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A Survey of Other (Selected) Electrochemical Birch Reductions

o o > 0.0 o

1 1
] 1
1 1
1 1
] 1
1 1
Tetrahedron Lett., 10, 2325-2328 (1969)  J. Am. Chem. Soc., 91, 4191-4194 (1969) , e O s : MeO Meo
HMPA/H 50, LiCI HMPA/ROH's, LiCI up to 100% divided Co o 4 Q :
] 1
1 1
1 1
] 1
1 1
1 1
] 1

J. Org. Chem., 48, 1777-1779 (1983) ***
THF/H,O/TBAOH >90% undivided

J. Electrochem. Soc., 115, 266-267 (1968) J. Am. Chem. Soc., 89, 186187 (1967)***
Glyme/H,0/TBA.Br divided HMPA/EtOH, LiCI ~60%  divided

J. Phys. Chem., 89, 1243-1245 (1985)
EtOH/HMPA up to 20% divided

Bull. Chem. Soc. Jap., 52, 559-563 (1979)
HMPA/ROH's,LiCI most examples are <10%  divided

J. Am. Chem. Soc., 85, 2858-2859 (1963)
J. Am. Chem. Soc., 86, 5272-5276 (1964) *%*
MeNH,, LiCl (0 °C) >90% undivided

J. Electrochem. Soc. India, 33,
49-51 (1984)
HMPA/EtOH,LIiCl  divided

Bull. Chem. Soc. Jap., 55, 347-348 (1982)
HMPA/EtOH, LiCl ~50% (to the alkanes) divided

J. Organometal. Chem., 13,
139-143 (1968)
PrOH/MeNH,/LICl 20-100% undivided

O 0O SO Oy oL S

J. Chem. Soc., Perkin Trans. 2, 1709-1712 (1972).
HMPA, LiCl  20-100%  divided

J. Am. Chem. Soc. 74, 4126-4127 (1952)
Dioxane/H,0, TBAI, 50 °C >80% one ring divided

J. Electrochem. Soc. 128, 322-326 (1981)
H,O/TBA, 60 °C ~60% undivided

J. Am. Chem. Soc. 108, 4676-4677 (1986)
'PrOH, TBA most <40%, best 70% divided

0 QO

J. Electrochem. Soc. 110, 425-429 (1963)
EDA, LiCI 33 °C 60-80% undivided

J. Org. Chem. 34, 3970-3974 (1969)
MeNH,/LiCl horrible mixtures!  divided/ undivided

MeO MeO

J. Org. Chem. 48, 4210-4214 (1983) J. Org. Chem. 50, 556-560 (1985) ***
THF/H,O/TBAOH THF/H,O/TBAOH up to 92% divided

Electrochim. Acta 48, 2405-2409 (2003) ***

) . L X . X THF/'BUOH,LICIO; 50-90%  undivided
**% Attempted in our lab, with modifications to simplify operation
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General Experimental

Lithium bromide was purchased from either Combi-blocks or Oakwoood chemicals and dried
after receiving (vide infra). Dimethylurea (DMU) was purchased from Acros chemicals and dried
after receiving (vide infra). Tetrahydrofuran (THF), acetonitrile (CH3CN), and dichloromethane
(CH2Cl) were obtained by passing the previously degassed solvents through an activated
alumina column(/). TPPA (anhydrous, 99.5%) was purchased from Combi-blocks and used
without further purification. All substrates that were purchased (from cheapest supplier), were
used without further purification. Yields refer to chromatographically and spectroscopically ('H
NMR) homogeneous material, unless otherwise stated. Reactions were monitored by GC/MS,
LC/MS, and thin layer chromatography (TLC). TLC was performed using 0.25 mm E. Merck
silica plates (60F-254), using short-wave UV light as the visualizing agent, and
phosphomolybdic acid and Ce(SO4)2, acidic ethanolic anisaldehyde, KMnOs4, or iodine absorbed
on silica gel was used, and heat as developing agents (not for iodine staining). NMR spectra were
recorded on Bruker DRX-600, DRX-500, and AMX-400 instruments and are referenced using
residual undeuterated solvent (CHCl3 at 7.26 ppm 'H NMR, 77.16 ppm *C NMR; acetone at
2.05 ppm 'H NMR, 29.84 ppm *C NMR; CH3OH at 3.31 ppm '"H NMR, 49.0 ppm '*C NMR;
CeHg at 7.16 ppm 'H NMR, 128.06 ppm *C NMR)(2). The following abbreviations were used to
explain multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.
Column chromatography was performed using E. Merck silica (60, particle size 0.043-0.063
mm), and pTLC was performed on Merck silica plates (60F-254). High-resolution mass spectra
(HRMS) were recorded on an Agilent LC/MSD TOF mass spectrometer by electrospray
ionization time of flight reflectron experiments. Gas chromatography-mass spectrometry

(GCMS) were recorded on an Agilent 5975 MSD Series spectrometer.
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General Procedure: Electroreduction of Organic Compounds

e A: Low temperature reaction using an Al anode and Zn cathode
e B: Room temperature reaction using a Mg anode and Galvanized steel wire cathode

See drying procedures for LiBr and DMU (vide infra)

General Procedure A

RINONR x, ’ Al (+)/Zn(-)

Me
\
undivided, LiBr in THF 0\\ N\(o
[H], TPPA P%N N
10 mA, -78 °C RYL | L
_: TPPA

: CAS: 6415-07-2 CAS: 96-31-1

Setup (see graphical guide):

IKA Al (anode) and Zn (cathode) plate electrodes were connected accordingly to an ElectraSyn
vial cap. To either an oven or flame-dried ElectraSyn vial was added substrate (0.1 mmol, 1.0
eq.), 1,3-dimethylurea ( , 0.3 mmol, 3.0 eq) and tri(pyrrolidin-1-yl)phosphine oxide (TPPA,
10 eq.), followed by 500 puL’s of a 1.5 M THF solution of LiBr (0.75 mmol, 7.5 eq.). Next, 3
mL of dry THF (30 mL/mmol substrate) was added and the reaction headspace was purged with
argon and the solution thoroughly degassed by argon sparge (optional). The reaction mixture was
then cooled to -78 °C using a dry ice/acetone bath mix. The ElectraSyn was setup as follows:
New exp. > Constant current > 10 mA > No ref. electrode > Total charge > 0.1 mmol, F/mol
(see individual compounds) > No alternating polarity > start. The temperature was maintained
at -78 °C throughout the duration of the reaction, keeping it shielded from air and moisture
(Figure I). The reaction in some cases could be monitored by TLC, following the disappearance
of a UV signal and generation of a new UV signal (e.g. SI-24 to SI-31) or generation with a
higher sensitivity to an iodine stain (e.g. SI-6 to SI-23).

General Procedure B

R1/\ x\ ’ Mg(+)/Galvanised steel wire(-)

(o)

Me
R1 X \ o
undivided, LiBr in THF \;’)-N N\(
[H'], TPPA 3 N
10 mA, rt L
.@ — TPPA

: CAS: 6415-07-2 CAS: 96-31-1

Setup (see graphical guide):
An IKA Mg (anode) plate and Galvanized steel wire (cathode — see graphical guide for

assembly) electrodes were connected accordingly to an ElectraSyn vial cap. To either an oven or
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flame-dried ElectraSyn vial was added substrate (0.1 mmol, 1.0 eq.), 1,3-dimethylurea ( ,
0.3 mmol, 3.0 eq) and tri(pyrrolidin-1-yl)phosphine oxide (TPPA, 10 eq.), followed by 500 uL’s
of a 1.5 M THF solution of LiBr (0.75 mmol, 7.5 eq.). Next, 3 mL of dry THF (30 mL/mmol
substrate) was added and the reaction headspace was purged with argon and the solution
thoroughly degassed by argon sparge (optional). The ElectraSyn was setup as follows: New
exp. > Constant current > 10 mA > No ref. electrode > Total charge > 0.1 mmol > F/mol (see
individual compounds) > No alternating polarity > start. The reaction in some cases could be
monitored by TLC, following the disappearance a UV signal and a higher sensitivity to an iodine

stain.

Workup (see respective graphical guide):

The contents of the vial were transferred to a RBF and the vial and electrodes washed with Et,0O.
The volatiles were then removed on the rotavap (>120 mbar, 40 °C bath). A solution of
Rochelles’ salt was then added to the crude followed by Et2O and the turbid biphasic mixture
was then stirred until two clear layers formed. The organic layer was separated, and the aqueous
layer was extracted twice with EtoO. The combined organic layers were dried over anhydrous
MgSO4 and the volatile organics removed on the rotavap. Most of the TPPA could be removed
via a plug of silica and eluting with 100% EtOAc.

Optional: Drying the LiBr (consult the graphical guide)

While successful reductions were carried out by simply weighing out freshly purchased LiBr into
the reaction vial, LiBr is very hygroscopic (especially over extended shelf life), and it was found
to be much more effective to prepare a stock solution as follows:

Commercial, reagent grade LiBr (~1.5 g) was weighed out into a 20 mL culture tube. The cap
and septa were fastened and LiBr placed under high vacuum (~1 mbar), by piercing the septa
with a 16 guage needle connected to syringe tube and vacuum line. The tube was uniformly
heated using a flame torch (propane:butane) until the LiBr just starts to melt. Water droplets can
be observed condensing on the tube running from the vacuum line. After about a minute of
heating the tube and contents are left to cool under vacuum until cool enough for addition of
THF. Approximately 10% (150 mg) of the mass of the initially weighed LiBr has been lost as
water vapour. Once cool, the tube is purged with argon and then left under an atmosphere of

argon. THF (10 mL) is then added to the tube via a syringe, and the LiBr is dissolved via shaking
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and sonication. After the solution is homogenous, the cap is reinforced by melting layers of
parafilm over the septa and cap using a heatgun.
This stock solution was typically good for 5 days but would turn yellow if not shielded from
light. Therefore, aluminium foil was used to cover the tube.

