioselectivities. In contrast, in the case of the Ph-BPE system, oxidative
additions at N1- and C3-positions have barrier of 19.8 kcal/mol (II,-TS’) and 18.8 kcal/mol (II,-
TS), respectively. This moderate preference for the C3-alkylated regioisomer is consistent with

the experimental results (~ 5:1 C3:N1).
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(Subscript S and P indicates SEGPHOS and Ph-BPE as the supporting ligand, respectively)
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Figure 5. Energy decomposition analysis of transition states II-TS’ and II-TS supported by
SEGPHOS and Ph-BPE. (Subscripts S and P indicate SEGPHOS and Ph-BPE as the supporting

ligand, respectively)

To elucidate the fundamental origin of these barrier difference, we carried out energy
decomposition analysis of the two transition states, II-TS’ and II-TS. As illustrated in Figure 5,
the transition state structure was partitioned into a substrate fragment and a metal fragment. The
energies labeled “substrate” and “metal” represent the distortion energy during transformation of
the isolated fragments from the ground state geometry into the transition state geometry. The
interaction energy is the energy of association between these two fragments in the transition
state. The sum of these three energy components results in the electronic energy barrier of the
transition state (AE,,). Additionally, entropy and solvation corrections were added, resulting in a

predicted free energy barrier (AG_,).

In the case of SEGPHOS, the distortion energies of the metal fragment in the N1- and
C3-oxidative addition steps are almost the same. The substrate distortion has a 3.1 kcal/mol
energy difference favoring the N1-oxidative addition. In addition, the interaction energy is more
favorable in the N1-oxidative addition by 5.5 kcal/mol. In total, this leads to a relatively large
energy difference (9 kcal/mol) in the electronic energy barrier favoring N1-oxidative addition.
The free energy correction attenuates this preference since the solvation penalty for N1-oxidative
addition is more substantial; however, the final free energy barrier of the N1-oxidative addition

is still 2.8 kcal/mol lower than the C3-oxidative addition.

In the case of Ph-BPE, the distortion of substrate fragment and interaction energy in the

N1- or C3-oxidative addition transition states show the same trends as the SEGPHOS system. In
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contrast, the distortion energy of metal fragment is markedly different. When Ph-BPE is used as
the ligand, Nl-oxidative addition distorts the alkylcopper species more than C3-oxidative
addition, resulting in 5.2 kcal/mol difference in distortion energy. As a result, the electronic
energy difference between the two oxidative addition pathways is 4.5 kcal/mol, which is
significantly smaller than the difference in the case of SEGPHOS (9 kcal/mol). This smaller
electronic energy difference is overwhelmed by the 5.5 kcal/mol difference in free energy
correction, ultimately resulting in a reversal of preference toward oxidative addition at the C3-
position. Analysis of the transition state structure shows that while the Cu—P bond in the
SEGPHOS system elongates by ~0.05 A during the oxidative addition, the same bond in the Ph-
BPE system is lengthened by ~0.12 A (see the Supporting Information for details). The more
severe structural distortion of the alkylcopper species supported by Ph-BPE is a major

contributor to the preference for generating C3-alkylated products.

3.3 Conclusion

In summary, we have developed an enantioselective CuH-catalyzed process to access
either NI- and C3-alkylated indoles, depending on the choice of ligand. In contrast to
conventional indole functionalization in which indoles are used as nucleophiles, N-
benzoyloxyindole derivatives are employed as electrophiles in this method. DFT calculations
were performed in order to understand the origin of the ligand-controlled regiodivergence. The
extent to which the Cu—P bonds of the alkylcopper intermediate distort is suggested to affect the
site of oxidative addition, which in turn determines the regioselectivity of the reaction. We
anticipate that this general umpolung strategy may not be limited to indole electrophiles, but
could be further extended to the catalytic functionalization of other important heterocyclic

compounds.
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3.4 Experimental

General Reagent Information: All reactions were performed under a nitrogen atmosphere
using the indicated method in the general procedures. Tetrahydrofuran (THF) was purchased
from J.T. Baker in CYCLE-TAINER® solvent delivery kegs and purified by passage under
argon pressure through two packed columns of neutral alumina and copper(ll) oxide. Anhydrous
I 4-dioxane was purchased from Aldrich Chemical Company in a Sure-Seal™ bottle and used as
received. Copper(Il) acetate was purchased from Strem and was used as received. 12-
Bis((25,55)2,5-diphenylphospholano)ethane, 1.2- Bis((2R,5R)2,5-diphenylphospholano)ethane
(Ph-BPE) ligands were purchased from Namena Corp. and stored in a nitrogen-filled glove box.
DTBM-SEGPHOS was purchased from Takasago International Co. and used as received.
Diethoxymethylsilane was purchased from TCI America. Dimethoxy(methyl)silane (DMMS)
was purchased from Tokyo Chemical Industry Co. (TCI). Both silanes were stored in a nitrogen-
filled glove box at —20 °C for long term storage. (Caution: Dimethoxy(methyl)silane (DMMS,
CAS#16881-77-9) is listed by several vendors (TCI, Alfa Aesar) SDS or MSDS as a H318, a
category 1 Causes Serious Eye Damage Other vendors (Sigma-Aldrich, Gelest) list DMMS as a
H319, a category II Eye Irritant. DMMS should be handled in a well- ventilated fumehood using
proper precaution as outlined for the handling of hazardous materials in prudent practices in the
laboratory. At the end of the reaction either ammonium fluoride in methanol, aqueous sodium
hydroxide (1 M) or aqueous hydrochloric acid (I M) should be carefully added to the reaction
mixture. This should be allowed to stir for at least 30 min or the time indicated in the detailed
reaction procedure). All other solvents and commercial reagents were used as received from
Sigma Aldrich, Alfa Aesar, Acros Organics, TCI and Combi-Blocks, unless otherwise noted.
Flash column chromatography was performed using 40-63 um silica gel (SiliaFlash® F60 from
Silicycle), or with the aid of a Biotage Isolera Automated Flash Chromatography System using
prepacked SNAP silica cartridges (10-100 g). Organic solutions were concentrated in vacuo

using a Buchi rotary evaporator.

General Analytical Information: All new compounds were characterized by NMR

spectroscopy, IR spectroscopy, elemental analysis or high resolution mass spectrometry, optical

rotation and melting point analysis (if solids). '"H, “C and ""F NMR spectra were recorded in

CDCl; on a Bruker AMX-400 spectrometer. Chemical shifts for 'H NMR are reported as

follows: chemical shift in reference to residual CHCI; at 7.26 ppm (0 ppm), multiplicity (s =
135



singlet, br s = broad singlet, d = doublet, t = triplet, q = quartet, sex = sextet, sep = septet, ddd =
doublet of double of doublets, td = triplet of doublets, m = multiplet), coupling constant (Hz),
and integration. Chemical shifts for *C NMR are reported in terms of chemical shift in reference
to the CDCI, solvent signal (77.16 ppm). Chemical shifts for "F-NMR are reported in terms of
chemical shift in reference to an external standard (a,o,a-trifluorotoluene set to 0 -63.7 ppm). IR
spectra were recorded on a Thermo Scientific Nicolet iS5 spectrometer (iD5 ATR, diamond) and
are reported in terms of frequency of absorption (¢cm™). Melting points were measured on a Mel-
Temp capillary melting point apparatus. Optical rotations were measured using a Jasco P-1010
digital polarimeter. Elemental analyses were performed by Atlantic Microlabs Inc., Norcross,
GA. ESI- and DART-MS spectrometric data were recorded on a Bruker Daltonics APEXIV 4.7
Tesla Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS). Enantiomeric
excesses (ee’s) were mostly determined by chiral SFC analysis using a Waters Acquity UPC2
instrument; specific columns and analytical methods are provided in the experimental details for
individual compounds; the wavelengths of light used for chiral analyses are provided with the
associated chromatograms. The enantiomeric excesss of certain compounds were determined by
High pressure liquid chromatography (HPLC) performing on Agilent 1200 Series
chromatographs using chiral columns (25 cm). Thin-layer chromatography (TLC) was performed
on silica gel 60A F,, plates (SiliaPlate from Silicycle) and visualized with UV light or potassium
permanganate stain. Preparatory thin-layer chromatography (Prep-TLC) was performed on silica
gel GF with UV 254 (20 x 20 cm, 1000 microns, catalog # TLG-R10011B-341 from Silicycle)
and visualized with UV light. Isolated yields reported reflect the average values from two

independent runs.

3.4.1 CuH-Catalyzed Enantioselective N1-Alkylation

——
2 (1.5 equiv) AN
, Cu(OAc), (5 mol%) / )\ XR“ | _ N Me Me
R"YR (R)-DTBM-SEGPHOS (6 mol%) N A N
2 DEMS (4.0 eq.) ; R3 @)
R > R H O Me
2
1 Et;COH (20 mol%) R .
indole el
(1.0 equiv) THF (0.1 M), 90 °C, 20 h ndole electrophile 2

General Procedure A:

Preparation of CuH solution: In a nitrogen-filled glovebox, an oven-dried screw-top reaction
tube (Fisherbrand, 13 x 100 mm, catalog no. 14-959035C) equipped with a magnetic stir bar was
charged with Cu(OAc), (4.5 mg, 0.025 mmol, 5 mol %) and (R)-DTBM-SEGPHOS (354 mg,
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0.030 mmol, 6 mol %). Anhydrous THF (0.5 mL) was added via a syringe and the reaction
solution was stirred at room temperature (rt) for 15 min. HSiMe(OEt), (0.32 mL, 2.0 mmol, 4.0
equiv) was added sequentially via syringe and the resulting mixture was stirred at rt to afford a
pale yellow to orange solution of CuH (about 15 min).

NI-Alkylation: In a nitrogen-filled glovebox, a second oven-dried screw-top reaction tube
(Fisherbrand, 16 x 125 mm, catalog no. 1495925C) equipped with a stir bar was charged with
indole electrophile 2d (0.21 g, 0.75 mmol, 1.5 equiv). Anhydrous THF (4.2 mL), styrene (0.50
mmol, 1.0 equiv), and 3-ethyl-3-pentanol (14 ul, 0.10 mmol, 0.20 equiv) were added, followed
by addition of the CuH solution from the first reaction tube to the stirred reaction mixture at rt
via syringe. The reaction tube was sealed with a Teflon-lined screw cap and removed from the
glovebox, placed in a 90 °C oil bath and stirred for 20 h. After cooling to rt, the reaction cap was
removed and 50 pl dodecane was added as an internal standard. An aliquot of the solution was
taken into a GC vial and diluted by EtOAc. GC analysis was used for determination of the
conversion, yield and regioselectivity. Sat. NH,F in MeOH (5 mL) was slowly added to the
reaction tube to quench the reaction as part of the workup (Caution: gas evolution observed). The
mixture was stirred uncapped for 30 min, transferred to a 20 mL scintillation vial, the reaction
tube was rinsed with EtOAc (2 mL x 3), and concentrated in vacuo with the aid of a rotary
evaporator. The resulting residue was redissolved in EtOAc, filtered through a shot pad of Celite
and washed with additional EtOAc (about 100 mL). The collected EtOAc solution was
concentrated in vacuo using a rotary evaporator, and the crude material was purified by silica gel
column chromatography.

General Procedure B:

Preparation of CuH solution: see General Procedure A.

NI-Alkylation: In a nitrogen-filled glovebox, a second oven-dried screw-top reaction tube
(Fisherbrand, 16 x 125 mm, catalog no. 1495925C) equipped with a stir bar was charged with
indole electrophile 2d (0.14 g, 0.50 mmol, 1.0 equiv). Anhydrous THF (4.2 mL), styrene (0.75
mmol, 1.5 equiv) and KF (0.0058 g, 0.10 mmol, 0.20 equiv) were added, followed by addition of
the CuH solution from the first reaction tube to the stirred reaction mixture at rt via syringe. The
reaction tube was then removed from the glovebox, placed in a 70 °C oil bath and stirred for 20
h. After cooling to rt, the reaction cap was removed and 50 yL. dodecane was added as an
internal standard. An aliquot of the solution was taken into a GC vial and diluted by EtOAc. GC
analysis was used for determination of the conversion, yield and regioselectivity. Sat. NH,F in

MeOH (5 mL) was slowly added to the reaction tube to quench the reaction as part of the workup
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(Caution: gas evolution observed). The mixture was stirred uncapped for 30 min, transferred to a
20 mL scintillation vial, the reaction tube was rinsed with EtOAc (2 mL x 3), and concentrated
in vacuo using a rotary evaporator. The resulting residue was redissolved in EtOAc, filtered
through a shot pad of Celite and washed with additional EtOAc (about 100 mL). The collected
EtOAc solution was concentrated in vacuo with the aid of a rotary evaporator, and the crude

material was purified by silica gel column chromatography.

Characterization Data for N1-Alkylated Chiral Indoles
(5)-1-(1-phenylethyl)-1H-indole (3a)
The general procedure A was followed using styrene (0.052 g, 0.50 mmol, 1.0
QD equiv). The crude material was purified by flash column chromatography
©/'\Me (Hexanes ~ Hexanes : EtOAc = 15 : 1) to provide the title compound as a white
solid in 85% yield (Run 1: 98 mg, 89%, 91% ee; Run 2: 90 mg, 81%, 91% ee).
m.p. 63-67 °C. '"H NMR (400 MHz, CDCl;) 6 7.70-7.66 (m, 1H), 7.35-7.24 (m, 5H), 7.19-7.10
(m, 4H), 6.61 (dd, J =32 Hz,J =0.8, 1H),5.70 (q, J = 7.1 Hz, 1H), 1.95 (d,J = 7.1 Hz, 3H)
ppm. "C NMR (101 MHz, CDCl,) 8 1427, 136.1, 128.8, 128.7, 127.5, 1259, 1249, 1215,
1209, 1196, 110.1, 101.5, 54.8, 21.8 ppm. IR (thin film) 3028, 1458, 1311, 1300, 1228, 1014,
737,697 cm’'. EA Calcd. for C ¢H,sN: C, 86.84; H, 6.83. Found: C, 86.83; H, 6.98. |a],” = -
85.0. SFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20

min, 2.50 mL/min), 6.66 min (major), 7.15 min (minor), 91% ee. The absolute stereochemistry

was assigned as (S) by analogy.