Alternatively, another successful procedure suitable for drying the LiBr — which avoids
the use of an open flame — is conventional heating using an oil-bath at 110 °C for 2 hours under

high vacuum and use as described.

Drying Dimethylurea (DMU)

This is optional and was carried out as a precaution that DMU might hold a significant amount of
water. DMU (~5 g) was weighed into an RBF and then MeOH (5 mL) was added to the RBF, and
the DMU dissolved by swirling the flask. Benzene (5 mL) was then added, and the solvents
removed under vacuum on a rotavap. Afterwards a flakey, dry solid is obtained, which unlike
before, was readily soluble in benzene. Benzene (5 mL) is added, and the DMU dissolved. The
volatiles were again removed on the rotavap. This was repeated one more time, and then the
flakey DMU solid was placed under high vacuum (~1 mbar) for 6 hours before use. '"H NMR is

used to confirm that not benzene is present.
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Experimental Procedure for a 10g Scale EC-Birch reaction of Compound 12

Optimization
EntryiScale Con. of SM Anode{+)/ Electrolyte DMU Temperature Current {(mA) CcD
()] (mmol/mL) Cathode(-) (in THF) (eC) Noltage (V) (mA/cm?) M P
24551.0 . .
frptect 0.14 Alplate(+)/S.S. plate()  3.0M LiBr 3.56q/0.5M 3.0 30 6F/8h 100/25-32 11.90 267% 95.30%
(%4455%113\) 014 Zn p|a1e(+)/)s S.plate(- 5 gy gy 3 56q/0. 5M 30 20 6F/8h 100125-32 11.90 9310% 5.88%
2451/2.0 " N
© o) 0.14 Mg plate(+)/S.S plate()  3.0M LiBr 3.5eq/0.5M 3.0 30 6F/15h 100/25-32 18.18 0.00% 100.00%
245213.0 042 Mg plate(+)/S.S plat 3.0M LiB 12eq/0.5M 3.0 30 FITh 100/26-32 11.90 53.50% 16 45%
(13.5mmol) g plate(+), plate(-} 1 iBr eq/ - . o o
30 3F/0.5h 100/26-32 11.90 42.12% 57.82%
30 4F14h 100/28-32 11.90 13.20% 85.45%
30 5F/17.5n 100132 11.90 0.00% 100.00%
2454/4.0 0.14 Mg plate(+)/S.S plat 3.0M LiB 3.5eq/0.5M 3.0 45 4F19.5h 20012332 363 50.92% 4877%
(18 Ommol) A g plate(+), plate(-) 1 iBr eq/ . - o o
55 6F/14.5n 200/25-32 363 443% 95.16%
55 8F/19h 20012532 363 2.09% 97.10%
24452.0 . o .
© ommal) 0.28 Mg plate(+)/5.5 plate()  3.0M LiBr 1.400/0.4M 3.0 30 6F/14h 100/25-32 11.90 0.00% 100.00%
2446/2.0 . o .
(6.0l 0.28 Mg plate(+)/5.5 plate()  3.0M LiBr 1.0e/0.3M 3.0 30 6F/14h 100/25-32 11.90 0.00% 100.00%
2449/0.5 0.07 Mg plate(+)/S.S plat 3.0M LiB ) 3.0 30 BF/3.5n 100/27-32 11.90 54.75% 4523%
(2 25mmol) i g plate(+) plate(-) 3 iBr / 3 . . o o
2450105 0.07 Mg plate(+)/S.S plate()  3.0M LiBr ) 8.0 30 BF/3.5n 100/23-28 11.90 7.19% 83.39%
(2.25mmol) - P! plate(- - - - : 9% o

On scale-up we observed that the reaction can successfully proceed in the absence of TPPA by
replacement with excess DMU. It was ultimately determined that excess DMU gave reduced
overall voltage and delivered higher current to give the desired product as high as 80%

conversion.

10g scale-up (in batch)

Mg(+)/Stainless steel plate(-) undivided
3.0 M LiBr, 12.0 eq. DMU, 3.5 eq. TPPA

500 mA, 10 F, rt., Batch

OTBS oTBS

Me Me

Preparation of LiBr solution in THF (3.0 M): A capped 500 mL round bottom flask was
charged with LiBr (83.4 g, 1.0 mol) and then flame-dried under reduced pressure until the
complete disappearance of water deposit. Upon cooling to ambient temperature, the round
bottom was backfilled with a nitrogen balloon, after which THF (320 mL) was added via a
syringe under stirring. The resulting mixture was stirred vigorously until a homogeneous solution

was obtained.
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Experimental procedure: A clean and dry 500 mL beaker with a stir bar was charged with fert-

butyldimethyl(p-tolyloxy)silane (10.0 g, 45.0 mmol), 1,3-dimethylurea (DMU, 47.5 g, 540.0
mmol), tris(pyrrolidinophosphine) oxide (TPPA, 40.5 g, 157.5 mmol) and LiBr solution (320
mL). The anode (Mg plate) and cathode (Stainless steel plate), embedded a rubber cap with a
distance of 3.5 cm between them, were inserted into the reaction mixture. The submerged surface
area of each electrode was adjusted to 4.0 cmx10.0 cm. The reaction mixture was deoxygenated
with nitrogen for 20 min, and then electrolyzed under a constant current of 500 mA from DC
power for 25 h until the complete consumption of TBS-cresol as judged by HPLC or GC/MS.
After reaction, the electrodes were taken out and rinsed with fert-butyl methyl ether (MTBE).
The mixture was transferred to a 1.0 L round bottom and volatiles were then removed on the
rotavap (>120 mbar, 40 °C water bath). 1.5 L of MTBE was then added, and the residue
transferred to a 2.0 L flask, followed by the addition of water (200 mL) with stirring (15 min) to
help precipitate the solid and form a liquid-solid bilayer. The upper layer solvent was then
poured into a 3.0 L separatory funnel followed by washing with water three times (1.0 L x 3).
The organic layer was dried over anhydrous magnesium sulfate, filtered and concentrated in
vacuo. The crude material (yellow oil) obtained was purified by column chromatography (eluting

with n-Hexane) and basic alumina (300 g, 13 cm length) to afford 7.1 g (70%) of Compound 12

as a colorless oil.

(Left) Magnesium anode and stainless-steel cathode. (Middle) electrodes set up. (Right) After

reaction.
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(Left) Electrolysis set up. (Right) Top view of electrolysis set up.

10g scale-up in flow
Mg(+)/Stainless steel plate(-) undivided
/©/0TBS 3.0 M LiBr, 12.0 eq. DMU . UOTBS
Me 750 mA, 10 F, rt., flow Me

Preparation of LiBr solution in THF (3.0 M): A capped 500 mL round bottom flask was

charged with LiBr (83.4 g, 1.0 mol) and then flame-dried under reduced pressure until the
complete disappearance of water deposit. Upon cooling to ambient temperature, the round
bottom was backfilled with a nitrogen balloon, after which THF (320 mL) was added via a
syringe under stirring. The resulting mixture was stirred vigorously until a homogeneous solution

was obtained.

Experimental procedure: A dry 500 ml 4-neck round-bottom flask with a stir bar was charged

with tert-butyldimethyl(p-tolyloxy)silane (10.0 g, 45.0 mmol), 1,3-dimethylurea (DMU, 47.5 g,
539.1 mmol) and LiBr solution (320 mL). The anode (Mg plate) and cathode (Stainless steel
plate) were equipped in frame cell (with a distance of 2.0 cm) and connected to DC power. The
immersion surface area of each electrode was 7.0 cm x 13.0 cm. The external round bottom was
then connected to a frame cell (rubber tube 6 mm in diameter and Teflon tube 6 mm in diameter).
After deoxygenated the reaction mixture (bubbling with nitrogen for 20 minutes), the reaction
mixture was pumped into the frame cell with a speed of 500 mL/min as a loop driven by a

peristaltic pump. The electrolysis was conducted under a constant current of 750 mA from DC
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power for 16 h until the complete consumption of the starting material as judged by HPLC or
GC/MS. Upon completion, the reaction contents were transferred into a 1.0 L flask from frame
cell and external round bottom by peristaltic pump after which MTBE (600 mL) was circulated
for 5 min to wash both the frame cell and connecting tubes (300 mL x 2). The volatiles were
removed under reduced pressure (>120 mbar, 40 °C water bath). MTBE (1.5 L) was then added,
and the residue transferred to a 2.0 L flask, followed by the addition of water (200 mL) with
stirring (15 min) to help precipitate the solid and form a liquid-solid bilayer. The upper layer
solvent was then poured into a 3.0 L separatory funnel followed by washing with water three
times (1.0 L x 3). The organic layer was dried over anhydrous magnesium sulfate, filtered and
concentrated in vacuo. The crude material (yellow oil) obtained was purified by column
chromatography (eluting with n-Hexane) and basic alumina (300 g, 13 c¢cm length) to afford 7.5 g

(74%) of Compound 9 as a colorless oil.