(5)-1-(1-(o-tolyl)ethyl)-1H-indole (3b)
(_Q The general procedure A was followed using 1-methyl-2-vinylbenzene (0.059 g,
N 0.50 mmol, 1.0 equiv). The crude material was purified by flash column
Me chromatography (Hexanes ~ Hexanes : EtOAc = 15 : 1) to provide the title
e compound as a white solid in 81% yield (Run 1: 99 mg, 84%, 87% ee; Run 2: 92
mg, 78%, 87% ee). m.p. 38-42 °C. 'H NMR (400 MHz, CDCl,) 6 7.72-7.68 (m, 1H), 7.30-7.12
(m, 8H),6.57 (dd,J =32 Hz,J = 0.8 Hz, 1H), 5.85 (q,/ = 6.9 Hz, 1H), 2.33-2.29 (s, 3H), 1.91
(d, J = 7.0 Hz, 3H) ppm. "C NMR (101 MHz, CDCL,) § 140.1, 140.0, 1357, 130.8, 128.9,
127.7, 1266, 1254, 125.1, 121.5, 1210, 1196, 109.7, 101.3, 51.8, 20.5, 19.1 ppm. EA Calcd.
for C,;H;N: C, 86.77; H, 7.28. Found: C, 86.81; H, 7.33. |a],”> = -72.3. SFC analysis: ODH
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(1:99 MeOH over 40 min, 2.50 mL/min), 21.95 min (minor), 22.68 min (major), 88% ee. The
absolute stereochemistry was assigned as (S) by analogy.
($)-1-(1-(3-methoxyphenyl)ethyl)-1H-indole (3c)
7 The general procedure A was followed using 1-methoxy-3-vinylbenzene
N (0.067 g, 0.50 mmol, 1.0 equiv). The crude material was purified by flash
MQOO/LMe column chromatography (Hexanes ~ Hexanes : EtOAc = 10 : 1) to provide the
title compound as a colorless oil in 71% yield (Run 1: 83 mg, 66%, 93% ee;
Run 2: 96 mg, 76%, 93% ee). 'H NMR (400 MHz, CDCl,) 6 7.74-7.70 (m, 1H),7.36 (d,J =33
Hz, 1H),7.34-7.30 (m, 1H), 7.29-7 .24 (m, 1H), 7.23-7.14 (m, 2H), 6.68-6.74 (m, 3H), 6.64 (dd,
J=33Hz,/=0.8Hz, 1H),5.70 (q,J = 7.1 Hz, 1H),3.79-3.76 (s, 3H), 1.96 (d,J = 7.1 Hz, 3H)
ppm. "C NMR (101 MHz, CDCl,) & 160.0, 1445, 136.2, 129.8, 1289, 1249, 1215, 121.0,
1196, 1184, 1124, 1122, 110.1, 101.6,55.2,54.8,21.8 ppm. IR (thin film) 2978, 2834, 1458,
1309, 1284, 1223, 1042,738,717,696 cm'. EA Calcd. for C,;H,,NO: C, 81.24; H, 6.82. Found:
C, 81.22; H, 6.85. |a],” = -52.3. SFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH:
scCO2 linear gradient over 20 min, 2.50 mL/min), 9.33 min (major), 10.29 min (minor), 93% ee.

The absolute stereochemistry was assigned as (S) by analogy.

(S)-1-(1-(4-fluorophenyl)ethyl)-1H-indole (3e)
(_Q The general procedure A was followed using 1-fluoro-4-vinylbenzene (0.061 g,
/N 0.50 mmol, 1.0 equiv). The crude material was purified by flash column
O)\Me chromatography (Hexanes ~ Hexanes : EtOAc = 15 : 1) to provide the title
F compound as a white solid in 81% yield (Run 1: 93 mg, 78%, 91% ee; Run 2:
99 mg, 83%,91% ee). m.p. 78-81 °C. 'H NMR (400 MHz, CDCl,) & 7.76-7.69 (m, 1H),7.33 (d,
J =33 Hz, IH),7.30-7.26 (m, 1H), 7.24-7.12 (m, 4H), 7.06-7.00 (m, 2H), 6.65 (dd,J = 3.3 Hz,
J =0.8 Hz, 1H),5.71 (q,J = 7.1 Hz, IH), 1.96 (d, J = 7.1 Hz, 3H) ppm. >C NMR (101 MHz,
CDClL;) o (d, J = 247.5 Hz), 138.5 (d,J = 3.0 Hz), 136.0, 128.9, 127.6 (d, J = 8.1 Hz), 1247,
121.6,121.0, 119.7, 115.6 (d, J = 21.2 Hz), 110.0, 101.8, 542, 21.8 ppm. 'F NMR (376 MHz,
CDCl;) 0 -115.1 ppm. IR (thin film) 3049, 2979, 1508, 1459, 1310, 1299, 1226, 1158, 1013, 833,
763,738 cm™'. EA Calcd. for C,¢H,,FN: C, 80.31; H, 5.90. Found: C, 80.35; H, 6.04. |a|,” = -
80.6. SFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20
min, 2.50 mL/min), 6.66 min (major), 7.15 min (minor), 91% ee. The absolute stereochemistry

was assigned as (S) by analogy.
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(8)-5-(1-(1H-indol-1-yl)ethyl)-1-tosyl-1H-indole (3f)

The general procedure A was followed using I-tosyl-5-vinyl-1H-indole (0.149

CQ g, 0.50 mmol, 1.0 equiv). The crude material was purified by flash column
(/D/LME chromatography (Hexanes ~ Hexanes : EtOAc = 4 : 1) to provide the title
TS/N compound as a white solid in 52% yield (Run 1: 101 mg, 49%, 95% ee; Run 2:

114 mg, 55%,95% ee). m.p. 142-158 °C. '"H NMR (400 MHz, CDCI,) 6 7.89 (d,J = 8.6 Hz, 1H),
7.79-7.71 (m, 2H), 7.67-7.62 (m, 1H),7.54 (d, J = 3.7 Hz, 1H), 7.33-7.05 (m, 8H), 6.58 (d,J =
3.1 Hz, 1H),6.55(d,J=3.7 Hz, |H),5.74 (q,J =7.1 Hz, 1H),2.36-2.31 (s,3H), 1.93 (d,/J=7.1
Hz, 3H) ppm. “C NMR (101 MHz, CDCl,) 8 145.0, 138.0, 136.0, 1353, 134.0, 1309, 1299,
128.8, 1269, 126.8, 124.8, 122.8, 1214, 1209, 1196, 118.5, 113.7, 110.0, 108.9, 101.5, 54.8,
22.1,21.6 ppm. ||, = -103.1. SFC analysis: ADH (5:95 MeOH (0.1% DEA): scCO2 to 30:70
MeOH (0.1% DEA): scCO2 linear gradient over 25 min, 2.50 mL/min), 15.96 (major), 16.49

min (minor), 95% ee. The absolute stereochemistry was assigned as (S) by analogy.

tert-butyl (S)-4-(1H-indol-1-yl)-4-phenylbutanoate (3g)
The general procedure A was followed using zert-butyl (FE)-4-phenylbut-3-
[@ enoate (0.109 g, 0.50 mmol, 1.0 equiv). The crude material was purified by

N

©/’\ACOZI_BU flash column chromatography (Hexanes ~ Hexanes : EtOAc = 10 : 1) to

provide the title compound as a white solid in 78% yield (Run 1: 124 mg,
74%, 96% ee; Run 2: 138 mg, 82%, 96% ee). m.p. 66-69 °C. 'H NMR (400 MHz, CDCl,) 6 7.71
(d,J=7.7 Hz, 1H), 7.42-7.34 (m, 9H), 6.66 (d, J = 3.2 Hz, 1H), 5.66 (t,J = 7.9 Hz, 1H), 2.74—
2.60 (m, 2H), 2.34-2.22 (m, 2H), 1.55-1.45 (s, 9H) ppm. >C NMR (101 MHz, CDCl;) 6 172.2,
141.1, 136.6, 128.8, 128.7, 127.7, 1265, 1249, 121.7, 121.0, 119.7, 109.9, 102.3, 80.7, 58.6,
32.2,30.3,28.2 ppm. IR (thin film) 2976, 1722, 1458, 1366, 1307, 1244, 1223, 1147, 847, 738,
698 cm’'. EA Calcd. for C,,H,sNO,: C,78.77; H,7.51. Found: C, 78.56; H, 7.35. |a],? = -65.8.
SFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20 min,
2.50 mL/min), 7.17 min (major), 8.40 min (minor), 96% ee. The absolute stereochemistry was

assigned as (S) by analogy.

($)-N-(3-(1H-indol-1-yl)-3-phenylpropyl)-V-methylpivalamide (3h)
The general procedure A was followed using N-cinnamyl-N-methylpivalamide
JN_Q (0.116 g, 0.50 mmol, 1.0 equiv). The crude material was purified by flash

Me
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column chromatography (Hexanes ~ Hexanes : EtOAc = 3:1) to provide the title compound as a
colorless oil in 69% yield (Run 1: 115 mg, 66%, 96% ee; Run 2: 125 mg, 72%, 96% ee). 'H
NMR (400 MHz, CDCl;) 6 7.69 (d,J =7.6 Hz, 1H),7.47 (d,J = 3.3 Hz, 1H), 7.38-7.11 (m, 8H),
6.66 (d,J = 3.3 Hz, 1H), 5.56 (t,J = 7.7 Hz, 1H), 3.49-3.27 (m, 2H), 3.07-3.01 (s, 3H), 2.68—
2.56 (m, 2H), 1.33-1.23 (s, 9H) ppm. "C NMR (101 MHz, CDCL,) 6 177.5, 141.1, 1363, 128.8,
127.7,126.3, 1249, 121.7,121.0, 119.7, 109.8, 102.3,57.8, 48.8, 38.7,37 .2, 32.8, 28 2 ppm. IR
(thin film) 2956, 1616, 1478, 1458, 1404, 1363, 1304, 1208, 1103, 909, 762, 698 cm™'. EA Calcd.
for C,,H,sNO,: C,78.77; H, 7.51. Found: C, 78.56; H, 7.35. ||, = -60.2. SFC analysis: ODH
(5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20 min, 2.50 mL/min), 14.86
min (major), 16.75 min (minor), 96% ee. The absolute stereochemistry was assigned as (S) by

analogy.

N-((25,3S)-3-(1H-indol-1-yl)-2-methyl-3-phenylpropyl)-N 4-dimethylbenzenesulfonamide

[D (31)

N The general procedure B was followed using (E)-N 4-dimethyl-N-(2-methyl-3-
m{\lﬂe phenylallyl)benzenesulfonamide (0.237 g, 0.75 mmol, 1.5 equiv). The crude
material was purified by flash column chromatography (Hexanes ~ Hexanes :

EtOAc = 5:1) to provide the title compound as a foam solid in 41% yield (Run 1: 78 mg, 36%,
99% ee; Run 2: 99 mg, 46%, 99% ee). 'H NMR (400 MHz, CDCl,) 8 7.51 (d,J = 7.9 Hz, 1H),
7.44-7.37 (m, 3H), 7.33-6.95 (m, 10H), 6.50 (d, J = 3.2 Hz, 1H), 498 (d, J = 10.5 Hz, 1H),
3.00-2.86 (m, 1H), 2.78-2.60 (m, 2H), 2.62-2.57 (s, 3H), 2.28-2.30 (s, 3H), 0.99 (d, J = 6.5 Hz,
3H) ppm. “C NMR (101 MHz, CDCI,) 6 1434, 1393, 1364, 1337, 129.7, 128.8, 1285, 1279,
127.4,127.3,124.2,121.8, 1209, 119.6, 109.6, 102.7,63.5,54.6, 37.2,37.0,21.5, 16 2 ppm. IR
(thin film) 2969, 2924, 1458, 1337, 1304, 1159, 1089, 973, 741, 700, 655 cm'. |a],> = -72.6.
SFC analysis: ADH (5:95 MeOH: scCO2 to 20:80 MeOH: scCO2 linear gradient over 15 min,
2.50 mL/min), 11.89 min (major), 12.70 min (minor), 99% ee. The absolute stereochemistry was

assigned as (S) by analogy.

1-(3-(benzo[d][1,3]dioxol-5-yl)propyl)-1H-indole (3j)
<OI>/\/\N \, The general procedure B was followed using Safrole (0.122 g, 0.75 mmol,
(6]

1.5 equiv). The crude material was purified by flash column

chromatography (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title
compound as an colorless oil in 61% yield (Run 1: 78 mg, 56%; Run 2: 92 mg, 66%). 'H NMR
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(400 MHz, CDCl,) § 7.69 (d,J = 7.9 Hz, 1H), 7.34 (d,J = 82 Hz, 1H), 7.25 (td, J = 8.1 Hz, J =
1.0 Hz, 1H), 7.19=7.10 (m, 2H), 6.78 (d, J = 7.9 Hz, 1H), 6.70 (d, J = 1.6 Hz, 1H), 6.64 (dd, J =
79 Hz,J = 1.7 Hz, 1H), 655 (dd, J = 3.2 Hz, J = 0.8 Hz, 1H), 5.96 (s, 2H), 4.15 (d, J = 7.0 Hz,
2H),2.59 (dd, J = 8.4 Hz, J = 6.8 Hz, 2H), 2.17 (p, J = 7.3 Hz, 2H) ppm. *C NMR (101 MHz,
CDCl;) & 1478, 1459, 136.0, 134.8, 1287, 12777, 1214, 121.2, 121.0, 1193, 1094, 10828,
108.3, 101.1, 100.9, 45.6, 327, 31.8 ppm. IR (thin film) 2925, 1501, 1487, 1441, 1243, 1036,
926, 808,738,719 cm’. EA Calcd. for CgH,-NO,: C, 77.40; H, 6.13. Found: C,77.10; H, 6.18.