10g scale up flow diagram:

—)

Pump
500ml/min

500ml flask
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Electrolysis set up in flow
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(Left) Top view of cell during electrolysis. (Right) DC power and frame cell.
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Experimental Procedure for a 100g Scale EC-Birch reaction of Compound 12

Mg(+)/Stainless steel plate(-) undivided

/©/OTBS 3.0 M LiBrin THF, 12.0 eq. DMU . /@/OTBS
Me 3.0A,7F, rt., flow Me

64% isolated yield

Preparation of LiBr solution in THF (3.0 M): A capped 3.0 L round bottom was charged with
LiBr (651.0 g, 7.5 mol). The round bottom was then flame-dried under reduced pressure until the
complete disappearance of water deposit. Upon cooling to ambient temperature, the round
bottom was backfilled with a nitrogen balloon, whereupon THF (2.5 L) was added via a syringe
under stirring. The resulting mixture was stirred vigorously with ultrasound until a homogeneous

solution was obtained.

Frame Cell Setup: Six Teflon frame block (length: 18.0 cm, width: 12.0 cm, thickness: 2.0 cm)
were packed in a row, 4 Stainless steel plates (length: 20.5 cm, width: 12.0 cm, thickness: 2.0
mm) as cathode and 3 magnesium plates (length: 20.5 cm, width: 12.0 cm, thickness: 3.0 mm) as
anode which have two silica pads (length: 18.0 cm, width: 12.0 cm, thickness: 2.0 mm) attached
on their both sides were inserted between each frame. The two ends of frame cell were attached
by two Teflon plates (length: 18.0 cm, width: 12.0 cm, thickness: 2.0 cm) and all components
were then threaded through 8 stainless steel screws (length: 25.0 cm, diameter: 5.0 mm) and
locked by nuts above stainless steel gasket. The side of each frame was screwed a Teflon joint

with which connected rubber tube (6 mm in diameter) (Figure 2). The immersion surface area of

each electrode in frame cell was 7.0 cmx13.0 cm.

Experimental procedure: A clean and dry 3.0 L 4-necked round bottom with a stir bar as

external container was charged with TBS-cresol (0.45 mol, 100.0 g, 1.0 equiv.), 1,3-dimethylurea
(DMU, 5.39 mol, 475.4 g, 12.0 equiv.) and LiBr solution (3.0 M, 2.5 L). A peristaltic pump was
connected with frame cell and external round bottom by rubber tubes (diameter: 6.0 mm) and
Teflon tubes (diameter: 6.0 mm) respectively to form a circulatory system. The loop system was
then purged by nitrogen for 10 minutes followed by bubbling the reaction mixture with nitrogen
for 20 minutes; the mixture was then pumped into frame cell with a speed of 400 rpm in the loop

by peristaltic pump. The frame cell with a distance of 2.0 cm between each electrode was then
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conducted electrolysis (Figure 1) under a constant current of 3.0 A from DC power for 62 h until
the complete consumption of TBS-cresol judged by HPLC. After reaction, all mixture was drove

into a 5.0 L flask from frame cell and external round bottom by peristaltic pump. 2.0 L MTBE
was added and circulated for 5 min to wash frame cell and connecting tube twice (1.0 Lx2). The
volatiles were removed on the rotavap (>120 mbar, 40 °C water bath). A solution of 10%
Roschelles’ salt 1.5 L was then added and transferred mixture to a 5.0 L flask, followed by

adding 1.0 L MTBE stir 30 min to help precipitate solid and form a liquid-solid diphase system.

The upper layer solvent was then poured into a 3.0 L separatory funnel followed by washing with
water three times (1.5 Lx 3). The organic layer was dried over anhydrous magnesium sulfate and
concentrated in vacuo. The crude material obtained as yellow oil (79.0 g) and was purified by

column chromatography (n-Hexane) with basic alumina (500.0 g, 25.0 cm length) to afford
desired product 64.5 g as colorless oil with 64 % isolated yield.

. resss:

l
eyl el

-
1 > » Direct current
supply
Peristaltic pump s.sT Mg S.S Mg S.S Mg S.S
Reservoir tank 400 rmp

Figure 1. 100.0 g scale up flow diagram
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(Left) Cross-section perspective of frame cell. (Right) Top perspective of frame cell

e

Figure 2. Disassemble figure of continuous flow in frame cell

Price cost analysis of Compound 12

Cost list:
Item Name Unit price Quantity Cost
Starting p-Cresol $43/Kg 555¢ $2.4
material Imidazole $50/Kg 70.0 g $3.5
synthesis TBSCI $146/Kg 775 ¢ $11.3
Acetonitrile $2/Kg 05L $1.1
EC-Birch TBS-cresol (87.5% isolated | -- 100.0 g --
reagent yield)
1,3-dimethylurea (DMU) $45/Kg 4754 ¢ $21.6
LiBr $57/Kg 651.0 g $37.1
THF $2.5/Kg 25L $6.3
Workup Roschelles’ salt $6/Kg 150.0 g $0.9
MTBE $2/Kg 20L $4.0
Water -- 6.0LL --
Magnesium anhydride $1.5/Kg 500¢g $0.1
Washing flow | MTBE $2/Kg 20L $4.0
Equipment Teflon Frame with dent $30/piece 6 pieces $180.0

S24




(length: 18.0 cm, width: | (customized

12.0 cm, thickness: 2.0 cm) | price)

Teflon Plate with dent $30/piece 2 pieces $60.0
(length: 18.0 cm, width: | (customized

12.0 cm, thickness: 2.0 cm) | price)

Magnesium plate (anode) $20/Kg 3 pieces $8.4
(length: 20.5 cm, width: Total: 420.0 g

12.0 cm, thickness: 3.0

mm)

Stainless steel plate | $2/Kg 4 pieces $2.9
(cathode) Total:  1.44
(length: 20.5 cm, width: Kg

12.0 cm, thickness: 2.0

mm)

Rubber tube -- 7 pieces --
(total length: 2.5 m,

diameter: 6.0 mm)

Teflon tube -- 2 pieces --
(total length: 1.5 m,

diameter: 6.0 mm)

Fluororubber tube  (for | $10/meter 1 piece $2.0
peristaltic pump) Length: 0.2 m
(Iength: 20.0 cm, diameter:

6.0 mm, thickness: 1.6 mm)

Peristaltic pump -- 1 piece --
(flow rate range: 1.7-1740

ml/min)

DC power supply -- 1 piece --
(32V/5A/160W)

Silicone pad $5/m? 14 pieces $1.5
(length: 18.0 cm, width: Total: 0.3 m?
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12.0 cm, thickness: 2.0

mm)

Stainless steel gasket
(length: 18.0 cm, width:
12.0 cm, thickness: 2.0

mm)

2 pieces

Stainless steel screw
(length: 25.0 cm, diameter:
5.0 mm)

$5/meter

8 pieces

Total: 2m

$10

Stainless steel nut

16 pieces

Total

$357.1
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General Procedure: Mechanistic Studies and Surface Analysis

Experimental: Electrochemistry for mechanistic studies

Mechanistic studies using cyclic voltammetry were performed with a Biologic (Model SP-150)
with a silver nitrate reference electrode (BAS porous CoralPor™ tip), the reference electrode
solution contained the same electrolyte and solvent as the working solution. Platinum gauze was
used as the counter with a BAS glassy carbon 0.0708 cm? working electrode. All reagents were
purified analogous to the electrolysis experiments to reach anhydrous conditions. Concentrations
were 1 mM naphalene and/or phenethyl alcohol, 3 mM LiBr, and 3.5 mM DMU unless specified
otherwise. All square wave voltammetry experiments were performed in a drybox under argon

with sub —ppm levels of oxygen and water.

Square Wave Voltammetry Analysis

Variable frequency square wave voltammetry (SWV) was performed on solutions containing 1
mM naphthalene (5) in the presence or absence of 3 mM LiBr and 3.5 mM DMU, at a pulse
height of 5 mV, step height of 5 mV, and frequencies of 10, 20, and 40 Hz, using a solution of
100 mM NBusBF4 in THF at 25 °C. As described in the main text, SWVs of 5 in the presence of
LiBr and DMU exhibit a single broad peak at low frequencies that correspond to the
electrochemical reduction of naphthalene. However, a separate peak is resolved at faster
frequencies that suggests an ECE mechanism, where the final chemical step (protonation of a
species resulting from the second electrochemical reduction) would result in an overall ECEC

mechanism.

Role of TPPA and Electrode Passivation

Experiments to measure conductivity changes on the electrode
surface after electrolysis were conducted with a magnesium
counter and a galvanized wire working electrode. Substrate
and additive concentrations were the same as the main text,

with a current density of ~45 mA cm™

. Electrolysis was
performed for one hour using an IKA ElectraSyn 2.0.

Conductivity measurements were performed with a CH-

Instruments 611E potentiostat using the built-in IR
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compensation technique. Conditions used were 0 volts applied with a 0.02 V step amplitude, in a
two-electrode configuration using a magnesium counter/reference and galvanized wire as the
working electrode. Electrodes were held at a distance of ~0.6 cm apart during the resistivity
measurements. As can be observed in the photograph, TPPA is necessary to prevent too thick of a
SEI layer from forming and completely passivating the electrode. The cell resistance

measurements below confirm this data.

Condition Cell Resistance (£2)
LiBr/DMU 8000 = 2000
LiBr/DMU/naphalene 10000 + 200
LiBr/DMU/TPPA/naphalene 1200 £ 600
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High resolution XPS spectra of zinc oxide (galvanized) steel wire before and post reaction. Inset

values designate binding energies for specific chemical environments.
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(A) Survey scan XPS spectra of zinc oxide (galvanized) steel wire before the electrochemical
reaction and (B) post reaction. (C) Survey scan XPS of a zinc electrode post reaction that was
run with wet THF stored in ambient conditions. The peaks are numbered and their corresponding
identity is located to the right of the spectra. The inset shows atomic percent at the surface of the
electrode. The percentages labeled nC and oxC refer to non-highly electron withdrawing groups

attached to carbon (alkanes and alkenes) and highly oxidized carbons respectively.
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Experimental: X-ray Photoelectron spectroscopy (XPS)

Samples for XPS were generated using an IKA ElectraSyn 2.0 the optimized reaction
conditions of a galvanized wire and magnesium anode were used. The substrate was naphalene
(0.1 mmol) with the inclusion of TPPA (10 eq), DMU (3 eq) and LiBr (3.5 eq). The reaction was
run for 3 hours at a constant current of 10 mA which realized nearly full conversion of the
substrate determined via TLC. The post reaction electrodes were rinsed with THF and then
placed under high vacuum in the XPS within a few hours after the electrochemical synthesis.

XPS was performed using a Physical Electronics Mg and Al ko X-ray source and energy
spectrometer. The electrode was attached to a tantalum backing plate and analyzed in 1 x 107!
torr ultra high vacuum. Survey and region scans were collected using Al Ko and Mg Ka
radiation respectively. Al Ko was used for the surveys to allow observation of the full energy
range, and Mg Ka was used for the region scans to increase the photoemission cross section for
Li 1s. The energy scale was corrected for sample charging by reference to the reported binding
energy for Zn 2p3,2 in ZnO, as reported in the NIST XPS database.(3) The shifts were 1.95 eV
for a new, unreacted electrode, and 2.65 eV for the electrode analyzed after reaction.

High resolution region scans were integrated to estimate approximate atomic percentages.
Intensities were corrected for their corresponding sensitivity factors, and concentrations were
calculated as follows, where “I” is each emitting element present; “N” is corrected XPS

intensity; “S” is the PHI atomic sensitivity factor; and “C” is concentration.

Nx=;—’; > szzlji’i

Note that this estimation method assumes that the sample is uniform over the sampling depth of

XPS, i.e., roughly 2.5 — 5 nm depending on element.

Interpretation of XPS

The spectra from the unreacted electrode is quite different from that of the post-reaction
electrode. A major change is the shift of the carbon peak to higher binding energies. The main
carbon peak around 285 eV is shifted slightly to higher binding energies, indicating a greater
number of C-O bonds. There is also a new carbon peak at a higher binding energy of ~ 290 eV

(labeled oxC), that accounts for 9.6 % of the atomic percent in the sample. After electrolysis the
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oxC intensity doubles, relative to the intensity from adventitious carbon on the unreacted
electrode. The source of the new carbon species is potentially from decomposition of the solvent,
TPPA, or DMU which all contain C=O bond, thus supporting the idea that DMU and TPPA are
involved at the electrode surface. The substantial increase in peaks for P (2.4%) and N (6.1%) in
the post-reaction spectra also give evidence for the additives being present during electrolysis.

As expected, lithium is present in relatively large quantities for the post-electrolysis
electrodes. The lithium is most likely originating from solvent decomposition which can form
lithium alkoxide, as well as lithium oxide species commonly found within the SEI layer of
lithium ion batteries. The presence of magnesium in the post electrolysis electrode is logical as it
could be acting as an electrolyte, especially at longer electrolysis times. The survey scan of a
film generated with non-anhydrous conditions was drastically different than that with anhydrous
conditions. The surface of the hydrous condition was composed almost entirely of Li, O, and C,
indicating that surface chemistry is radically different if there is a readily available, labile proton
source. The hydrous electrode also appeared to form a thicker film than the anhydrous electrode,
as shown by the complete attenuation of Zn signal from the supporting electrode. In addition,
the hydrous electrode also failed to achieve full electrolysis of the substrate. The hydrous
electrode surface is completely devoid of N, P, and Mg, indicating that water is dominating the

surface chemistry and the formation of the SEI layer.
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SEM Analysis

Galvaniz€d wire |

o

Before reaction

i AL OV |
(Left) SEM image of a bare galvanized wire at 10,000X magnification. (Right) SEM image of a
galvanized wire after 3 hours of electrochemical reduction at constant current of 10 mA. The
bottom images (left) are at 20,000X and (right) 50,000X magnification of the port reaction
electrode. SEM was performed with a Helios NanoLab 650, operating at an accelerating voltage

of 5 kV and 2 kV for the pre and post reaction electrodes respectively.
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Computational Study

Ab initio density functional theory calculations were used herein to simulate the Birch reduction
of different substrates via: 1) Li(0) atoms in the solution phase using density functional theory
(DFT) calculations with a continuum model to simulate the solvent and 2) Zn electroctode at the

THF/Zn interface using explicit solvent potential-dependent DFT surface simulations.

1) Gaussian calculations
1A) Gaussian parameters

Solution phase quantum chemical calculations reported in the paper were carried out using the
Gaussian 09 program(4). The B3LYP functional(5-7) was used along with a 6-31+G(d) basis
set(8-10) to carry out all geometry optimizations and transition state searchs. Frequency
calculations were carried out on the optimized structures to ensure that the geometry
optimizations converged to stable structures with no imaginary frequencies and transition state
structures which have a single imaginary frequency along the reaction coordinate of interest.
Entropic and zero-point energy corrections were employed to convert the electronic energies to
free energies at 1 atm and 298.15 K. The gas phase optimized structures were then used to run
single point energy calculations using the SMD solvation model(7) with tetrahydrofuran (THF)
as the solvent to examine solvation effects. The free energy in solvent phase was then computed

as,
Gsol = Ggas + (Esol - Egas)

where, Gsol is the solvent phase Gibbs free energy, Ggas is the gas phase Gibbs free energy, Esol is

the solvent phase electronic energies, Egas 1s the gas phase electronic energies.

1B) Calculation of the free energy barrier for electron transfer reactions
The free energy barrier for electron transfer reaction carried out by Li(0) in solution was

determined using Marcus theory(//) as,

(AGypyn + 1)

AGyer = AN
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wherein AGy, is the free energy of reaction of the electron transfer step and A is the
reoroganization energy which is defined as the sum of the inner sphere reorganization energy (i)

and the outer sphere reorganization energy (Ao) as follows:
A=%o+ A\
The inner sphere reorganization energy (A;) for homogeneous reactions was estimated as,
Ai=[E(D*) - E(D")] + [E(A*) - E(A)]

wherein, E(D*) is the electronic energy of the donor species (solvated lithium in this case) in its
cationic state with neutral geometry, E(D")is the energy of the cationic state of the donor species
in its optimized cationic geometry, E(A*) is the energy of the acceptor species (the aromatic
substrate) in its anionic state with neutral geometry and, E(A") is the energy of the anionic state

of the acceptor species in its optimized anionic geometry.

The outer sphere reorganization energy (Ao,) for homogeneous electron transfer reactions is given
as(10),

e? /1 1 1 1 1
Ao = ( + - ) -
4meg \2a;  2a, (ap+ay)/ \&p &

wherein the dielectric constants (static dielectric constant (&) and optical dielectric constant

(eop)) for the solution is assumed to be that of THF and the radii of the donor and acceptor
species (a1 and a») involved in the electron transfer is approximated to be the distance between

the two farthest atoms within the molecule.

1C) Computation of reduction potentials:
The reduction potentials of the individual species vs NHE (Efed) were calculated using the

computed solvent phase free energy values of the neutral species and the anionic (reduced)

species as follows, wherein the Gibbs Free energies (Gsol) are given in J/mol.
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0 [(Gsol)reduced species (Gsol) neutral species]

EC, = — 4.2
red (—96500) 8

Fig. SI1. Solvated lithium atom model (Li°) used to consider solvation by THF and TPPA.
The carbon, hydrogen, oxygen, nitrogen and Li atoms are shown as grey, white, red, blue and
purple spheres

1D) Solvated lithium modeling:
Li metal in solution is typically solvated by the solvent molecules as seen in the case of
ammonia(/2, 13). The first solvation shell of lithium consists of four solvent molecules usually
bound in a tetrahedral configuration. Hence, it is likely that Li in THF as well exists in a
tetrahedral configuration which is also confirmed by crystallographic identification of various Li
salts in THF solvent(/4-17). In addition, when TPPA is added as a polar additive, it is likely that
TPPA replaces THF in the first solvation shell of lithium which is similar to the observations
reported by Reich et al(/8). upon the addition of HMPA (another similar polar additive) to LiBr
in THF. Therefore, in order to consider the additional solvation effects by TPPA, 2 THF
molecules were replaced by 2 TPPA molecules in the first solvation shell (Fig. SI1) since 2-3

equivalents of TPPA are used per mole of LiBr.

2) VASP calculations
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2A) VASP parameters:
Periodic density functional theory calculations were carried out to simulate reactions at the
electrode surface using the Vienna Ab initio Simulation Program (VASP)(/9-217). The Perdew-
Burke-Ernzerhof (PBE) functional (22) was used within the generalized gradient approximation
(GGA) to calculate the exchange and correlation energies. The interactions between the core and
the valence electrons were considered by using PAW pseudopotentials to describe the core
electrons in the system(23, 24). D3-type dispersion corrections(25) were used to calculate
dispersion interactions between naphthalene/phenylethylalcohol (PEA) molecules and the metal
surface for the gas phase calculations and, in addition, the interactions of THF and DMU
molecules for the solution phase simulations. The transition states for different reactions were
calculated using the nudged-elastic band (NEB) method(26, 27) to establish reliable initial
transition state structures which were subsequently used as input to the dimer method to isolate
the transition states(28). Plane waves were constructed using an energy cutoff of 450 eV.
Numerical integrations were performed using a k-point mesh of 2x2x1. A tolerance limit of 10
eV for the electronic energy and 0.05 eV/A for the force were considered as the convergence
criteria for geometry optimizations. The changes in free energy were calculated as a function of
potential using the double reference method developed by Filhol and Neurock(29, 30). The
geometries and electronic structures in the double reference method were converged using a

force convergence criterion of 0.3 eV/A and energy convergence criteria of 10 eV was used.