(Z£)-1-(hex-4-en-1-yl)-1H-indole (3k)

= The general procedure B was followed using (Z)-hexa-14-diene (0.062 g,
(b 0.75 mmol, 1.5 equiv). The crude material was purified by flash column
chromatography (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title
compound as a colorless oil in 73% yield (Run 1: 70 mg, 70%; Run 2: 76 mg, 76%). 'H NMR
(400 MHz, CDCl,) 6 7.72 (d,J =7.8 Hz, 1H),7.42 (dd,J =83 Hz,J = 1.0 Hz, IH),7.29 (td, J =
7.7 Hz,J=12Hz, 1H),7.19 (td,J =75 Hz,J = 1.0 Hz, |H), 7.16 (d, J = 3.1 Hz, 1H), 6.57 (dd,
J=32Hz,J/=09 Hz, 1H), 5.67-5.66 (m, 1H),5.52-542 (m, 1H), 4.18 (t,J =7.1 Hz, 2H), 2.14
(q,J=72Hz,2H), 1.98 (p,J =72 Hz,2H), 1.66 (d, J = 6.7 Hz, 3H) ppm. °C NMR (101 MHz,
CDCl;) 6 136.0, 129.1, 128.7, 1279, 125.3, 1214, 121.0, 119.3, 109.5, 101.0, 45.8, 30.0, 24 .2,
13.0 ppm.

(5)-1-(3,7-dimethyloct-6-en-1-yl)-1H-indole (31)

Mo, NS The general procedure B was followed using (S)-3,7-dimethylocta-1,6-
Me>_/_/'—/7 % diene (0.104 g, 0.75 mmol, 1.5 equiv). The crude material was purified
Mé — by flash column chromatography (Hexanes ~ Hexanes : EtOAc = 10:1) to
provide the title compound as a colorless oil in 71% yield (Run 1: 86 mg, 67%; Run 2: 97 mg,
76%). 'H NMR (400 MHz, CDCl,) 8 7.68 (d,J =7.9 Hz, 1H),7.39 (d,J = 8.2 Hz, IH), 7.25 (t,J
=7.6 Hz, 1H), 7.18-7.11 (m, 2H), 6.54 (d, J = 2.9 Hz, 1H), 5.13 (t,J = 7.1 Hz, 1H), 426—4.10
(m, 2H), 2.14-1.86 (m, 3H), 1.73 (s, 3H), 1.71 (m, 1H), 1.64 (m, 3H), 1.60-1.40 (m, 2H), 1.34—
1.22 (m, 1H), 1.03 (d, J = 6.6 Hz, 3H) ppm. "C NMR (101 MHz, CDCl,) & 1359, 1315, 128.6,
127.6, 1245, 121.3, 121.0, 119.2, 1094, 1010, 445, 37.2, 369, 30.2, 258, 254,.195, 17.7
ppm. IR (thin film) 2958, 2915, 1512, 1464, 1376, 1334, 1315, 1194, 1085, 1012, 762,736 cm'".
EA Calcd. for C gH,sN: C, 84.65; H, 9.87. Found: C, 84.68; H, 9.84.
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($)-N,N-diethyl-3-(1-(6-(trifluoromethyl)-1H-indol-1-yl)ethyl)benzamide (3m)
N The general procedure A was followed using N ,N-diethyl-3-vinylbenzamide

i 7
Faco)\/\N) y (0.102 g, 0.50 mmol, 1.0 equiv), and indole electrophile 2e (0.26 g, 0.75 mmol,

ELN 1.5 equiv). The crude material was purified by flash column chromatography

(Hexanes ~ Hexanes : EtOAc = 1:1) to provide the title compound as a
colorless oil in 56% yield (Run 1: 99 mg, 51%, 81% ee; Run 2: 117 mg, 60%, 81% ee). '"H NMR
(400 MHz, CDCl;) 6 7.72 (d,J = 8.3 Hz, 1H), 746 (d, J = 3.3 Hz, 1H), 743 (s, |H), 7.40-7.25
(m,3H),7.19(d,J =7.7 Hz, 1H),7.03 (s, 1H),6.65 (d,/ =3.3 Hz, |H),5.7!1 (q,/J =7.1 Hz, |H),
3.65-3.35 (m, 2H), 3.15-2.95 (m, 2H), 1.94 (d, J = 7.0 Hz, 3H), 1.3-1.1 (m, 3H), 0.9-0.7 (m,
3H) ppm. “C NMR (101 MHz, CDCl,) 6 170.8, 1425, 137.8,134.8, 131.3,129.2, 127.7,(q,J =
31 Hz), 125.2 (q, J = 2729 Hz), 126.6, 125.8, 1234, 1214, 1163 (q,J =34 Hz), 1075 (q,J =
4.5 Hz), 102.1,55.2,43.2,39.3,21.6,13.7, 12.8 ppm. "°’F NMR (376 MHz, CDCl,) 6 -60.5 ppm.
IR (thin film) 2978, 2937, 1623, 1338, 1273, 1157, 1111, 1056, 911, 816, 726, 667 cm". EA
Calcd. for C,,H,sNO,: C,78.77; H,7.51. Found: C, 78.56; H, 7.35. |a|,” = -63.7. SFC analysis:
ODH (5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20 min, 2.50 mL/min),

8.15 min (major), 8.72 min (minor), 81% ee. The absolute stereochemistry was assigned as (S)

by analogy.

tert-butyl (S)-1-(1-(2-(difluoromethoxy)phenyl)ethyl)-1H-indole-4-carboxylate (3n)
CO,t-Bu The general procedure A was followed using 1-(difluoromethoxy)-2-
N vinylbenzene (0.085 g, 0.50 mmol, 1.0 equiv), and indole electrophile 2f (0.28 g,
) Me  0.75 mmol, 1.5 equiv). The crude material was purified by flash column
ocHF, chromatography (Hexanes ~ Hexanes : EtOAc = 5:1) to provide the title
compound as a colorless oil in 61% yield (Run 1: 112 mg, 58%, 92% ee; Run 2: 124 mg, 64%,
92% ee). 'H NMR (400 MHz, CDCl,) 6 7.85 (d,J = 7.5 Hz, 1H), 7.53 (d, J = 3.3 Hz, 1H), 7.38
(d,J=82Hz, 1H),7.26-7.10 (m,4H),7.03 (t,/=7.5Hz, 1H),6.82 (dd,/=7.8 Hz,J = 1,7 Hz,
1H), 6.57 (t,J =73.7 Hz, 1H), 6.05 (q,J = 7.0 Hz, 1H), 1.92 (d, J = 7.0 Hz, 3H), 1,68 (s, 9H)
ppm. “C NMR (101 MHz, CDCl,) § 166.8, 148.0, 136.8, 1342, 129.0, 128.2, 126.7, 1265,
126.0, 123.6, 123.3, 120.8, 118.5, 116.2 (t, J = 2603 Hz), 1143, 1029, 80.7, 494, 285, 20.7
ppm. ’F NMR (376 MHz, CDCl,) 8 -79.7 (dd, J = 1692 Hz,J = 73.6 Hz), -80.2 (dd, J = 169.2
Hz,J = 73.6 Hz) ppm. IR (thin film) 2979, 1698, 1366, 1291, 1271, 1254, 1166, 1120, 1037,
750.0, 728.2 cm™. EA Calcd. for C,,H,sNO,: C, 78.77; H, 7.51. Found: C, 78.56; H, 7.35. ||,
= +53.9. SFC analysis: ODH (5:95 MeOH: scCO2 to 10:90 MeOH: scCO2 linear gradient over
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12 min, 250 mL/min), 538 min (major), 5.65 min (minor), 92% ee. The absolute

stereochemistry was assigned as (S) by analogy.

(5)-1-(1-(3-chlorophenyl)ethyl)-2-methyl-1H-indole (3r)
The general procedure A was followed using 1-chloro-3-vinylbenzene (0.069 g,
N\
m—m 0.50 mmol, 1.0 equiv), and indole electrophile 2g (0.22 g, 0.75 mmol, 1.5 equiv).

M The crude material was purified by flash column chromatography (Hexanes ~

cl

Hexanes : EtOAc = 10:1) to provide the title compound as a yellow oil in 81%
yield (Run 1: 105 mg, 78%,93% ee; Run 2: 113 mg, 84%,93% ee). 'H NMR (400 MHz, CDCl;)
0758 (d,J =7.6 Hz, 1H), 7.35-7.20 (m, 3H), 7.15-7.00 (m, 4H), 6.35 (s, 1H), 5.74 (q,J = 7.2
Hz, 1H), 2.40 (s, 3H), 1.96 (d, J = 7.2 Hz, 3H) ppm. "C NMR (101 MHz, CDCl,) & 143.8,
136.5, 1359, 1347, 1299, 128.7, 1274, 126.5, 1247, 120.5, 1199, 1194, 110.8, 101.5, 52.1,
18.6, 14.0 ppm. IR (thin film) 2980, 1596, 1458, 1398, 1308, 782, 748, 720 cm". [a],>* = -42.6.
SKFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH: scCO2 linear gradient over 20 min,

2.50 mL/min), 7.89 min (minor), 8.81 min (major), 93% ee. The absolute stereochemistry was

assigned as (S) by analogy.

6-methyl-4-(4-(4-methyl-1H-indol-1-yl)butoxy)-2-(trifluoromethyl)quinolone (3p)
= me The general procedure B was followed using 6-methyl-4-(4-(4-
" 0\’\/\/ % methyl-1H-indol-1-yl)butoxy)-2-(trifluoromethyl)quinoline
m (0.211 g, 0.75 mmol, 1.5 equiv), and indole electrophile 2h (0.15
o g, 1.0 mmol, 1.0 equiv). The crude material was purified by flash
column chrorﬁatography (Hexanes ~ Hexanes : EtOAc = 5:1) to provide the title compound as a
white solid in 76% yield (Run 1: 151 mg, 73%; Run 2: 163 mg, 79%). m.p. 120-122 °C. 'H NMR
(400 MHz, CDCl;) 6 8.18 (d, J = 8.6 Hz, 1H), 8.08 (s, 1H),7.75 (dd,J = 8.7 Hz,J = 2.0 Hz, 1H),
7.45-7.25 (m, 3H), 7.12-7.05 (m, 2H),6.70 (d,J = 3.0 Hz, 1H),4.42 (t,J = 6.8 Hz, 2H), 431 (t,
J = 6.2 Hz, 2H), 2.72 (s, 3H), 2.71 (s, 3H), 2.38 (m, 2H), 2.26 (m, 2H) ppm. *C NMR (101
MHz, CDCl;) 6 162.3, 148.1 (q, J = 34.0 Hz), 146.7, 137.8, 135.6, 133.1, 130.6, 1294 128.6,
127.0, 121.8, 121.7 (q, J = 275.2 Hz), 121.6, 120.6, 119.7, 1069, 100.0, 999, 96.6 (q, J = 2.3
Hz), 68.3, 46.1,26.8, 26.4,21.9, 18.7 ppm. ’"F NMR (376 MHz, CDCl,) 6 -67.6 ppm. IR (thin
film) 2932, 1576, 1368, 1280, 1254, 1180, 1132, 1110, 1093,745,715 cm™".
6-chloro-1-(2-(cyclohex-3-en-1-yl)ethyl)-1H-indole (30)
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= The general procedure B was followed using 4-vinylcyclohex-1-ene (0.081 g,
m% 0.75 mmol, 1.5 equiv), and indole electrophile 2i (0.16 g, 1.0 mmol, 1.0
e o equiv). The crude material was purified by flash column chromatography
(Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title compound as a colorless oil in 63%
yield (Run 1: 79 mg, 61%; Run 2: 84 mg, 65%). 'H NMR (400 MHz, CDCl;) 6 7.53 (d,J = 8.4
Hz, 1H), 7.33 (s, 1H), 7.14-7.00 (m, 2H), 6.46 (d, J = 3.0 Hz, 1H), 5.75-5.60 (m, 2H), 4.13 (t,J
= 7.5 Hz, 2H), 2.25-2.00 (m, 3H), 1.90-1.70 (m, 4H), 1.67-1.55 (m, 1H), 1.40-1.25 (m, 1H)
ppm. "C NMR (101 MHz, CDCl,) & 136.3, 1284, 1274, 127.1, 127.1, 1259, 121.8, 1199,
109.3,101.3,44.3,36.6,31.6,31.1,28.6,24.9 ppm. IR (thin film) 3021, 2914, 2836, 1506, 1464,
1434, 1319, 901, 802, 716, 654 cm™. EA Calcd. for C¢HCIN: C, 73.98; H, 6.98. Found: C,
73.90; H, 6.93.

methyl (S)-1-(1-phenylethyl)-1H-indole-2-carboxylate (3q)

The general procedure A was followed using styrene (0.104 g, 1.0 mmol, 2.0
m—cowe equiv), and indole electrophile 2j (0.17 g, 1.0 mmol, 1.0 equiv). Dioxane was
Me used as the solvent instead of THF. The crude material was purified by flash
column chromatography (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the
title compound as a colorless oil in 43% yield (Run 1: 56 mg, 40%, 0% ee; Run 2: 64 mg, 46%,
0% ee). '"H NMR (400 MHz, CDCl,) § 7.60-7.54 (m, 1H), 7.30 (s, 1H), 7.24-7.10 (m, SH),
7.02-6.92 (m, 3H), 6.92-6.86 (m, 1H), 3.81 (s, 3H), 1.87 (d, J = 7.1 Hz, 3H) ppm. "C NMR
(101 MHz, CDCl;) 6 1629, 141.5,138.0, 128.5,127.7, 127.0, 1269, 126 4, 124.5, 122 .8, 120 4,
1136, 111.6,53.1,51.8, 18.2 ppm. SFC analysis: ODH (5:95 MeOH: scCO2 to 15:85 MeOH:
scCO2 linear gradient over 20 min, 2.50 mL/min), 5.66 min (major), 6.50 min (minor), 0% ee.

The absolute stereochemistry was assigned as (S) by analogy.

(5)-3-(2-methoxyethyl)-1-(1-(4-(trifluoromethyl)phenyl)ethyl)-1 H-indole (3s)
The general procedure A was followed using 1-(trifluoromethyl)-4-vinylbenzene
©j\é_\OMe (0.086 g, 0.50 mmol, 1.0 equiv), and indole electrophile 2k (0.506 g, 1.5 mmol,
) Me 3.0 equiv). Dioxane was used as the solvent instead of THF. The crude material
d was purified by flash column chromatography (Hexanes ~ Hexanes : EtOAc =
e 10:1) to provide the title compound as a colorless oil in 16% yield (Run 1: 28
mg, 16%, 17% ee). 'H NMR (400 MHz, CDCl,) & 7.66-7.61 (m, 1H),7.53 (d,J = 8.1 Hz, 2H),

7.22-7.08 (m,6H),5.67 (q,J=7.1 Hz, IH),3.71 (t,/ =7.2 Hz, 2H), 342 (s,3H),3.09 (t,/ =72
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Hz, 2H), 1.93 (d,J = 7.1 Hz, 3H) ppm. >C NMR (101 MHz, CDCl;) 8 147.0, 136.3, 129.7 (q, J
= 324 Hz), 1284, 1262, 1257 (q, J = 3.7 Hz), 1240 (q, J = 272.0 Hz), 122.5, 121.8, 1193,
119.2,112.5,109.9,73.1, 58.7,54.4,25.8,21.7 ppm. ""’F NMR (376 MHz, CDCl,) & -62.5 ppm.
IR (thin film) 2922, 1619, 1460, 1322, 1163, 1111, 1069, 1014, 840, 737, 617 cm'. SFC
analysis: ODH (5:95 MeOH: scCO2 to 10:90 MeOH: scCO2 linear gradient over 12 min, 2.50
mL/min), 4.80 min (major), 5.94 min (minor), 17% ee. The absolute stereochemistry was

assigned as (S) by analogy.

3.4.2 CuH-Catalyzed Enantioselective C3-Alkylation

2d (1.0 equiv) /3 A
Cu(OAc), (1 mol%) R Me Me
(S,5)-Ph-BPE (1.2 mol%) N \‘p/
Me

\
AT R? DMMS (4.0 eq.) A\ @)
> N
1 Et;COH (20 mol%) H _
le 2d
(1.5 equiv) THF (0.5 M), 40 °C, 36 h 4 Indole electrophile

General Procedure C:

Preparation of CuH solution: In a nitrogen-filled glovebox, an oven-dried screw-top reaction
tube (Fisherbrand, 13 x 100 mm, catalog no. 14-959035C) equipped with a magnetic stir bar was
charged with Cu(OAc), (0.9 mg, 0.005 mmol, 1 mol %) and (S,S)-Ph-BPE (3.1 mg, 0.006 mmol,
1.2 mol %). Anhydrous THF (0.5 mL) was added via a syringe and the reaction solution was
stirred at room temperature (rt) for 15 min. HSiMe(OMe), (0.25 mL, 2.0 mmol, 4.0 equiv) | Note:
see warning about this substance at the beginning of the experimental section] was added
sequentially via a syringe and the resulting mixture was stirred at rt to afford a pale yellow to
orange solution of CuH (about 15 min).

C3-Alkylation: In a nitrogen-filled glovebox, a second oven-dried screw-top reaction tube
(Fisherbrand, 16 x 125 mm, catalog no. 1495925C) equipped with a stir bar was charged with
indole electrophile 2d (0.14 g, 0.50 mmol, 1.0 equiv). Anhydrous THF (0.25 mL), styrene (1.0
mmol, 2.0 equiv), and 3-ethyl-3-pentanol (14 pl, 0.10 mmol, 0.20 equiv) were added, followed
by addition of the CuH solution from the first reaction tube to the stirred reaction mixture at rt
via syringe. The reaction tube was sealed with a Teflon-lined screw cap and removed from the
glovebox, placed in a 40 °C oil bath and stirred for 20 h. After cooling to rt, the reaction cap was
removed and 50 L dodecane was added as an internal standard. An aliquot of the solution was
taken into a GC vial and diluted by EtOAc. GC analysis was used for determination of the

conversion, yield and regioselectivity. Sat. NH,F in MeOH (5 mL) was slowly added to the
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rreaction tube to quench the reaction as part of the workup (Caution: gas evolution observed). The
mixture was stirred uncapped for 30 min, transferred to a 20 mL scintillation vial, the reaction
tube was rinsed with EtOAc (2 mL x 3), and concentrated in vacuo using a rotary evaporator.
The resulting residue was redissolved in EtOAc, filtered through a shot pad of Celite and washed
with additional EtOAc (about 100 mL). The collected EtOAc solution was concentrated in vacuo
using a rotary evaporator, and the crude material was purified by silica gel column

chromatography.

Characterization Data for C3-Alkylated Chiral Indoles
(S)-3-(1-phenylethyl)-1H-indole (4a)
e O The general procedure C was followed using styrene (0.104 g, 1.0 mmol, 2.0
equiv). The crude material was purified by flash column chromatography
O ,} (Hexanes ~ Hexanes : EtOAc = 5:1) to provide the title compound as a white
solid iHn 71% yield (Run 1: 74 mg, 67%, 76% ee; Run 2: 83 mg, 75%, 76% ee) with 6:1
regioselectivity (C3:N1). m.p. 98-101 °C. '"H NMR (400 MHz, CDCl;) & 7.75 (s, 1H), 7.35-6.85
(m, 10H), 428 (q,J =7.2 Hz, 1H), 1.61 (d,J =7.2 Hz, 3H) ppm. "C NMR (101 MHz, CDCl,) §
146.8, 136.6, 128.3, 1275, 1269, 1259, 122.0, 1215, 121.1, 119.7, 1192, 111.0, 340, 224
ppm. |a],? = -6.8. SFC analysis: ADH (5:95 MeOH: scCO2 to 20:80 MeOH: scCO?2 linear
gradient over 15 min, 2.50 mL/min), 8.04 min (minor), 8.93 min (major), 76% ee. The absolute

stereochemistry was assigned as (S) by analogy.

(8)-3-(1-(4-(trifluoromethyl)phenyl)ethyl)-1H-indole (4b)
Me O cr, The general procedure C was followed using I-(trifluoromethyl)-4-
O { vinylbenzene (0.172 g, 1.0 mmol, 2.0 equiv). The crude material was
N purified by flash column chromatography (Hexanes ~ Hexanes : EtOAc =
5:1) to provide the title compound as a white solid in 61% yield (Run 1: 84 mg, 58%, 65% ee;
Run 2: 93 mg, 64%, 65% ee) with 53:1 regioselectivity (C3:N1). m.p. 92-96 °C. 'H NMR (400
MHz, CDCl;) 8 8.01 (s, 1H),7.58 (d,J = 8.1 Hz,2H), 745 (d,J = 8.1 Hz,2H),7.39 (t,J = 8.6
Hz, 2H),7.24 (t,J = 7.6 Hz, IH), 7.14-7.05 (m, 2H), 449 (q,J =72 Hz, IH), 178 (d, /=72
Hz, 3H) ppm. "C NMR (101 MHz, CDCl;) 8 151.0, 136.7, 128.3 (q, J = 32.2 Hz), 1278, 126.7,
125.3 (q, J = 3.8 Hz), 1244 (q, J = 271.8 Hz), 122.3, 121.2, 1204, 119.5, 1194, 111.2, 36 .9,
22.2 ppm. “F NMR (376 MHz, CDCl,) 8 -62.1 ppm. IR (thin film) 3412, 2968, 1456, 1321,
1161, 1108, 1067, 1015, 841, 767, 740 cm™. ||, = -5.4. SFC analysis: ADH (5:95 MeOH:
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scCO2 to 20:80 MeOH: scCO2 linear gradient over 15 min, 2.50 mL/min), 5.53 min (minor),

5.94 min (major), 65% ee. The absolute stereochemistry was assigned as (S) by analogy.

($)-5-(1-(1H-indol-3-yl)ethyl)-1-tosyl-1H-indole (4c)
The general procedure C was followed using 1-tosyl-5-vinyl-1H-indole
(0297 g, 1.0 mmol, 2.0 equiv). The crude material was purified by flash

column chromatography (Hexanes ~ Hexanes : EtOAc = 3:1) to provide

the title compound as a foam solid in 55% yield (Run 1: 106 mg, 51%,
85% ee; Run 2: 122 mg, 59%, 85% ee) with 3:1 regioselectivity (C3:N1). 'H NMR (400 MHz,
CDCl;) 6 7.81 (s, IH), 7.76 (d, J = 8.6 Hz, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 3.7 Hz,
1H), 7.30 (s, 1H), 7.20 (d, J = 8.0 Hz, IH), 7.15 (d, J = 8.3 Hz, 2H), 7.05-6.95 (m, 3H), 6.85-
6.78 (m,2H),6.40 (d,J =3.6 Hz, 1H),4.30 (q,J = 7.2 Hz, 1H), 2.12 (s, 3H), 1.56 (d,J = 7.1 Hz,
3H) ppm. "C NMR (101 MHz, CDCl,) § 1449, 1423, 136.7, 135.4, 133.4, 131.0, 1299, 1269,
126.8, 126.3, 124.7, 122.0, 121.5, 121.3, 1198, 119.7, 1192, 113.3, 111.2, 109.2, 36.9, 229,
21.6 ppm. IR (thin film) 3422, 2962, 1456, 1367, 1188, 1170, 1142, 1123, 1092, 812, 703, 676
cm’'. [a]y” =-12.8. HPLC analysis (ADH, 20% IPA in hexanes, 1.0 mL/min, 254 nm) indicated
85% ee: ty (major) = 18.7 min, t, (minor) = 25.1 min. The absolute stereochemistry was assigned

as (S) by analogy.

($)-3-(1H-indol-3-yl)-N-(4-methoxybenzyl)-N-methyl-3-phenylpropan-1-amine (4d)
pue The general procedure C was followed using (£)-N-(4-methoxybenzyl)-N-
Me=N methyl-3-phenylprop-2-en-1-amine (0.267 g, 1.0 mmol, 2.0 equiv). The crude
Q material was purified by flash column chromatography (Hexanes ~ Hexanes :

O D EtOAc = 1:1) to provide the title compound as a colorless oil in 61% yield (Run
. I: 113 mg, 59%, 67% ee; Run 2: 121 mg, 63%, 67% ee) with 4:1
regioselectivity (C3:N1). 'H NMR (400 MHz, CDCl;) & 8.00 (s, 1H), 7.45 (d, J = 8.0 Hz, 1H),
7.37-7.10 (m, 11H), 6.81 (d, J = 8.6 Hz, 2H), 4.30 (t,J = 7.0 Hz, 1H), 3.80 (s, 3H), 3.44 (s, 2H),
2.60-2.20 (m, 4H), 2.19 (s, 3H) ppm. "C NMR (101 MHz, CDCl,) 6 158.6, 1452, 136.5, 130.3,
128.3,127.9,127.0, 1260, 122.0, 121.0, 1195, 119.2, 113.6, 111.0,61.5,55.5,55.3,41.9,40.5,
33.7 ppm. IR (thin film) 3417,2934, 2834,2793, 1510, 1455, 1243, 1032,740,700 cm™. |a],> =

+14.2. SFC analysis: ADH (5:95 MeOH (0.1% DEA): scCO2 to 30:70 MeOH (0.1% DEA):
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scCO2 linear gradient over 25 min, 2.50 mL/min), 11.82 min (minor), 12.38 min (major), 67%

ee. The absolute stereochemistry was assigned as (S) by analogy.

3-((5)-1-((8R,95,135,145)-13-methyl-6,7,8,9,11,12,13,14,15,16-

decahydrospiro[cyclopenta[a]phenanthrene-17 2'-[1,3]dioxolan]-2-yl)ethyl)-1H-indole (4e)

The general procedure C was followed using (8R,95,135,145)-13-
methyl-2-vinyl-6,7,8,9,11,12,13,14,15,16-

decahydrospiro|cyclopenta|a|phenanthrene-17,2'-[ 1,3 |dioxolane]
(0.325 g, 1.0 mmol, 2.0 equiv). The crude material was purified by flash column chromatography
(Hexanes ~ Hexanes : EtOAc = 3:1) to provide the title compound as a white solid in 62% yield
(Run 1: 126 mg, 57%, 84% ee; Run 2: 139 mg, 63%, 84% ee) with 5:1 regioselectivity (C3:N1).
m.p. 169-173 °C. '"H NMR (400 MHz, CDCl,) & 7.95 (s, 1H), 748 (d,J =7.6 Hz, IH),7.34 (d, J
= 8.2 Hz, 1H), 7.24-6.98 (m, 6H), 434 (q,J = 7.1 Hz, IH), 4.05-3.85 (m, 4H), 2.93-2.75 (m,
2H), 2.40-2.20 (m, 2H), 2.12-2.00 (m, 1H), 1.95-1.75 (m, 4H), 1.71 (d,J = 7.2 Hz, 3H), 1.70-
1.25 (m, 6H), 0.90 (s, 3H) ppm. °C NMR (101 MHz, CDCl,) d 1439, 137.9, 136.6, 136.5,
127.8,127.0,125.2,124.8, 1219, 121.8,121.0, 119.8, 1195, 119.1, 111.0,65.3,64.6,49.6,46 2,
44.0, 389, 364, 343,308, 29.7,27.1, 259, 22.5, 22.4, 144 ppm. IR (thin film) 3414, 2933,
2870, 1456, 1158, 1102, 1043, 1011, 906, 728, 647 cm'. |a|,” = -4.4. HPLC analysis (ADH,
10% IPA in hexanes, 1.0 mL/min, 254 nm) indicated 84% ee: t, (major) = 11.1 min, t; (minor) =

9.5 min. The absolute stereochemistry was assigned as (S) by analogy.

Ethyl (S)-4-(8-(1-(1H-indol-3-yl)ethyl)-5,6-dihydro-11H-benzol[5,6]cyclohepta[1,2-b]pyridin-

11-ylidene)piperidine-1-carboxylate (4f)

The general procedure C was followed using ethyl 4-(8-vinyl-5,6-
dihydro-11H-benzo[5,6]cyclohepta[1,2-h]pyridin-11-

ylidene)piperidine-1-carboxylate (0.375 g, 1.0 mmol, 2.0 equiv). The
N crude material was purified by flash column chromatography

OJ\OB (Dichloromethane ~ Dichloromethane : MeOH = 30:1) to provide the
title compound as a white solid in 41% yield (Run 1: 88 mg, 36%; Run 2: 113 mg, 46%) with 5:1
regioselectivity (C3:N1). '"H NMR (400 MHz, CDCl;) & 8.39 (m, 1H), 8.09 (m, 1H), 7.48-7.38
(m, 2H), 7.34 (dd, J = 8.1 Hz, J = 2.7 Hz, 1H), 7.19-6.97 (m, 7H), 4.31 (q, J= 7.2 Hz, 1H), 4.13
(q, J = 7.1 Hz, 2H), 3.90-3.70 (m, 2H), 3.45-3.25 (m, 2H), 3.20-3.05 (m, 2H), 2.90-2.70 (m,
2H), 2.55-2.20 (m, 4H), 1,67 (d, J = 7.1 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H) ppm. C NMR (101
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MHz, CDCl;) & 158.0, 155.6, 146.3, 146.0, 137.3, 137.2, 136.6, 136.3, 135.3, 134.0, 129.4,
129.3,128.4, 128.1, 126.9, 125.1, 124.9, 122.1, 121.8, 121.3, 121.2, 121.2, 121.0, 119.6, 119.0,
111.1, 61.3, 45.0, 44.9, 36.6, 32.1, 31.7, 31.7, 30.7, 30.6, 22.5, 22.4, 14.7 ppm. The absolute

stereochemistry was assigned as (S) by analogy.