2B) Surface modeling:
In order to simulate the adsorption, electron transfer and protonation reactions that occur at the
zinc electrode surface, we carried out periodic DFT calculations using the most stable Zn (001)
surface of hexagonally close packed (HCP) bulk Zn structure to construct a 5x5 supercell. A slab
model with three layers of metal and a vacuum space of 15 A was used for the calculations,
keeping the bottom layer frozen to the bulk parameters. To model the effect of LiBr on the
naphthalene/phenylethyl alcohol (PEA) adsorption/electron transfer rates, two molecules of LiBr
were adsorbed onto the Zn surface. The simulations discussed below in section 3 and 4A
systematically examine the adsorption of naphthalene and phenylethyl alcohol, respectively on
the ideal Zn(001) surface in the absence of solvent and explore the influence of LiBr. This allows

for the direct calculation of the PEA adsorption strength as well as the degree of electron transfer
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as a function of potential. Subsequent calculations reported in section 4B and 4C below include
the explicit THF solvent as well as DMU proton sources to extend the results to more faithful

interfacial models.

3) Adsorption of Napthalene on Zn Surface

Naphthalene adsorbs on the Zn(001) surface via strong m-bonding interaction between the planar
aromatic rings of naphthalene and the Zn substrate. The adsorption energy in the absence of a
potential is -78 kJ/mol. It adsorption energy weakens to ~ -35 kJ/mol as the charge is increased

out to -8 electrons. The negative charge is a surrogate for the negative potentials which are

calculated when the solution phase is included.

AEads = - 106 kJ/mol

Charge

—s—without LiBr -20
—e—with LiBr

-60

-70

Adsorption energy (kJ/mol)

-80

-90

100

Fig. SI2. The adsorption of napththalene onto A) the bare Zn(001) surface onto B) LiBr
promoted Zn(001) surface C) The change in the adsorption energy of naphthalene on pristine
Zn(001) surface (blue) and LiBr covered Zn(001) (red) as a function of negative charge
(potential).
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Electron transfer typicaly proceeds upon the adsorption of the substrate to the electrode surface
as was shown previously in the electrocatalytic adsorption and reduction of CO2(31/, 32). Bader
charge analyses(33) carried out herein indicate that 0.3 electrons transfer from the Zn to the
naphthalene substrate upon adsorption in the absence of an applied potential. Increasing the
negative charge (i.e. decreasing the potential) to higher potentials (of ~ -5 electrons) results in a

full electron transfer to bound naphthalene.

Similar calculations were carried out over the Zn surface in the presence of bound LiBr to
explore the influence of the electrolyte on the naphthalene adsorption (shown in red in Fig. SI2).
The results shows that the naphthalene adsorption of naphthalene increases from -78 kJ/mol on
the bare Zn(001) surface to -106 kJ/mol on the LiBr promoted Zn(001) surface in the absence of
potential. LiBr helps to promote the adsorption of naphthalene to the electrode surface as well as
electron transfer from the metal to adsorbed naphthalene. This is in good agreement with the
increased current obtained in CV’s when LiBr is added into the reaction mixture. This is likely
the result of the stabilization of the negatively charged reduced naphthalene substrate by the
positively charged cationic-like state of Li in LiBr. Similar cationic effects have also been
observed in the electroreduction of CO> wherein the adsorbed CO; species is shown to be
stabilized by imidazolium(32) and potassium cations on the surface(37). Thus, LiBr plays a role
in promoting the electron transfer step which ultimately leads to the faster formation of the
products which in turn is consistent with the irreversibility seen in the cyclic voltammetries

(CV’s).

4) Computational study of the electrode mediated kinetics of phenylethyl alcohol (PEA)
4A) Adsorption/electron transfer of PEA

Similar calculations were also carried out to examine the adsorption and electron transfer to PEA

and the influence of the LiBr electrolyte. The adsorption studies indicate that PEA binds to the

Zn surface with an energy of -51 kJ/mol at 0 V NHE where 0.3 electrons are transferred from the

Zn to the PEA. The binding of PEA is ~ 0.27 eV weaker than that of naphthalene. Further, NEB

calculations indicate that the process is barrierless.

Similar to the naphthalene results, the addition of LiBr was found to promote electron transfer as
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well as the adsorption of PEA to the metal surface where the binding of PEA increases to -83
kJ/mol. The adsorption of PEA and electron transfer to form the PEA radical anion is therefore
assumed to be facile and as such the electrode surface is likely covered by the reduced aromatic

species which would result in the measured zero-order kinetics

" o

b&‘ AE 4 = - 51 kJ/mol
© o ® L.

‘
Fig. SI3. The adsorption of phenyethyl alcohol onto A) the bare Zn(001) surface onto B) LiBr
promoted Zn(001) surface.

AE,q, = -83 kJ/mol

4B) Modeling of the electrode mediated kinetics of PEA
As discussed in the previous section, the adsorption of PEA onto the Zn electrode and the
electron transfer from the Zn to the PEA are coupled in a facile step thus resulting in a surface
that is likely covered by the PEA substrate. The rate appears to be subsequently controlled by
proton transfer to the bound PEA substrate in the rate-determining step. In order to effectively
probe proton transfer, we carried out more rigorous calculations that explicitly include the THF
solvent, DMU proton source as well as the potential in order to calculate the potential dependent
reaction energies for all of the elementary steps including adsorption, electron transfer,

protonation and desorption steps.

In order to simulate the liquid/solid interface, the vacuum space for the model system discussed
above was filled with the explicit THF solvent molecules to match the density of THF. Two

dimethyl urea (DMU) were added as proton source molecules. One of the DMU moecules is
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used to replace the bound THF molecule on the surface whereas the second replaces a THF

molecule in the solution. In addition to the solvent and proton source, two molecules of the LiBr

were added to the Zn surface via the Li cations and sit vicinal to adsorbed phenylethyl alcohol

(PEA) as shown in Fig. SI4A.

Fig. SI4. The lowest energy reactant, transition and product states in the protonation of bound
phenylethyl alcohol (PEA) on the Zn(001) surface in the presence of the solution phase THF
solvent and DMU protonation source and surface LiBr promotors. The configurations from ab
initio molecular dynamics simulation for the: A) reactant, B) transition state and C) product state
in the protonation of the adsorbed PEA from the DMU in the THF solution at the
THF/LiBr/Zn(001) interface. The reactive proton is highlighted in yellow. The light blue, purple,
red, blue, grey and white spheres refer to the Zn surface atoms, the Li cation, oxygen, carbon and
hydrogen atoms.

Ab 1nitio potential-dependent MD simulations were carried out to establish a reliable low energy
configuration of the THF solvent, DMU, PEA and LiBr at the Zn surface at different electrode
potentials that were subsequently used to carry out reaction energy calculations. The ab initio
molecular dynamics simulations were run in an NVT ensemble for 3 picoseconds with a time
step of 1 femtosecond. Simulated annealing simulations were subsequently carried out to
establish the low energy system configurations. In the first 1500 steps, the system was annealed
from 500 K to 300 K and the same was done for the next 1500 steps. The lowest energy
configurations obtained from the MD simulations were then sampled and each of the lowest
energy structures was optimized. The minimum energy structures obtained from the MD samples

were then used in subsequent calculations.

The potential dependence of the various intermediates formed via electron transfer and proton

transfer to the substrate (PEA*" (3a*), PEA-H™* (3¢*), PEA-2H* (4*)) was calculated using the
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double reference method by Neurock and Filhol. In this method, the system is charged by either
adding or subtracting excess electron density (-q) into the metal. This is counterbalanced by a
homogeneous charge of the same magnitude (+q) distributed over the background in order to
keep the overall system neutral. In the presence of solution, the charges create a double layer
with a potential and an electric field that reliably represent those established by explicit

electrolyte.

The optimizations and the transition state calculations were run at these differently charged
systems. The potentials at different charges for a given intermediate structure were subsequently
determined comparing with two reference potentials. The first reference relates the potential at
the metal/solution interface for the uncharged system to the vacuum reference. This is done by
inserting a 20 A vacuum slab in the middle of solvent layer. The second reference is the potential
at the middle of the solvent layer which is referred to the vacuum referenced metal surface
potential at zero charge. Thus, the potential at the middle solvent layer for different charged
systems was calculated by referencing it to the middle solvent layer of the uncharged system
which is in turn calculated via reference to the vacuum reference metal surface potential. This
allows one to determine the potential of the charge system which is subsequently referenced to
NHE by adding -4.8 V to the calculated potential. The total energy of the system at each potential
was then determined by correcting the VASP calculated energies for the excess charge and the
interaction with the background charge. The energies for the various intermediates are then
plotted as a function of potential to determine the energy of each state as a function of potential
which is shown below and used to determine the reaction energy differences as well as the

activation energies at specific potentials.