3-(3-(2-fluoro-4-methoxyphenyl)propyl)-1H-indole (4g)

Os

N
H

The general procedure C was followed using 1-allyl-2-fluoro-4-
F O OMe methoxybenzene (0.166 g, 1.0 mmol, 2.0 equiv). The crude material
was purified by flash column chromatography (Hexanes ~ Hexanes :
EtOAc = 5:1) to provide the title compound as a white solid in 32% yield (Run 1: 43 mg, 30%;
Run 2: 48 mg, 34%) with > 20:1 regioselectivity (C3:N1). m.p. 86-89 °C. 'H NMR (400 MHz,
CDCl5) 6 7.90 (s, 1H),7.60 (d,J = 8.2 Hz, 1H), 7.36 (dt, J = 8.1 Hz,J = 0.9 Hz, 1H), 7.22-7.16
(m, 1H), 7.14-7.06 (m, 2H), 7.02-6.98 (m, 1H), 6.67-6.57 (m, 2H), 3.78 (s, 3H),2.80 (t,J = 7.6
Hz, 2H), 2.69 (t,J = 7.6 Hz, 2H), 2.02 (p, J = 7.6 Hz, 2H) ppm. "C NMR (101 MHz, CDCl,) &
161.6 (d,J =2443 Hz), 159.0 (d,J = 109 Hz), 136 .4, 130.8 (d,J = 7.3 Hz), 127.6, 1219, 121.1,
119.1, 119.0, 1165, 111.0, 1095 (d, J = 3.0 Hz), 101.6, 101.4,55.5,30.6,28.2 (d,J = 1 4 Hz),
24.7 ppm. "°F NMR (376 MHz, CDCl,) § -116.6 ppm. IR (thin film) 3415, 2930, 2859, 2357,

1625, 1506, 1456, 1283, 1141, 1096, 741,668 cm''.

3.4.3 Preparation of Indole Electrophile Reagents
Method A (reduction conditions):

Me OMe

\
Me /N—<
Me OMe
—_—

NO2 DMF 140°C, 12h

Me
Mo 2, NH‘,CI ©\/\> N,
N os.(
NO, HZO/Ether m.4h OH | DMAP, Ether, 12n

Ar
30-60 % vyield
2

General Procedure:

Hydroxyindole (ether solution) synthesis: A 300 mL round bottom flask equipped with a
magnetic stir bar, was charged with 2-nitrotoluene (4.72 mL, 40.0 mmol, 1.0 equiv) and NN-
dimethylformamide dimethyl acetal (14.3 g, 120 mmol, 3.0 equiv). N,N-dimethylformamide
(DMF, 90 mL) was added and the solution was heated to 140 °C for 12 h with stirring. After
cooling to room temperature, the solvent was evaporated under reduced pressure with the aid of a
rotary evaporator. The red colored residue (crude enamine) was then dissolved in diethyl ether

(240 ml), followed by the addition of zinc powder (52.3 g, 800 mmol, 20.0 equiv), and a solution
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of NH,CI (7.63 g, 144 mmol, 3.6 equiv) in H,O (50 ml). The mixture was vigorously stirred for
about 4 h at room temperature until the color of the solution turned yellow from red (Caution:
hydrogen gas evolution was observed at the beginning of the reaction). The mixture was then
filtered through a fritted funnel. The filtrate was collected and the organic phase was separated
from the aqueous phase with a separation funnel. The organic layer (crude 1-hydroxyindole in
diethyl ether) was dried over anhydrous Na,SO, and filtered.

Indole electrophile synthesis from hydroxyindoles: Under argon, to the resulting dried ether
solution from above, was added 4-(dimethylamino)pyridine (5.86 g, 48.0 mmol, 1.2 equiv)
followed by the addition of the corresponding benzoyl chloride (44.0 mmol, 1.1 equiv). The
reaction mixture was then stirred under argon overnight at room temperature. Upon completion,
the mixture was diluted with diethyl ether and quenched with a saturated aqueous NaHCO,
solution. The aqueous phase was extracted with ether and the combined organic phases was dried
over Na,SO,, filtered and concentrated under reduced pressure using a rotary evaporator. The
crude material was purified by flash column chromatography to provide the corresponding indole
electrophile reagents.

Method B (oxidation conditions):*

©j\ EtSSIH H Na,WO,, H,0, l@f\)
H

TFA, 60 °C, 24 h H, O MeOH

Ether DMAP j )@\

Indoline synthesis: Triethylsilane (4.65 g, 40.0 mmol, 2.0 equiv) was added to a solution of the

General Procedure:

indole derivative (20.0 mmol, 1.0 equiv) in trifluoroacetic acid (TFA, 60 mL) and the mixture
was stirred at 60 °C for 24 h. After cooling to rt, TFA was removed by distillation under reduced
pressure. The crude residue was neutralized with saturated NaHCO, aqueous solution (100 mL)
under ice cooling and extracted with dichloromethane (DCM, 50 mL x 3). The combined organic
layers were washed with brine, dried over Na,SQ,, filtered and concentrated under reduced
pressure with the aid of a rotary evaporator. The crude material was purified by flash column
chromatography to provide the corresponding indoline derivative.

Hydroxyindole (ether solution) synthesis: A solution of sodium tungstate dihydrate (0.66 g, 2.0
mmol, 0.2 equiv) in water (10 mL) was added to a solution of the indoline derivative (10 mmol,
1.0 equiv) in MeOH (50 mL) and the mixture was cooled to 0 °C with ice bath. Hydrogen
peroxide aqueous solution (30%, 10 equiv) was added to the resultant solution slowly at 0 °C

with stirring (10 min). Upon the completion of addition, the ice bath was removed and the
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reaction mixture was stirred for another 10 min before quenched with water (200 mL) and
extracted with diethyl ether (100 mL x 3). The aqueous solution was treated with sat. sodium
sulfite solution (Na,SO;, 50 equiv) to quench the excess hydrogen peroxide. The combined
organic layers were concentrated under reduced pressure with the aid of a rotary evaporator until
all the MeOH was removed. The residue was redissolved in diethyl ether (100 mL), washed with
brine, and dried over Na,SO,.

Indole electrophile synthesis from hydroxyindoles: see Method A.

Characterization Data for Indole Electrophiles
1H-indol-1-yl benzoate (2a)

N Method A was followed using 1-methyl-2-nitrobenzene (5.49 g, 40.0 mmol, 1.0
N
o

(@]
? first purified by a silica gel column (Hexanes ~ Hexanes : EtOAc = 10:1), and

equiv) and benzoyl chloride (6.19 g, 44 mmol, 1.1 equiv). The crude material was

subsequently a Aluminum oxide (activated, basic, Brockmann I) column (Hexanes ~
Hexanes : EtOAc = 10:1) to provide the title compound as a white solid in 51% yield (4.84 g).
(The extra basic alumina column was performed to get rid of benzoic anhydride which was
difficult to separate from 2a on silica gel). 'H NMR (400 MHz, CDCl,) § 8.27 (dd,J = 8.3 Hz, J
= 14 Hz, 2H), 7.80-7.72 (m, 1H), 7.68 (d, / = 7.9 Hz, IH), 7.61 (t,J = 7.8 Hz, 2H), 7.36-7.17
(m, 4H), 6.60 (d, J = 3.2 Hz, 1H) ppm. ”C NMR (101 MHz, CDCl,) § 1647, 1347, 134.3,
130.3, 1290, 1264, 1255, 1248, 123.1, 1214, 1209, 108.5, 1004 ppm. EA Calcd. for
CsH,\NO,: C,7594; H, 4.67. Found: C,76.12; H, 4.86.

1H-indol-1-yl 4-(dimethylamino)benzoate (2b)
Method A was followed using 1-methyl-2-nitrobenzene (5.49 g, 40.0 mmol, 1.0
equiv) and 4-(dimethylamino)benzoyl chloride (8.08 g, 44 mmol, 1.1 equiv). The

o
0" EF

crude material was purified by flash column chromatography (Hexanes ~

Hexanes : EtOAc = 5:1) to provide the title compound as a white solid in 36%

NMe: yield (4.04 g). 'H NMR (400 MHz, CDCl,) & 8.08 (d, J = 9.1 Hz, 2H), 7.63 (dt, J =

7.8 Hz,J = 1.0 Hz, 1H), 7.31-7.19 (m, 3H), 7.17-7.10 (m, 1H), 6.73 (d, J = 9.1 Hz, 2H), 6.53

(dd,J =3.5 Hz,J =09 Hz, 1H), 3.11 (s, 6H) ppm. °C NMR (101 MHz, CDCl,) é 1649, 1542,

1342, 1322, 125.6, 1246, 122.8, 1212, 1204, 112.0, 110.9, 108.5,99.5, 40.1 ppm. EA Calcd.
for C,-H,(N,O,: C,72.84; H,5.75. Found: C,72.89; H, 5.88.
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1H-indol-1-yl 4-(trifluoromethyl)benzoate (2¢)
@ Method A was followed using 1-methyl-2-nitrobenzene (549 g, 40.0 mmol, 1.0
N equiv) and 4-(trifluoromethyl)benzoyl chloride (9.18 g, 44 mmol, 1.1 equiv). The

o~ crude material was purified by flash column chromatography (Hexanes ~ Hexanes :
EtOAc = 10:1) to provide the title compound as a white solid in 45% yield (5.49 g).

> 'H NMR (400 MHz, CDCl,) & 8.28 (d, J = 3.5 Hz, 2H), 7.77 (d, J = 8.3 Hz, 2H),

7.57 (d,J = 7.8 Hz, IH), 7.25-7.15 (m, 3H), 7.14-7.07 (m, 1H), 6.50 (d, J = 8.1 Hz, 1H), ppm.
“C NMR (101 MHz, CDCl,) § 163.6, 136.0 (q,J = 32.9 Hz), 134.5, 130.7, 126 4 (q, J = 3.6 Hz),
125.6, 1249, 124.7, 123.3 (q, J = 273.0 Hz), 1234, 121.5, 121.2, 108.5, 101.0 ppm. °F NMR
(376 MHz, CDCl;) & -63.3 ppm. EA Calcd. for C(H,,F;NO,: C, 62.96; H, 3.30. Found: C, 63.12;

H, 3.48.

1H-indol-1-yl 2,4,6-trimethylbenzoate (2d)
Method A was followed using 1-methyl-2-nitrobenzene (5.49 g, 40.0 mmol, 1.0
equiv) and 2 4.6-trimethylbenzoyl chloride (8.04 g, 44 mmol, 1.1 equiv). The crude

o
0~ 2 F

ve Material was first purified by a silica gel column (Hexanes ~ Hexanes : EtOAc =
- Me 10:1), and subsequently a Aluminum oxide (activated, basic, Brockmann I) column
Me  (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title compound as a white
solid in 41% yield (4.58 g). (The extra basic alumina column was performed to get rid of 2.4,6-
trimethylbenzoic anhydride which was difficult to separate from 2d on silica gel). 'H NMR (400
MHz, CDCl;) & 7.69 (dt,J =79 Hz,J = 1.0 Hz, 1H), 738 (dd, J = 8.1 Hz, J = 1.1 Hz, 1H),
7.35-7.30 (m, 1H), 729 (d,J =3.5 Hz, IH), 721 (ddd, J = 8.1 Hz,J =7.0 Hz,J = 1.2 Hz, 1H),
7.01 (s,2H),6.60 (dd,J = 3.5 Hz,J = 09 Hz, 1H), 2.56 (s, 6H), 2.38 (s, 3H) ppm. "C NMR (101
MHz, CDCIL;) & 168.0, 141.3, 1364, 1343, 1289, 1264, 125.3, 124.9, 1232, 1214, 1209,
108.7, 100.4, 21.3,20.3 ppm. IR (thin film) 1780, 1610, 1445, 1222, 1155, 1028, 982, 946, 734,

699 cm™'. EA Calcd. for C ¢H,-NO,: C,77.40; H, 6.13. Found: C,77.49; H, 6.06.

6-(trifluoromethyl)-1H-indol-1-yl 2,4,6-trimethylbenzoate (2¢)
m Method A was followed using 1-methyl-2-nitro-4-(trifluoromethyl)benzene
FsC N

Y (2.05 g, 10.0 mmol, 1.0 equiv) and 24 .,6-trimethylbenzoyl chloride (2.01 g, 11
(6]
Me mmol, 1.l equiv). The crude material was purified by flash column

Me
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chromatography (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title compound as a white
solid in 38% yield (1.32 g). '"H NMR (400 MHz, CDCl,) 8 7.74 (d, J = 8.3 Hz, I1H), 7.66 (s, 1H),
7.43-7.37 (m,2H), 7.00 (s, 2H), 6.63 (dd, J = 3.5 Hz, J = 0.9 Hz, 1H), 2.53 (s, 6H), 2.36 (s, 3H)
ppm. “C NMR (101 MHz, CDCl,) 6 124.8 (d, J = 271.6 Hz) 167.7, 141.6, 136.6, 132.8, 129.0,
127.5, 1269, 1257, 1254 (d,J =322 Hz), 1254 (d,J = 322 Hz), 1219, 1174 (q,J = 3.6 Hz),
106.1 (q,J = 4.4 Hz), 100.2,21.3,20.3 ppm. °F NMR (376 MHz, CDCl;) & -61.1 ppm. IR (thin
film) 1786, 1611, 1449, 1228, 1280, 1224, 1154, 1114, 1053,979 cm’".