4C) Results and discussion
The simulations reported herin explore the potential dependence for the following intermediates:
free PEA in THF/DMU solution, adsorbed PEA which occurs with electron transfer to form the
bound radical anion PEA™ (3a*) (Fig. SI4A), the protonated PEA intermediate (PEA-H (3¢¥))
(Fig. SI4C), the subsequent electron and proton transfer to form the bound reduced PEA-2H (4%)
(Fig. SI5SB) intermediate, and the desorbed PEA-2H (4).
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Fig. SIS. The lowest energy reactant, and product states in the second protonation of the bound
PEA-H radical anion intermediate on the Zn(001) surface in the presence of the solution phase
THF solvent and DMU protonation source and surface LiBr promotors. A) The adsorbed PEA-H
radical anion reaction intermediate at the THF/DMU/LiBr/Zn(001) interface and B) the final
reduced PEA-H2 product onto the Zn(001) surface. The yellow sphere refers to the hydrogen
atom that transfers from DMU to the substrate. The light blue, purple, red, blue, grey and white
spheres refer to the Zn surface atoms, the Li cation, oxygen, carbon and hydrogen atoms.

The resulting energies as a function of potential for each state is shown in Fig. SI6 below.
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Potential vs NHE (V)
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.5 _
?g '10 ] et
= .
(o)}
| .
e
w15 4 1% protonation PEA-ZHye
PEA-2H,
. PEA
20 - des
_.--“‘f“ PEA'Hads
.25

Fig. SI6. A comparison of the energies as a function of potential for the PEA in solution (PEA ges
blue) (3), the adsorbed PEA radical anion (PEA.gs red) (3a*), the adsorbed protonated PEA
(PEA-H.gs light blue) (3¢*), the 2" protonated adsorbed PEA (PEA-2H.qs yellow) (4*) and the
final reduced PEA in solution (PEA-24es black) (4).

The results shown in Fig. SI6 above indicate that the adsorbed PEA is more favorable over the
full range of potentials examined. This is consistent with the simpler gas phase calculations
reported above. The results indicate that the PEA likely covers the surface which agrees with
kinetic results and the kinetic models discussed later. A charge analysis indicates that electron
transfers upon adsorption. This is consistant with the experimatal results which indicate that the
proton transfer is rate limiting. It is difficult though to quantify the kinetics for electron transfer
using unconstrained electronic structure calculations. We instead explore the energetics for the
first and second proton transfer reactions in the results presented in Fig. SI7 and SIS,

respectively.
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The adsorbed state for each of the protonation steps corresponds to its reduced form which is
validated by Bader charge analysis. The first protonation appears to occur at a potential of — 1.0
V NHE whereas the second proton transfer does not occur until potentials of less than -2.9 V
NHE which is consistent with the experimental results that find that the second proton transfer
controls the rate. The transitions state for the first proton transfer was calculated as a function of
potential and is plotted together with the initial adsorbed PEA radical anion as well as the
protonated product in Fig. SI7. The activation barrier decreases quadratically from 145 kJ/mol at
-1 VNHE to 0 at -2.5 V NHE. The results indicate that overall reaction will not proceed until

less than -2 V NHE and that the second proton transfer step appears to control the rate.

Potential vs NHE (V)

Energy (eV)

® PEA(ads)
® TST PEA-H(ads)
® PEA H(ads)

Fig. SI7. Potential dependent energies for the reactant (PEA*- + DMU-H) (orange), product
(PEA-H*--DMU(-)) and transition state (PEA*--H"--DMU(-)) involved in the first protonation
step (PEA*" + H" & PEAH¥*) of phenylethyl alcohol (PEA) which is fitted to a parabolic curve
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Potential vs NHE (V)
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Fig. SI8. Potential dependent energies for the reactant (PEAH*- + DMU-H) (orange) and
product (PEA2H*--DMU(-)) (blue) involved in the second protonation step (PEAH*" + H" 2>
PEA2H?*) of phenylethyl alcohol (PEA) which is fitted to a parabolic curve
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Graphical Guides
Graphical Supporting Information for drying LiBr (optional)

dl -

(Left) LiBr is weighed out on a piece of weighing paper. (Center) The LiBr is then transferred
into a culture tube, which is then capped. (Right) The weighing paper used, two minutes after

transferring the LiBr (demonstrates hygroscopic nature of the salt).
& - 7 _Aud

A :
(Left) The LiBr is then placed under vacuum by pearcing the septa with a 16-gauge needle (any

big needle will do), which is connected to a vacuum line. The LiBr is then heat under vacuum
using a propane/butane torch. (Center) After heating for a few seconds, liberation of H>O is
clear (typically, it was found that H>O constituted 10%/W, even from a new, anhydrous bottle of
LiBr). (Right) After heating until no more H>O could be seen on the walls of the tube (typically

1-2 min) the dried LiBr was allowed to cool under vacuum.
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(Left) THF is then added to the cool, dry LiBr, (Center) which is resistant to dissolving in the
THF. (Right) Sonication is necessary, and often shaking for some time to dissolve all the LiBr.

f— 7

(Left) After dissolving, the solution will become transparent. (Center) Since these solutions
were used for screening over several days, a useful technique that preserves the seal involves
cutting a piece of Parafilm® as shown. (Right) Parafilm® is folded to rest over the cap as

shown.
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(Left) The Parafilm® is heated gently using a heat gun to soften/melt it. (Center) Using a
spatula, the Parafilm® can be shaped easily of the cap of the culture tube. (Right) After the
Parafilm® has cooled, it acts as a good back up seal to the cap. More Parafilm® can be applied
over the cap after needle holes have been made, and again heated to make a seal. After enough
Parafilm® is been applied over time, the excess can simply be heated to softness and the needle

holes covered by pressing over them with a spatula.

(Left) LiBr solutions would often turn yellow standing in the fume hood. While no effect on the
electroreduction was observed due to this, the yellow color could be suppressed by protection of
the LiBr stock solution from light using Al-foil. (Center) and (Right) Occasionally the LiBr
stock solution would be yellow from the start. This was observed to be due to contamination by
the needle used for vacuum that generates this colour on heating. However, this was not observed

to have an impact on any electroreduction reactions.
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Graphical Supporting Information for drying DMU

(Left) DMU from the bottle compared to the same batch which has been dried. (Center) In
addition to having a fish like odor (amine type), the bottle grade also leaves a moist residue

compared to after being dried. (Right) Transfer the bottle grade DMU to a RBF.

(Left) The bottle grade DMU has poor solubility, but does dissolve in MeOH, then benzene or
toluene can be added. And the solvents removed on the rotavap. After the first drying the DMU
is readily soluble in benzene. Benzene or toluene coevaporations are repeated two more times.
(Center) After drying on the rotavap finer white solid is obtained. (Right) This solid is dried for

two hours under high vacuum.
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(Left) The dry solid can be easily scrapped from the RBF to produce a free-flowing flakey
powder, which has considerably higher solubilty in the reaction solvent than the DMU directly
from the bottle. (Right) The dried DMU can be stored in any vial, and no additional precautions

need be taken to ensure that it is protected from the atmosphere.
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Graphical Supporting Information for electrode assembly

(Left) Electrodes and parts needed. (Center) Assembly for a -78 °C reaction. (Right) Assembly

for a room temperature reaction.

0"
e 7& ‘-'

(Left) Al foil, piece of carboard and galvanized steel wire needed for the cathode for a room

temperature reaction. (Center) Wrap the foil over the piece of cardboard. (Right) Wind the wire

over this piece several times.
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(Left) Insert the now into the holder for the IKA electrodes. (Center) Connect to the ElecraSyn

cap. (Right) Completed assembly for a room temperature electroreduction reaction.
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Graphical Supporting Information for setting up a room temperature Electroreduction

reaction (representative EC Birch example)

£ : = £ & = - —~ -

(Left) Reagents needed. (Center) Solids (DMU and substrate (if solid)) weighed out, open to

the air, no precautions taken. (Right) Solids dispensed first into a clean ElectraSyn vial with

magnetic stirrer bar.

\

(Left) TPPA (pale yellow) taken up by syringe. (Center) TPPA is added to the solids in the

ElectraSyn vial (no precautions needed). (Right) The necessary amount of LiBr is drawn from a
1.5 M stock (preparation demonstrated above — see Graphical Guide for the Preparation of LiBr
Solution).
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(Left) Addition of the LiBr solution to the TPPA/DMU/Substrate mixture (because excessive
moisture is problematic, a septum is used to protect the reaction while collecting THF) (Center)
THF is drawn from a solvent purification system (no BHT, ~ 15 ppm H>O by Karl-Fischer).
(Right) THF is quickly added to the ElectraSyn reaction vial with the rest of the

reactants/reagents.

(Left) The contents are briefly mixed by stirring to ensure homogeneity. (Center) The
ElectraSyn cap is fastened to the vial. (Right) The vial is connected to the ElectraSyn and the
reaction is started (See ElectraSyn setup graphical guide).
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Graphical Supporting Information for setting up a -78 °C Electroreduction reaction

(representative EC Birch example)

(Left) A small bowl is filled with dry ice and then acetone or i-PrOH and then placed onto the
ElectraSyn. (Right) The reaction vial is then immersed and connected. Approximately 1 minute

is allowed for cooling prior to starting the electrolysis (See ElectraSyn setup graphical guide).

(Left) Alternatively, the IKA extension can be used if longer reaction times are needed and a
Dewar flask is preferred. (Center) and (Right) Assembled extension and reaction carried out a -

78 °C.
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Graphical Supporting Information for setting up the ElectraSyn device for an

Electroreduction reaction

Choose experiment:

Constant Voltage

(Left) Selecting a new experiment. (Center) Select constant current. (Right) Set the current to

10 mA (for a 0.1 mmol scale).