2-methyl-1H-indol-1-yl 2,4,6-trimethylbenzoate (2g)
Method B was followed using 2-methylindoline (1.33 g, 10.0 mmol, 1.0 equiv) and
N
@f,\,?—Me 2 4,6-trimethylbenzoyl chloride (2.01 g, 11 mmol, 1.1 equiv). The crude material
O

o ve Was first purified by a silica gel column (Hexanes ~ Hexanes : EtOAc = 10:1), and

Me subsequently a Aluminum oxide (activated, basic, Brockmann I) column (Hexanes

me  ~ Hexanes : EtOAc = 10:1) to provide the title compound as a white solid in 28%
yield (0.821 g). (The extra basic alumina column was performed to get rid of 24.6-
trimethylbenzoic anhydride which was difficult to separate from 2g on silica gel). 'H NMR (400
MHz, CDCl;) 6 7.56 (d,J =7.8 Hz, 1H), 7.31 (d,J = 8.0 Hz, 1H), 7.22 (t,J = 7.8 Hz, IH), 7.15
(t,J =75 Hz, IH), 7.01 (s, 2H), 6.31 (s, 1H), 2.61 (s, 6H), 2.49 (s, 3H), 2.40 (s, 3H) ppm. °C
NMR (101 MHz, CDCI,) 6 168.0, 141.3, 136.7, 135.2, 1347, 129.1, 126 4, 1249, 1220, 120.8,
120.3,108.3,98.4,21.3,20.8, 12.1 ppm. IR (thin film) 2921, 1777, 1611, 1449, 1220, 1155, 785,
738 cm™'. EA Calcd. for C,oH,,NO,: C,77.79; H, 6.53. Found: C,77.94; H, 6.38.

4-methyl-1H-indol-1-yl 2.4,6-trimethylbenzoate (2h)

Me Method A was followed using 1,2-dimethyl-3-nitrobenzene (1.51 g, 10.0 mmol,
1.0 equiv) and 24,6-trimethylbenzoyl chloride (2.01 g, 11 mmol, 1.1 equiv). The
crude material was first purified by a silica gel column (Hexanes ~ Hexanes :

Me EtOAc = 10:1), and subsequently a Aluminum oxide (activated, basic, Brockmann

" I) column (Hexanes ~ Hexanes : EtOAc = 10:1) to provide the title compound as a
" white solid in 43% yield (1.23 g). (The extra basic alumina column was performed

to get rid of 2,4,6-trimethylbenzoic anhydride which was difficult to separate from 2h on silica
gel). 'H NMR (400 MHz, CDCl,) 6 7.28 (d, J = 2.1 Hz, 1H), 7.23-7.19 (m, 2H), 7.05-6.95 (m,
3H),6.61 (d,J =3.5 Hz, 1H), 2.60 (s, 3H), 2.56 (s, 6H), 2.38 (s, 3H) ppm. C NMR (101 MHz,

CDCl;) 6 168.0, 141.2, 1364, 133.84, 130.8, 1289, 1264, 1245, 1244, 123.3, 121.0, 106.2,
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98.7,21.3,20.3, 18.3 ppm. EA Calcd. for C,H,,NO,: C, 77.79; H, 6.53. Found: C, 78.01; H,
6.76.

6-chloro-1H-indol-1-yl 2 4,6-trimethylbenzoate (2i)

a mmol, 1.0 equiv) and 2 4,6-trimethylbenzoyl chloride (2.01 g, 11 mmol, 1.1

N Method A was followed using 4-chloro-1-methyl-2-nitrobenzene (1.72 g, 10.0
o0
o
(6]

me €quiv). The crude material was first purified by a silica gel column (Hexanes ~
Me Hexanes : EtOAc = 10:1), and subsequently a Aluminum oxide (activated,
Me  basic, Brockmann I) column (Hexanes ~ Hexanes : EtOAc = 10:1) to provide
the title compound as a white solid in 36% yield (1.13 g). (The extra basic alumina column was
performed to get rid of 2.4,6-trimethylbenzoic anhydride which was difficult to separate from 2i
on silica gel). 'H NMR (400 MHz, CDCl,) 6 7.57 (d, J = 8.4 Hz, 1H), 7.33 (s, 1H), 7.26 (d, J =
3.5Hz, 1H),7.17 (dd,J =84 Hz,J = 1.8 Hz, 1H), 7.01 (s, 2H),6.57 (dd,J = 3.5 Hz,J =09 Hz,
IH), 2.55 (s, 6H), 2.38 (s, 3H) ppm. "C NMR (101 MHz, CDCl,) 6 167.7, 141.5, 136.6, 1343,

129.3,129.0,1259, 1258, 123.3, 1223, 121.6, 108.7, 100.3, 21.3, 20.4 ppm.

3-(2-methoxyethyl)-1H-indol-1-yl 2 ,4,6-trimethylbenzoate (2k)

e Method B was followed using 3-(2-methoxyethyl)indoline (1.77 g, 10.0 mmol,
©j§ 1.0 equiv) and 2 4,6-trimethylbenzoyl chloride (2.01 g, 11 mmol, 1.1 equiv). The

o’ " crude material was purified by flash column chromatography (Hexanes ~
e

Me Hexanes : EtOAc = 6:1) to provide the title compound as a white solid in 25%

Me yield (0.844 g). '"H NMR (400 MHz, CDCl,) 6 7.65 (d, J = 7.8 Hz, 1H), 7.36-

7.27 (m, 2H), 7.21 (ddd, J = 8.0 Hz,J = 6.8 Hz,J = 1.3 Hz, 1H), 7.15 (s, 1H), 6.99 (s, 2H), 3.74
(t,J =7.1 Hz, 2H), 3.43 (s, 3H), 3.08 (t, J = 7.1 Hz, 2H), 2.54 (s, 6H), 2.36 (s, 3H) ppm. "“C
NMR (101 MHz, CDCl;) 8 168.0, 141.1, 1364, 135.6, 128.9, 126.7, 125.2, 123.8, 123 .4, 120.7,
1194,112.2,1092,72.5,58.7,25.6,21.3,20.3 ppm.

3.4.4 Preparation of Alkene Substrates

All the alkenes used in the paper are listed below. 1a, 1b, 1c, 1d, 1e, 1j, 1k, 11, 1o, 1q, and 1r
were purchased from Alfa Aeser, Combi-Blocks or Sigma-Aldrich, and were used as received.
1", 1g”, 1m*™, 1n*, 1p*, 1t*, 1u” are known compounds and were prepared by previously

reported procedures.
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Ci )J\t—Bu

(4.0 equiv) Me
\ NIMe \ r}l’
H EtsN (2.0 equiv) Piv

1w DCM (0.2 M), 0-rt

N-cinnamyl-N-methylpivalamide (1h)

In a 200 mL round bottom flask with a magnetic stir bar was charged with (E)-N-methyl-3-
phenylprop-2-en-1-amine' (1.47 g, 10.0 mmol, 1.0 equiv), dichloromethane (DCM, 50 mL), and
triethylamine (2.02 g, 20.0 mmol, 2.0 equiv). The reaction flask was cooled to 0 °C in an
ice/water bath. Then pivaloyl chloride (4.82 g, 40 mmol, 4.0 equiv) was added slowly via
syringe. The ice bath was then removed and the reaction mixture was allowed to warm to rt and
further stirred overnight. The reaction mixture was diluted with DCM (50 mL) and quenched
with saturated aqueous NaHCO; solution (100 mL). The aqueous phase was extracted with DCM
(20 mL x 3) and the combined organic phases was dried over Na,SO,, filtered and concentrated
under reduced pressure using a rotary evaporator. The crude material was purified by flash
column chromatography (Hexanes ~ Hexanes : EtOAc = 1:1) to provide 1h as liquid in 86%
yield (1.99 g). '"H NMR (400 MHz, CDCl;)  7.43-7.32 (m, 4H), 7.29-7.24 (m, 1H), 6.51 (d,J =
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15.9 Hz, 1H), 6.18 (dt, J = 159 Hz, J = 6.1 Hz, IH), 420 (d,J = 5.4 Hz, 2H), 3.07 (s, 3H), 1.35
(s, 9H) ppm. "C NMR (101 MHz, CDCL,) & 177.5, 136.6, 132.5, 128.6, 127.7, 1264, 1250,
52.1,38.9,35.9,28.4 ppm.

et
OMe
™ N'Me (1.1 equiv) ©/\/\I}I’Me
—————
©/\/\H EtsN (1.5 equiv) PMB

1w DCM (0.2 M), 1t 1s
(E)-N-(4-methoxybenzyl)-N-methyl-3-phenylprop-2-en-1-amine (1s)

In a 200 mL round bottom flask with a magnetic stir bar was charged with (E)-N-methyl-3-
phenylprop-2-en-1-amine (1.47 g, 10.0 mmol, 1.0 equiv), dichloromethane (DCM, 50 mL), and
triethylamine (1.52 g, 15.0 mmol, 1.5 equiv). 1-(chloromethyl)-4-methoxybenzene (1.72 g, 40
mmol, 4.0 equiv) was added slowly via syringe and the reaction mixture was stirred overnight.
The reaction mixture was diluted with DCM (50 mL) and quenched with saturated aqueous
NaHCO; solution (100 mL). The aqueous phase was extracted with DCM (20 mL x 3) and the
combined organic phases was tried over Na,SO,, filtered and concentrated under reduced
pressure using a rotary evaporator. The crude material was purified by flash column
chromatography (DCM ~ DCM : MeOH = 10:1) to provide 1s as liquid in 88% yield (2.35 g). 'H
NMR (400 MHz, CDCl;) 6 7.47-7.20 (m, 7H), 6.90 (d, J = 8.1 Hz, 2H), 6.56 (d, J = 15.8 Hz,
1H), 6.34 (dt, J = 15.7 Hz, J = 6.6 Hz, 1H), 3.83 (s, 3H), 3.52 (s, 2H), 3.21 (d, J = 6.6 Hz, 2H),
2.26 (s, 3H) ppm. "C NMR (101 MHz,CDCl,) & 158.7,137.2,132.5, 131.0, 130.3, 1285, 1277,
127.4, 126 .3, 113.6, 61.2, 59.7, 55.3, 42.1. ppm. EA Calcd. for C,(H,,NO: C, 80.86; H, 7.92.

Found: C, 80.64; H, 8.11.

F 1) n-BuLi (1.05 equiv) F
Br 2) ZnCl, (1.1 equiv) ) =
3) Pd,dbag (0.5 mol%), RuPhos (1.5 mol%) /\/B' (1.5 equiv)
MeO > MeO

1v

1-allyl-2-fluoro-4-methoxybenzene (1v)

In a 300 mL round bottom flask with a magnetic stir bar was charged with 1-bromo-2-fluoro-4-
methoxybenzene (10.3 g, 50.0 mmol, 1.0 equiv) and anhydrous tetrahydrofuran (THF, 60 mL)
under argon. The reaction mixture was cooled to -78 °C with a dry ice/acetone bath followed by
the slow addition of n-BuLi (2.5 M in THF, 1.05 equiv). The reaction was allowed to stirred at -
78 °C for 45 min before the addition of ZnCl, (7.50 g, 55.0 mmol, 1.1 equiv) under argon. The

reaction was stirred at -78 °C for 1 h and is allowed to warm to room temperature by removing
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the cooling bath. 3-bromoprop-1-ene (9.07 g, 75.0 mmol, 1.5 equiv), and a 10 mL THF solution
of Pd,dba; (0.23 g, 0.25 mmol, 1% mol) and RuPhos (0.35 g, 0.75 mmol, 1.5% mmol) were
added via syringe. The round bottom flask was equipped with a reflux condenser and the reaction
was heated at 60 °C for | h. After completion, the reaction mixture was cooled to room
temperature and diluted with EtOAc (50 mL). The organic phase was sequentially washed with
IM HCI aqueous solution (50 mL x 2) and brine (50 mL). The combined organic phases was
tried over Na,SO,, filtered and concentrated under reduced pressure using a rotary evaporator.
The crude material was purified by flash column chromatography (Hexanes ~ Hexanes : DCM =
10:1) to provide 1v as liquid in 47% yield (2.35 g). '"H NMR (400 MHz, CDCl,) 8 7.08 (t,J = 8.5
Hz, 1H), 6.67-6.57 (m, 2H),5.94 (ddt,/ = 15.7 Hz,J = 11.1 Hz,J = 6.5 Hz, IH),5.07 (d,/J= 1.5
Hz, 1H),5.04 (dd,J =69 Hz,/ = 1.7 Hz, 1H), 3.78 (s, 3H), 334 (dd,J = 6.5 Hz, J = 1.6 Hz, 2H)
ppm. “C NMR (101 MHz, CDCl;) 8 161.3 (d, J = 2449 Hz), 159.3 (d, J = 11.0 Hz), 136.32,
130.8 (d,J =6.7 Hz), 118.7 (d, / = 16.8 Hz), 115.7, 109.6 (d, J = 3.0 Hz), 101.5 (d, J = 26.2 Hz),
55.5,32.4 (d, J=2.8 Hz) ppm."°F NMR (376 MHz, CDCl,) § -116.5 ppm.
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Copies of NMR Spectra
(S)-1-(1-phenylethyl)-1H-indole (3a)
'H NMR, 400 MHz, CDCl,
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(S)-1-(1-(o-tolyl)ethyl)-1H-indole (3b)

'"H NMR, 400 MHz, CDCl,
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($)-1-(1-(3-methoxyphenyl)ethyl)-1H-indole (3¢)

'"H NMR, 400 MHz, CDCl,
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(8)-1-(1-(4-fluorophenyl)ethyl)-1H-indole (3e)

'H NMR, 400 MHz, CDCl,
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“F NMR, 376 MHz, CDCl,
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(S)-5-(1-(1H-indol-1-yl)ethyl)-1-tosyl-1H-indole (3f)
'H NMR, 400 MHz, CDCl,
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tert-butyl (S)-4-(1H-indol-1-yl)-4-phenylbutanoate (3g)

'H NMR, 400 MHz, CDCl,
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(8)-N-(3-(1H-indol-1-yl)-3-phenylpropyl)-N-methylpivalamide (3h)
'H NMR, 400 MHz, CDCl,
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N-((28,3S5)-3-(1H-indol-1-yl)-2-methyl-3-phenylpropyl)-N 4-dimethylbenzenesulfonamide
(31)
'H NMR, 400 MHz, CDCl,
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1-(3-(benzo[d][1,3]dioxol-5-yl)propyl)-1H-indole (3j)
'H NMR, 400 MHz, CDCl,
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(Z)-1-(hex-4-en-1-yl)-1H-indole (3k)
'H NMR, 400 MHz, CDCl,
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(5)-1-(3,7-dimethyloct-6-en-1-yl)-1H-indole (3i)
'H NMR, 400 MHz, CDCl,
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(S)-N,N-diethyl-3-(1-(6-(trifluoromethyl)-1H-indol-1-yl)ethyl)benzamide (3m)
'H NMR, 400 MHz, CDCl,

o Me
Et,N

r T T T T T T T T T T T T T T T T T T T
0 10.5 10.0 9.5 9.0 85 80 7.5 70 6.5 6.0 5 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5

“C NMR, 101 MHz, CDCl,

m “; R B
FaC n

o Me |
|
Et,N |

T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 "=00 ¥ 90 80 70 &0 50 40 30 20 10
ppm

174



F NMR, 376 MHz, CDCl
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tert-butyl (S)-1-(1-(2-(difluoromethoxy)phenyl)ethyl)-1H-indole-4-carboxylate (3n)
'H NMR, 400 MHz, CDCl,
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F NMR, 376 MHz, CDCl,
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(S)-1-(1-(3-chlorophenyl)ethyl)-2-methyl-1H-indole (3r)

'H NMR, 400 MHz, CDCl,
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6-methyl-4-(4-(4-methyl-1H-indol-1-yl)butoxy)-2-(trifluoromethyl)quinolone (3p)
'H NMR, 400 MHz, CDCl,
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F NMR, 376 MHz, CDCl,
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6-chloro-1-(2-(cyclohex-3-en-1-yl)ethyl)-1H-indole (30)
'H NMR, 400 MHz, CDCl,
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methyl (S)-1-(1-phenylethyl)-1H-indole-2-carboxylate (3q)
'H NMR, 400 MHz, CDCl,
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(S)-3-(2-methoxyethyl)-1-(1-(4-(trifluoromethyl) phenyl)ethyl)-1H-indole (3s)

'H NMR, 400 MHz, CDCl,
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F NMR, 376 MHz, CDCl,
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(S)-3-(1-phenylethyl)-1H-indole (4a)
'H NMR, 400 MHz, CDCl,
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($)-3-(1-(4-(trifluoromethyl)phenyl)ethyl)-1H-indole (4b)

'H NMR, 400 MHz, CDCl,
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op NMR, 376 MHz, CDCl,
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(S)-5-(1-(1H-indol-3-yl)ethyl)-1-tosyl-1H-indole (4c)
'H NMR, 400 MHz, CDCl,

e LT

Y SN 1 T

R0 EE‘&E‘-ZH &
T T T T T T T T T — T T T T T T T T T T T
0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 30 25 15 10 0.5 05

1 (ppm)
13
C NMR, 101 MHz, CDCl,
\
I |
‘ { ‘H ’ J )

T T T T T T T T T T T T T T T T T T T T
210 200 190 186 170 160 150 140 130 120 110 90 80 70 60 50 30 20 10 -10

100
f1 (ppm)

188



($)-3-(1H-indol-3-yl)-N-(4-methoxybenzyl)-N-methyl-3-phenylpropan-1-amine (4d)

'H NMR, 400 MHz, CDCl,
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3-((S)-1-((8R,95,135,145)-13-methyl-6,7,8,9,11,12,13,14,15,16-

decahydrospiro[cyclopenta[a]phenanthrene-17,2'-[1,3]dioxolan]-2-yl)ethyl)-1H-indole (4¢)
'H NMR, 400 MHz, CDCl,
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Ethyl (S)-4-(8-(1-(1H-indol-3-yl)ethyl)-5,6-dihydro-11H-benzo[5 6]cyclohepta[1,2-b]pyridin-
11-ylidene)piperidine-1-carboxylate (4f)
'H NMR, 400 MHz, CDCl,

e I e D D T v o e B ot o i i B o o e A i

| I 1
S n‘l .iH'\‘_______Jme l S ,,,,,,,,,,,,,,,,,7,{"L,n‘vfﬁ\..d.,J"JiJk)‘J‘ﬁ\, ,.,_,.-;L,A/ bianers oo o
‘ TTTTTT ‘

g8 = 22 2

T T T T T T T T T 5 T T T T T T T T T T T
.0 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.0 -0.5 -1

5.0 45
1 (ppm)

“C NMR, 101 MHz, CDCl,

VOREY i

T T T T T T T T T T T T T T T T T T T T
W 200 1% 10 1 160 150 140 130 20 0 00 50 80 70 60 50 40 30 20 10 [ -10
ppm

191



3-(3-(2-fluoro-4-methoxyphenyl)propyl)-1H-indole (4g)
'H NMR, 400 MHz, CDCl,
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F NMR, 376 MHz, CDCl,
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1H-indol-1-yl benzoate (2a)
'H NMR, 400 MHz, CDCl,
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1H-indol-1-yl 4-(dimethylamino)benzoate (2b)
'H NMR, 400 MHz, CDCl,
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1H-indol-1-yl 4-(trifluoromethyl)benzoate (2¢)

'H NMR, 400 MHz, CDCl,
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F NMR, 376 MHz, CDCl,
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1H-indol-1-yl 2 4,6-trimethylbenzoate (2d)
'H NMR, 400 MHz, CDClI,
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6-(trifluoromethyl)-1H-indol-1-yl 2 ,4,6-trimethylbenzoate (2¢)

'H NMR, 400 MHz, CDCl,
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"”F NMR, 376 MHz, CDCl,
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2-methyl-1H-indol-1-yl 2 4,6-trimethylbenzoate (2g)
'H NMR, 400 MHz, CDCl,
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4-methyl-1H-indol-1-yl 2 4,6-trimethylbenzoate (2h)
'H NMR, 400 MHz, CDCl,
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6-chloro-1H-indol-1-yl 2 4,6-trimethylbenzoate (2i)
'H NMR, 400 MHz, CDCl,
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3-(2-methoxyethyl)-1H-indol-1-yl 2 4,6-trimethylbenzoate (2k)

'H NMR, 400 MHz, CDCl,
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N-cinnamyl-N-methylpivalamide (1h)
'H NMR, 400 MHz, CDCI,
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(E)-N-(4-methoxybenzyl)-N-methyl-3-phenylprop-2-en-1-amine (1s)

'H NMR, 400 MHz, CDCl,

FRgznamNceszuIEND
NN e e S5 e

—i8

2
<im

I A AT 1l
£ & g 8 % £ 5
0 10.5 10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0 5.5 5.0 4.0 ERY 3.0 2.5 2.0 1.5 1.0 a5 0.0 -0.5
f1(ppm)
13
C NMR, 101 MHz, CDCl,
£ s
x N'Me g d4d &
) i
PMB
|
MR, \—L 7 M“’J : Wﬁw 4 N e
210 200 190 180 170 160 150 140 130 120 110 - }DD ) 90 80 70 &0 50 40 30 20 10 -10
ppm)
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1-allyl-2-fluoro-4-methoxybenzene (1v)
'H NMR, 400 MHz, CDCl,

F

= |
|
MeO }
{ |
|
‘ w L |
- 1§ S S S ISR O S
1 1 Fal o I
P i : = b
I.U lo!.s lﬂl 0 9:5 970 ﬂ:s -ﬂiﬂ 7‘5 ;l} B‘ri 6}0 5‘.5 i ?ngm) 4:5 ‘10 315 3?0 215 Zfﬂ 1{5 l:D 0.5 0:0 -Dl.s
“C NMR, 101 MHz, CDCl,
T a2z sa smaoE : .
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"F NMR, 376 MHz, CDCl,
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Copies of Chiral SFC/HPLC Traces
(S)-1-(1-phenylethyl)-1H-indole (3a)

Me

Racemic 3a:

YYEA-051-1-85-17 Sm (Mn. 5x3) Diade Array
¥ 218

97064 | Range:8 6041
ea

Time  Height Ava Arsa%
B.0e-1 721 §59269 970638 531
742 693666 B85398 46 86

792
7.0e-1 85598

6 %e-1
6.0e-1
5 %e-1
5 0e-1
451
40e-1
3 581,
3081

25e1

151

1.0e1

ol l\ e T T T T P T T T T T Time:
000 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Enantioenriched 3a:

YYX4-081-1-8501-17 Sm (Mn, 6:3) Drade Array
12 _ 15
37064 Range & E04de-1

ca

Time  Height A Area%
B 0e-1 T21 850265 9706195 5314
792 693666 8559835 4686
7 %1
7 0e-1 #5598
6 5e-1
6081
5 5e-1.

5.0e-1.

4561

. 1 ol - o

000 100 200 300 400 500 600 700 800 900 000 | 1100 | 1200 | 1300 | 1400 ' 1500 ' 1600 | 1706 ' 1806 1900 ' 2000
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(S)-1-(1-(o-tolyl)ethyl)-1H-indole (3b)

Me

Me

Racemic 3b:

41061 650 (M. 643)

70e-1
651

6081

4561
F} 4061

3%5e-1

2167

Diode Acray
214

333987 Range 8 176e-1
Area

2274 100218 304647 §

Time  Height Asa Aaah
2167 BOSTEI 133060 5229

ITAL

Enantioenriched 3b:

Y¥X4-003-3 STeMn, 8u3)

6581

6 0e-1.

5 Se-1.

50e-1

451

25e-1

20e-1

e Time:

800 1000 | 1200 | 1400 | 1600 | 1800 | 2000 | 2200 | 2400 | 2600 | 2800 | 3000 | 3200 | 3400 | 3600 | 3800 | 4000

Diode Array

268
302805 Range 7

Time  Height Ana
2195 6ME6 2013787
268 698N N2904 12

9%
20

216
027¢-1
Aiea
Areath
623

NS

600

E T e
800 1000 | 1200 | 1400 | 1600 1800 | 2000 | 2200 | 2400 | 2600 = 2000 | 3000 | 3200 | 3400 | 3600 | 3800 | 4000

210

Time



($)-1-(1-(3-methoxyphenyl)ethyl)-1H-indole (3c)

i/

N

MeO,

Racemic 3e¢:

Me

YYH4-112-2 S[(ﬂ«u 5a3)

6 0e-1

5 5e-1

5061

4581

151

945

97706 |

1042
95867

Diode Array
216

Range & 858e-1
Arca

Arna%

Tima Heght  Ama
945 6MTM 9TT0561 6047
1042 614301 9586771 4953

Enantioenriched 3c¢:

Y¥%4-049-8-FF17 Sm (Mn, 553

B Se-1

8.0e-1

7 Se-1-

7.0e-1

6 Se-1

6 De-1

5581

3 5e-1

3.0e-1

2 5e-1

2 De-1-

15e-1

10e-1

00-

9
134803

4 Time:

W00 2000

Time  Height Awa Ama¥
933 S44539 13480300 9632
1029 13610 S148M )68

000

100

800
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Me

Racemic 3e:

YYX4-051-3-851-17-3 Sm (Ma_ 5a3)
659
2um

0.0e-1
B0e-1
7 0e-1
6081
50e-1.
40e-1

30e-1

20e-1

1 0e-1

03
19760

-fluorophenyl)ethyl)-1H-indole (3e)

Area

na Assa%
659 1906147 21478159 5296
TOD 1625211 VW0759% AT 4

Time.

Enantioenriched 3e

YYH4-087-1 ShY(Mn, x3)
667
2280
24
23

22
21

19
18]

154
154

13
12

10
9 0e-1.
6.0e-1
70e-1
6081
50e-1
4.0e-1
3081

20e-1

1081

1Mop | 1200 | 1300 | 1400 1500 1600 1700 1800 | 1900 = 2000

Height
667 2631619 M228000 9545
THS 14446 16M0059 458

y Time

<000 100 200 300 400 500 600

900
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(S)-5-(1-(1H-indol-1-yl)ethyl)-1-tosyl-1H-indole (3f)
3 Me
N
/

Racemic 3f:
YYX4-175-1-REC4 Sm (Mn, 203) Diode Asray

- Time  Heigt Arns Aseath
1664 1614 BIB246 135568928 5059
8 0e-1 132407 64 76NN 11240706 4341
7 5e1

7 081

6 Se-1

50e-1
45e1
40e-1
35e1
3 0e1
251

2081

se W _,74__@&_,»%,4,,“_1.&&_% ’\:\,_—77

VAt v b s T Time
000 100 200 300 400 500 600 700 800 900 1000 1100 ‘2'33 1300 1400 1500 1600 1700 1800 1900 2000 2900 2200 2300 2400 2500

Enantioenriched 3f:

¥¥i4-178-2 5l (Mn, 8x3) Dide Array
15.96 _ 216
150976 Range 9 330e-1

Area

Time Asa Area%
1596 920951 15097592 9735
1649 24204 40N 268

B.0e-1
7 5e-1
7 0e-1
6 5e-1
6 0e-1-
5 Se-1-
5 Oe-1
45e-1
4081
3561
30e-1.
25e-1
20e-1

1861

10e-1

1649
5 0e-2 4105
e - - LA e = e

na — Time
000 100 200 300 400 500 600 | 700 | 800 | 900 1000 1100 ' 1200 1300 ' 1400 ' 1500 ' 1600 1900 2000 2100 2200 2300 2400 2500

1700 | 1800
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tert-butyl (S)-4-(1H-indol-1-yl)-4-phenylbutanoate (3g)

CO,t-Bu

Racemic 3g:

YYX4-112-1 Shr(Mn_ 5x3)

710
120814

6 5e-1

839
B0e-1 189719
7 5e-1
7 De-1
6 Se-1
6 0e-1
5 Se-1

5 0e-1

4.0e-1
3 5e1

3.0e-1

1.5e1

10e-1 [

5062

Diode Array

216

Range 9 AB4e-1

Area

Time  Height Ama Ama%

710 W7733 12081385 5038
839 796265 11891691 4962

Enantioenriched 3g:

YY¥4-104-1 ST{Mn. £:3)
7

24

23 \
22
21
20
1.6
18
17
16
15
14

12

104
9 0e-1
8 De-1.
7 0e-1

¥

Tima

TAT 2547849 4308875 9775
840 67202 W21 225

oo | 1200

&
g
8
B
23
5
g
g
g
2
g
é‘.
g
g
2
g

214
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(8)-N-(3-(1H-indol-1-yl)-3-phenylpropyl)-N-methylpivalamide (3h)

Me
N

.
Piv

Racemic 3h:

¥¥X4-207 12T Sm (Mo, Se3)
1470
ums‘h

5861

5 2%e-1

475e1
a5e1
4.25¢-1
4081

3751,

3251
3.0e-1

2 78e.1

2 %e1
2251
2.0e-1
175e1
1581

125€1

10e-1

T Se-2-

25e-2- |

s N ) e ]