IKA' ElectraSyn 2.0

Total Charge

Choose the duration of the experiment: 214

Are you using a reference electrode?

Reference electrode will be ignored when carousel
is connected.

# mmols substrate:

(Left) No need to use a reference electrode, so select No. (Center) Reactions are run based on
how much charge they need. (Right) Typically reactions were run on a 0.1 mmol scale and
typically current efficiencies are around 50 %, so select double/triple what is needed. NOTE:
ALL REACTIONS WERE MONITORED AND STOPPED ACCORDING TO TLC ANALYSIS
(consumption of starting material)), MORE OR LESS CHARGE MAY BE REQUIRED FOR
EACH INDIVIDUAL CASE!
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(Left) No need to alternate the polarity, if fact, that will result in NO REACTION. (Center) This
is up to the individual, but there is really no need to save the experiment. (Right) Start when

ready!

IKA' ElectraSyn 2.0
+* Constant Current

Est. Time: 201

9.16 - 10.0

99 c 400

(Left) Typical readbacks for a room temperature reaction, however, it is very substrate
dependent, so a potential of 15-20 V is not uncommon. (Right) Balloon isn’t crucial, but the

reactions do proceed slightly faster by keeping oxygen out.
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Graphical Supporting Information for Working-Up the Electroreduction reactions

(Left) Typical appearance after a low temperature reaction (can also be turbid and much darker,
depending on the substrate). (Center) Turbid appearance or the room temperature reaction
(again, not always and can also be darker). (Right) Simply dump the reaction into a separatory

funnel.

(Left) Add deionized water. (Center) Then add EtOAc, and shake. (Right) Separate layers (most
of the TPPA and all the DMU will be in the aqueous phase and the product will be in the EtOAc

layer.
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(Left) As filters, culture tubes were fashioned into columns using a propane/butane flame.
(Center) Using a pair of forceps, whilst hot they can be pulled into the shape, and the ends
snapped off to form the column structure desired. (Right) Plugging the end with either cotton or
ChemWipes paper, MgSO4 can be added to the column (1.5 cm).

The EtOAc layer can be passed throught the plug of MgSO4 and the volatiles removed on the

rotavap to provide the crude material, which was purified using prep-TLC.
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Graphical Supporting Information for cleaning the electrode assembly after a reaction

(Left) After the room temperature reaction, the Mg-anode (even the wire cathode) are typically
dirty. (Center) This dark junk can be scraped off with a blade (applies to all electrodes, even the
Al and Zn for the -78 °C reaction). (Right) The shiny appearance of the electrode is returned
upon scraping (this does erode the electrode, but >30 EC Birch reactions can be run before the

Mg electrode — or other — becomes too worn to use. It is advised not to scrape excessively.

(Left) After scraping the electrodes are rinsed with deionized water. (Center) and (Right) After

a water rinse the electrodes and the reaction vial are washed with acetone.
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To properly clean the vial, fill with 1 M HCI, and allow to stir for one minute. Afterwards, rinse

again with acetone and allow to dry before setting up the next EC Birch.
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Graphical Supporting Information for a 10g Scale-Up of Compound 12

In flow:

Compenents for flow apparatus (left) and assembly (right)

[T

1h reaction
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After 16h reaction:

Stainless Steel Cathode Magnesium Anode
(Coated with a thick solid)

In Batch:

Batch reaction assembly
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Batch reaction in progress (left). Completed reaction (right)
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Graphical Supporting Information for a 100g Scale-Up of Compound 12 in flow

Figure 3. Components of Frame Cell
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Figure 4. One single cell

Frame Cell set up: left, front, right views.
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(Left) Frame cell and DC power during electrolysis. (Right) Temperature monitor of frame cell.
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(Left) Top view of frame cell in electrolysis. (Middle) Right side view of frame cell in

electrolysis. (Right) Left side view of frame cell in electrolysis.

(Left) Peristaltic pump and fluororubber tube. (Right) External round bottom in flow.
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(Left) Reaction mixture washes with 10% Roschelles’ salt solution. (Right) Reaction mixture

washes with water.

Left to right: crude product, basic alumina chromatography, pure product (bottom and product)
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Electrochemical Birch Reduction

\®f Commercial
‘ electrod.es
OH 5 F/mol, rt OH  and potentiostat

Optimization

3 4
Entry Ref Electrodes Conditions Yield By-prod.
1 42,44 Pti(+)/Pt(-) MeNH,, LiCl <5% -
2 54  SS(+)/Hg(-) THF/H,O, TBA.OH <5% -
3 55,56 C(+)/Al(-) HMPA/EtOH, LiCl, divided cell <5% -
4 62 Mg(+)/Mg(-) THF/'BUOH, LiCIO,, sonication <5% -
5 - Al(+)/Zn(-) THF, 'BuOH, LiBr <5% -
6 - Al(+)/Zn(-) THF, 'BuOH, LiBr, TPPA 50%  30%
7 - Al(+)/Zn(-) THF, , LiBr, TPPA 65% 14%
8 - Al(+)/Zn(-) THF, ,LiBr, TPPA, -78 °C  74%  <5%
9 - Mg(+)/GSW(-) THF, , LiBr, TPPA 70%  <5%

Survey of electrolyte, temperature, voltage and additives

LiBr (15 eq., ~0.5 M),

OH TPPA (4 eq.), ‘BuOH (15 eq.), OH
©/\/ THF (30 mL/mmol), 10 mA, O/\/
10 F/mol

entry anode cathode other change % prod. % aliphatics % isomers % SM

1 Al Zn LiBr (45 eq.) 15 43 15 28

2 Al Zn EtOH (15 eq.) 19 46 18 18
® 3 Al Zn TPPA (45 eq.) 12 46 21 21
S 4 Al Zn 30 F/mol 29 31 21 19
g 5 Al Zn -78 to -20 °C 37 33 21 10

6 Al Zn LiBr(3.5eq.)-02M 60 16 15 9

7 Al Zn 5 mA 32 22 17 29

8 Al Zn 20 mA 4 10 7 78

9 Al Zn TBA.BF,4 + LiBr Messy
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entry anode cathode other change % prod. % aliphatics % isomers % SM

1 Al Zn LiBr (45 eq.) 15 43 15 28
2 Al Zn EtOH (15 eq.) 19 46 18 18
2 3 Al Zn TPPA (45 eq.) 12 46 21 21
= Al Zn 30 F/mol 29 31 21 19
§ 5 Al Zn -78t0 -20 °C 37 33 21 10
6 Al Zn LiBr(3.5eq.)-02M 38 29 23 9
7 Al Zn 5 mA 32 22 17 29
8 Al Zn 20 mA 4 10 7 78
LA Zn . TBABF¥LBr _ Messy e
entry anode cathode other change % prod. % aliphatics % isomers % SM
1 Al Zn  NaOBu (15 eq.), TBA.BF, }conductivity poor, no rxn
2 Al Zn LiOMe (15 eq.), TBA.BF,
3 Al Zn LiO'Bu 43 21 0 37
4 Al Zn LiIHMDS - - . 100
5 Al Zn LiN(Tf), 39 18 13 31
6 Al Zn LiPFg - - . 100
7 Al Zn LiBF, - - . 100
8 Al Zn LiCIO4 9 7 4 80
39 Al Zn LiTFA - - - 100
% 10 Al Zn LiOTf - - - 100
11 Al Zn Nal - - - 100
12 Al Zn NaBr } N
Solubility issues
13 Al Zn KBr
14 Al Zn Lil 5 20 49 25
15 Al Zn LiOAc - - - 100
16 Al Zn TMEDA (3.5 eq.) 33 20 19 28
17 Al Zn LiO'Bu at 2 mA, 9 7 4 80
10 F/mol
18 Al Zn PVP 38 20 3 39
19 Al Zn K,CO3 30 8 10 52

In optimization tables, values represent % contribution by 'H NMR
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Survey of electrodes:

LiBr (5 eq., ~0.5 M),

OH TPPA (4 eq.), 'BuOH (15 eq.), OH
©/\/ THF (30 mL/mmol), 10 mA, o @/\/
10 F/mol

entry anode cathode other change % prod. % aliphatics % isomers % SM
1 Al Zn 28 44 0 29
2 Mg Zn 18 33 21 28
@ 3 Cu Zn 0 0 0 100
§ 4 Zn Zn 10 30 4 56
S5 c Zn Pyrrole - - - -
6 Cc Zn Hydrazine (dry) - - = -
7 C BDD Li-formate, MeOH = - - -
8 Al Cu 27 29 18 27
9 Al Fe 28 27 18 27
10 Al GC 30 22 17 31
é 11 Mg Mg AP =10 min 10 30 4 56
g 12 Al RVC 26 54 14 6
813 Al Al AP = 10 min - - - 100
14 Al Zn -78 °C, DMU, 74% - = =
TPPA (10 eq.)
15 Mg GSW rt.,, DMU, TPPA (10 eq.) 72% - = =

AP = Alternating polarity

Product stability experiment:

H H LiBr (15 eq., ~0.5 M), H H _ 1,4-diene =37%
OH  TPPA (4 eq.), BUOH (15 eq.), OH - Aliphatic = 49%

THF (30 mL/mmol), 10 mA, - Isomers  =14%
10 F/mol SR S0

H H H H

Arene E 1,4-diene E Isomers E Aliphatic

' ' OH . OH
[ [ / [
E E ©/\/OH E O/\/OH
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Proton source study:

Proton sources used in place of DMU

(o]
Me _Me Me Me )j\
SNTON J ‘NJ\Nuz SN ONH Me/\NJJ\N/\Me
H,N” SNH, )
Me Me H Me H H

NR 70% 55% NR 62% 54%
Me)\N N Me Me/l\N NH, NJJ\N NJI\N HZN/U\CF;; HZN/U\OMe HZNJLMe

H H H H H H H

19% 61% 15% 8% NR NR NR

Study of common additives found in Li-ion batteries:

Common Li-ion battery additives used in place of TPPA

................................................ 3 eeeeccccccccccccccccccccceccccecccccecceccecececcececececececeecececeeeeneeeeaannana
OMe
o o
OEt MeO_ _OMe [ o %
1l OEt 87 oo oL oo
Et0” “OEt Et0” “OEt OMe 5 B L° K)
MeO” O~ “OMe
NR NR NR NR NR NR
OIMS TMSO_ 0 j\ o @
P
TMSO” ~OTMS  TMSO” ~OTMS  F,c” o~ Yo~ CF, ,|'3’@F
[0) \
F
NR NR NR NR
in place of LiBr, <10%
Li%-detection experiment
Detection for Li°
Expected products
1) electrolysis ON OH OH

Al(+)/Zn(-), 10 mA,
TPPA (10 eq.) 3 F/mol, -78 °C
eeLivoghee
THF (30 mL/mmol)  2) electrolysis OFF

O 1eq NOT OBSERVED!