Diode Array
Range & 056e-1
Area

Tune  Howght Awa
WTO BO2M1 ME2I4ES 5404
1641 454828 12436969 4596

1641
124310

000 100 200 3060 400 500 600 ) 800 900 1000 1100 | 1200 1300 1400 ' 1500

Enantioenriched 3h:

YYX4-207-5 STy (M. 6:3)

1486
128745
475e1

4581

4 25e1

30e-1
2751
25e-1
2 25e-1
20e-1
17581
1581

12561

1.0e-1

7 8e-2-

Diode Array

220

Range 5 6141

" Asea
ime  Hoight

B6 560956 12074475 9619

1675 8581 239375 181

000 100 200 300 400 500 600 700 800 00 000 1100 | 1200 | 1300 1400 | 1500
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N-((25,35)-3-(1H-indol-1-yl)-2-methyl-3-phenylpropyl)-N 4-dimethylbenzenesulfonamide
(31)

Racemic 3i:

YYXA-163-3 ﬁﬁn M0 Bx3) Dode Aray
189 217

23630 Range 1346
Area

Area  Aea%

N8I 14189 2362998 4362

1270 1642 22702615 5038

6 0e-1

4.0e-1 I

3.0e-1

J'
/

20e-1 l

Time

000 160 260 a00 | a0 500 600 | 700 800 800 1000 1100 1200 oo 1500

Enantioenriched 3i:

Y¥xa-174.1 She(Mn, 5x3) Diode Array
1189 218

46e-1 m;ns\ . Range 4 661e-1
Area

Time  Howght Arwa Aseate
B9 4654TS TEI0S41 10000

=T T -~ ol - - - T T T T T T 1 Time
000 100 200 30 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
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(S)-N,N-diethyl-3-(1-(6-(trifluoromethyl)-1H-indol-1-yl)ethyl)benzamide (3m)

O
FsC N

o Me

Et,N

Racemic 3m:

Y¥4-202-3.3n (Mo 5:3) Dwde Array
814 2

60382] 869 Range 3 736¢-1
36e-1 59988 Area

Time  Hewght Ava Aah
814 I72500 6O3B2V6 5016
3861 BEY BT44 5998816 4984
30e-1
28e-1
26e-1
2 de-1:
22e-1
2 0e-1.

2 1 Be-1- |

T T T T T T T T T T T T T T v T T T T T LRBAAA SO LA S PGS LAY T T T T Time
<000 100 200 300 400 500 600 700 800 200 1000 1100 1200 1300 1400 1500 16.00 1700 1800 1900 2000

Enantioenriched 3m:

¥¥xa-108-2 She(Mn, 5c3) Diode Array
220

22 Time  Height
B15 2324413 580 2% 062
BT2 254526 ON0T12 938

000 100 | 200 300 400 500 | 600 700 800 900 1000 1100 | 1200 1300 = 1400 1500 = 1600 = 1700 = 1800 = 1900 2000
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tert-butyl (S)-1-(1-(2-(difluoromethoxy)phenyl)ethyl)-1H-indole-4-carboxylate (3n)

CO,t-Bu

N
N

Me

OCHF,

Racemic 3n:

YYXA-191- 2875 Sm (M, &3)
4 481

4261
40e-1
3861
36e-1
3de-1
3261
30e-1
28e-1
26e-1

2 de-y

2 0e-1
1861
1661
14e1
12e-1
1 De-1
8 De-2-
6 De-2:
40e-2

2 0e-2:

Diode Array

220

Range 4 416e-1

rea

Time  Heght Ava Amah
536 437631 4239352 5051
$62 41209 41187 459

Enantioenriched 3n:

YYX4-201-3 5 (M 5x3)

10

0 5e-1

B 5e-1
60e-1
7 Se-1.
7.0e-1
6.5e-1
60e1
55e-1
50e-1
451

4081

3.0e-1
251
20e-1
151
1081

5062

TT€50 | 700 | 750 | 800 | 850 = ©00 & 951 & 1000 1080 1100 1150 1200

Tume

e Array
Range 1139

Area

Time  Haight Mo Arsate
538 135859 W0STE1T 9574
565 50758 488764 426

Lt WA VALY T o T FrvT Trreerreen Time
650 700 760 | BOO | 850 | 900 950 1000 ' 1050 ' 1100 1150 @ 1200



(8)-1-(1-(3-chlorophenyl)ethyl)-2-methyl-1H-indole (3r)

S—wme

Cl

Racemic 3r:

Y¥R4-175-2-D4E-2 Sm (Mn 843

6 5e-1
60e-1
5 Se-y
50e-1
451
40e1

3 5e-1

800
106891

Lk
109224

Owode Array

216

Range B 256e-1

Area

Tima  Height Atea Araate
400 B0 1068DIIE 4946
694 762038 10822346 S04

Time

Enantioenriched 3r:

YYX4-177-2 SF(Mn £a3)

2 90et

10e-1

oo

500

600

788
9919

881
265003

1000

1500 1800 1900 2000

Dwode Array
216
Range 1761
Area

Time  Height Aiea At
T8 ™25 wwe 361
BE1 TEIGEG 265000 38 96 39

000 100 200

219

\ Time
2000



methyl (S)-1-(1-phenylethyl)-1H-indole-2-carboxylate (3q

N—co,Me
N

Me

Racemic 3q:

YYRA-178-3-372 Sm iMn_ 513) Diode Aray
550 220
130089 Raige 1206
Area

Tima  Height e Areat

650 1294942 13008948 4999
633 112385 130MBM  S00)

115 63
130148

9561
90e-1
8 Se-1-
8 De-1-
7 561

7061

6.0e-1
5561
5 0e-1
1581
10e-1

35e1

25e-1

20e-1

30e-1 ‘L

151

10e1 |
50e-2-

\ \
oo ISR S— o
000 | 100 200 | 300 | 400 | 500 | G060 | 700 | 800 @60 | 1000 | 1100 | 1200 | 1300 | 1400 ' 1500 | 1660 | 1700 | 1800 | 1000 | 2000

Enantioenriched 3q:

YYX4-185-3 SRe{Mn. 53 Diode Asray
566 220
040 Range € 95¢-1
Afea
Time  Hesght Ama A
E 566 63460 7014045 4998
G50 6lidsa 1OIW I 5002
650
70190
6.0e-1
55e-1

50e-1 |

20e-1.
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(8)-3-(2-methoxyethyl)-1-(1-(4-(trifluoromethyl) phenyl)ethyl)-1H-indole (3s)

OMe

N
N

F3C

Racemic 3s:

Y¥54-202-2-45 (Mn, 513)

G0e1
75e-1
70e1
6561
2 6.0e-1
5 5e-1
5 0e-1
451
40e-1
351
3 0e-1
25e-1
20e-1
1561

50e-2-

497 _

Diode Array

220

Range 1245

Area

Time  He Area Aieath
49T 1229504 10686567 4932
BU9 1053425 109812 50.68

i

000

Enantioenriched 3s:

050

YYX4-204.3 sTnm £3)

480
269184

dir's

b Mans i Laanss y T Trerrreren, Time
700 750 85 900 95 1000 1050 1100 1150 1200

Dwode Array
2
Range 2 465
Area
Tima

Hunght s Awate
480 2479990 26918426 5855
584 1704950 19056291 4145

T

10

150

200

280 '

300

350

221

T e P P P TP e pererrereerrrerrrren, Time
700 750 800 850 900 95 1000 105 1100 1150 1200



(S)-3-(1-phenylethyl)-1H-indole (4a)
O

N
N
H

Racemic 4a:

v¥xd-112.2 B (Mo, 23) S
345 216
97706 Range & 85661
Area
Time Heght Ares Area
1042 945 6B4TS4 GTTOS 81 5047
vt 1042 814301 3586723 435
608-1
5 5e-1 [
|
|
5081
1561
40e-1
35e-1
2
3064
2 5e-1
20e-1 |
|
1861
108-1
502 J \
" —— o oot : -
000 100 200 300 400 500 800 T00 800 200 1000 1100 1200 13.00 1400 1500 16.00 1700 1800 1900 2000

Enantioenriched 4a:

TY%4-159-CEEm (Mn. £x3) Dvode Array
893 210
390548 Range 272
Area
Time  Heght Aea Asa%
BO4  S636B2 5696586 1273
893 2705174 sS40 8727
24
22
20
18
16
2 14
12
10
B0e-1
504
60e-1 56966
40e1
2 0e-1 { |
e ——— A e L
T T T T v T T ¥ T T T T T T T T T T T T T T T T T T 1 Time:
000 100 200 300 1% 500 600 700 860 000 1000 1100 1200 1300 1400 1500
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($)-3-(1-(4-(trifluoromethyl)phenyl)ethyl)-1H-indole (4b)

Me O CFs
O
N
H

Racemic 4b:

Y¥%4-112.2 55 (Mn, 8a3) Diode Array
945 216
97706 Range & B56e-1
ca
Time  Height Area Asea¥
1042 945 6B4TH4 9TTOS 81 S047
i 1042 6WI01 586723 1363
601
5561
|
5 0e-1
4 5e-1
4 0e-1:
3861
2
30e-1
2 5e-1
208t
1 Se-1.
|
1081 |
! |
5062 | |‘
g fl‘f\—" T - TR Time:
000 | 100 200 300 400 | 500 500 | 700 | 800 | 900 1060 | 1100 | 1200 | 1300 | 1400 | 1500 | 1600 = 1700 | 1800 ' 1900 | 2000
Enantioenriched 4b:
Ywxa1662 SFn 63y Diode Avtay
594 17
55916 Range T 238e.1
Area
Time et  Ass At
553 165082 1203203 1771
SH TIIGT SEMETH4 6226
6 5e-1
6 0e-1
550-1
50e-1
4 5e-1
40e-1
s
30e-1
2801
2061
553
12032
151
10e-1
s0e2 ‘
|
ol , SO L . .
000 100 200 300 400 500 600 T00 800 @00 1000 1100 1200 1300 14 00 15 00
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($)-5-(1-(1H-indol-3-yl)ethyl)-1-tosyl-1H-indole (4c)

Racemic 4c:

DAD1 B, Sig=254,8 Ref=360,100 (YYX\YYX4-167-RAC-2.D)

0 5 10 15 20
Signal 2: DAD1 B, Sig=254,8 Ref=360,100

Peak RetTime Type Width Area Height Area
# [min]) (min] [mAU*s] [mAU) %
e e Jresspeeaaaen {E el | sisneriie o I
1 18.625 BB 0.5069 1.06768e4 323.62393 46.8453
2 25.177 BB 0.7078 1.21148e4  260.86627 53.1547

Totals : 2.27916e4 584.49020

Enantioenriched 4c¢:

DAD1 B, Sig=254,8 Ref=360,100 (YYX\YYX4-167.D)

[ 5 10 15 20
Signal 2: DAD1 B, Sig=254,8 Ref=360,100

Peak RetTime Type Width Area Height Area
#  [min) [min] [mAU*s] (mAU) %
e e e i s e L | |
1 18.68B2 BB 0.5071 1.42265e4 428.78229 92.3972
2 25.067 BB 0.6924 1170.61060 25.27245 7.6028

Totals : 1.53971e4 454,05474
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(8)-3-(1H-indol-3-yl)-N-(4-methoxybenzyl)-N-methyl-3-phenylpropan-1-amine (4d)
PMB
me—N,

IZ 2z

Racemic 4d:

YYX4-159-6-T9€-5 Sm (Min. 563) i
1238 _ 220

Range 1938
w9 ey e 1 9%
anen Time  Height Aea Aat
1238 1925350 26419791 4929
130T 1829126 2rEM4Y S0 M

90e-1

B 0e-1

70e-1

6061

40e-1
30e-1.
20e-1

s - __ I\

000 100 200 300 400 500 600 700 8OO = 900 1000 1100 1200 1300 1400 1500 1600 ' 1700 ' 1600 | 1900 ' 2000

T Time:
2100 2200 2300 2400 2500

Enantioenriched 4d;:

¥¥xa-103-2 5w 53) Duode Array
1238 _ 220

464988 Range 2545
Time  Height Awa Ama%

24 B2 T4MT M2 1683
e 238 85 4496806 8317

22
21
20

19

90e-1
ne
89e:1 w417
70e1
6081
5061

4.0e-1

30e1

20e-1 I. L
10e-1 - | k

000 100 | 200 300 | 400 ' 5060 | 600 | 700 | 8O0 900 1000 | 1100 | 1200 1300 1400 1500 | 1600 | 1700 | 1800 | 1000 " 2000 | 2100 | 2200

T Tererrern Time
2300 2400 2500
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3-((S)-1-((8R,95,13S5,14S5)-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydrospiro[cyclopenta[a]phenanthrene-17,2'-[1,3]dioxolan]-2-yl)ethyl)-1H-indole (4¢)

Racemic 4e:

DAD1 B, Sig=254,8 Ref=360,100 (YYX\YYX4-157-3-2D)
: g
200 ﬁ |
[ |
i \ |
{ |
100 |‘ | | 1
50 R ||
| I\
0 . - o / \;'77 W X .
1 | : | | ¥ i 1 1 ' ' 1 1
0 2 4 ] 8 10 12 14 min|
Signal 2: DAD1 B, Sig=254,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
It B e feiiesas e o |t |
1 9.417 BB 0.2239 3733.23340 256.35168 46.5545
2 11.080 BB 0.2635 4285.81982 250.66071 53.4455
Totals : 8019.05322 507.01239
Enantioenriched 4e:
DAD1B, Sig=254,16 Ref=360,100 (YYX\YYX4-180-3.0)
mAU g
40 |\
30 J |
o] i
5 |
10 % [
o \
0 e BET o s ./ \‘! - ,v" N -]
| [ : ¢ ], 0 | U § ) ) L
0 2 4 6 8 10 12 14 mir|

Signal 2: DADL B, Sig=254,16 Ref=360,100

Peak RetTime Type Width Area Height
# [min] [min] [mMAU*s] [mAU) %

i o i i I [ i | === |======== |
1 9.457 BB 0.2123 77.20403 5.55072 7.71726
2 11.088 BB 0.2566 916.08411 54.91712 92.2274

Instrument 1 4/12/2018 3:11:02 PM KED Page 2 of 3
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