'PrOH (3 eq.),
78 °Cto 0 °C, 1 hr

co

Analytically pure by
GC-MS and GC-FID

S74



MgBr; Additive Experiment

OH \ / o OH
©/\/ standard conditions o @/\/

entry anode cathode other change % prod.
1 Mg GSW rt., DMU, TPPA (10 eq.) 72%

=2 Mg GSW 1 equiv. MgBr, 30%

§’ 3 Mg GSW 4 equiv. MgBr, 15%
4 Mg GSW 8 equiv. MgBr, 16%
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Comparison with other ammonia-free variants — SiGNa and Na-dispersion/15-crown-5.

Product SiGNa Na-disp/ ThisE Product SiGNa Na-disp/ This
15-c-5 work, 15-c-5 work

Entry Product SiGNa Na-disp/ This
15-c-5 work

mono-ene 6% 1%
50%

Me .
NR  76%  76% A\ NR opp. regio. 53%
N chem.

\
Me
MeO.
m NR  28%  48%
N
H
NR  <5%  39%
N
H

| | NR  99%'  45%

<5% NR 40%

3

o
I

isomers isomers 68% NR <5% 70%

i

Me Me

NR NR 58% NR 26% 69%

E
:

from PhC(OH)HnBu

NR NR 85% NR 51% 43%

S
&
g-‘
5
=~
=
®
I;
z
° ¥
o

=
o
= E
0
o
I

=
o©

ol

OMe

NR 6% 60% NR <5% 50%

OMe

NR 15% 64% NR 14% 68%

i

99%14 65%

x

R €O,
R=TBS NR 7% 72%

=TES NR <5% 70%

3
ot

Me NR 6% 50%
Me
\
By N
oM NR NR 59%
8 NR NR 65% Me Me NR NR 55% °
Bu Bu
OMe
TES Me
W NR NR 39%
9 NR NR 65% N
H
OMe NR 60%
Me
10% 0% m NR NR 76%
10 NR o 50% N
OH
A B c
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Mg(+)/Galvinised Mg(+)/Galvinised H H
steel wire(-) steel wire(-)
10 mA, rt. 10 mA, rt. .
N
0Bn OH O O "Ly
Boc
Me 31 Me 32, 48% 34, 62% o
Na-disp./15-c-5 = 50% Na-disp./15-c-5 = mixtures S
SiGNa = 15% SiGNa=NR | o EO=ED
7\ EtO
aYa
M (+)/Galvm|sed
OH 9
Mg(+)/Galvinised steel wire(- CO,H
steel wire(-) N\ 10 mA, rt AI(+)/Zn(-)
Lb\o 3.5 mA, Y ©(>_COZH Sz
exo . 38, 92% 40, 53%
37 Na-disp./15-c-5 = 8%, Na-disp./15-c-5 = 62%
SiGNa = NR JL SiGNa = NR )
N A
Ph Mg(+)/Galvinised Mg(+)/Galvinised N
steel wire(-) Ph steel wire(-) |
g 10 mA, rt. O[ _TmAr Boc
TiCl, Ph HN 36, 54%
< DBB (-78 °C) = 34%,
Ph o 42, 329 _0
R 2% =67% [Li] DBB = 89%2, SiGNa = NR,
4 Na-disp./15-c-5 = mixtures c Na-disp./15-c-5 = 5% Na-disp./15-c-5 = NR
SiGNa = mixtures L SiGNa = NR JAS
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NMR Comparisons on Phenylethanol

Crude NMR comparisons with known electrochemical methods on phenylethanol:

o

A4

o

electrochemical
conditions
3 4
This work, 71% yield Al.'ene 30
Internal Standard Diene4 O
/ \ TPPA
(0]
o
©] o0
o
- JJ
Kashimura, <56% yield @ )
(0]
(0]
,,,,J“'J‘ “ _ J | _J U . J . N

Hg cathode <5% yield ° @

(0]

A J LI
- Overreduction
Landais, 22% yield Regioisomer
Q

]

0 7.5 7.0 6.5 60 55 50 45 10 35 3.0 25 20 15
f1 (ppm)
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Sumanirole Comparison vs. known electrochemical methods:

,Me l\llle
Y4 :
- > N
N electrochemical
N conditions HN«
Ph— Ny o
1 2, sumanirole
; ; Precursorl ©
This work, 67% yield Sumanirole O (l)
o) (@]
=3
(0] Q o (0]
) )l
Landais, Not observed ‘
|
© ee0 @ @ |
® 9]

i B
T T A

Kashimura, <5% yield

O 1
@ o e

) ®
J/ULI | T B [

L e e e e B e e e B e B e e B e e e e ey B e e e e ey By
30 78 76 74 72 7.0 6.8 6.6 64 62 60 58 56 54 52 50 48 46 44 42 40 38 3.6 34 32 3.0 28 26 24 2.2 2.0
f1 (ppm)
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Kinetic Study and Diffusion Experiments of Compound 4

Kinetics for EC Birch of phenylethanol

100 : .
<%Electroly5|s +\< NO Electrolysis

o

90
80
70
60
50
40

% of 0.1 mmol

30

20 NO product detected

10

0 1 1 1 1 J
0 50 100 150 200 250
Time/min
e Arene e===14-diene e=@==Arene NE

Reactions were setup on a 0.1 mmol substrate scale as detailed for the representative
Electroreduction procedure (vide infra/supra), however rigours drying and degassing were
carried out. Dodecane was added as an internal standard. 100 uL aliquots were drawn from the
reaction every 5 min and passed through a 1 cm plug of silica gel, eluting with EtOAc. The
samples were analysed on a GC-FID-MS instrument. Signals were identified by comparison with
authentic samples and by their parent ion MS signal. Areas of the starting material and products
were calibrated about the dodecane internal standard. The no electrolysis experiment was set up
the same way, however the substrate was omitted and later added after 90 min. Before adding
substrate, the electrolysis was stopped, and a strict atmosphere of argon was maintained

throughout the study.
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Phenylethanol Diffusion Experiments
or (3.5 F/mol)

Product Formation (%)

50 100 150 200 250

-10 L

Time( min)
—@==(0.5cm =@=0.25cm 0.5 cm + stirring ==@=0.25 cm + stirring

Figure 1. Electrode Distance Setup Figure 2. After reaction (with no stirring)

Reactions were setup on a 0.4 mmol substrate scale as detailed for the representative
Electroreduction procedure (vide infra/supra), however rigours drying and degassing were
carried out at ti2 (3.5 F/mol). Dodecane was added as an internal standard. 100 uL aliquots were
drawn from the reaction mixture every 20 min and passed through a 1 cm plug of silica gel,
eluting with EtOAc. The samples were analysed on a GC-FID-MS instrument. Signals were
identified by comparison with authentic samples and by their parent ion MS signal. Areas of the

starting material and products were calibrated about the dodecane internal standard.
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Troubleshooting: Frequently Asked Questions

Question 1:

How do I monitor the reaction?

Answer:

We use TLC analysis with UV visualization (254 nm) to see the starting material (SM). Staining
with iodine (absorbed on silica gel) brings about a strong deep red spot for the product. The SM
is much less responsive to the iodine stain, likewise the product has essentially no absorption at
254 nm. Therefore, even though in many cases the SM and the product coelute, the
dissappearence of a UV signal (254 nm) and an increasing sensitivity to iodine staining is a
positive sign for the progress of the reaction. In addition, 'H NMR aliquot analysis could also be

used to monitor reaction progress.

Question 2:

Can you separate a mixture of product and SM coming from an EC Birch reduction?

Answer:

At least with the substrates we have chose to demonstrate it is possible to do so, but in many
cases, it is very challenging, and prep-TLC is the best way we have found. The most convenient
solution is simply to allow the reaction to go to completion. If this is a problem you encounter

using the room temperature protocol, it is worth trying the reaction at -78 °C vide supra.

Question 3:

How much can the reaction be scaled up on the ElectraSyn? Does it take longer if you scale up?
Answer:

We have gone as much as 0.4 mmols of substrate using the IKA 20 mL ElectraSyn vials (still
using 10 mA). This does mean that the reaction takes longer to run (4x as long for 0.4 mmols as
it does for 0.1 mmols). In principle, increasing the current would speed up the reaction (as was
done by AsymmChem who scaled up the EC Birch reaction — see paper), however, at some point
one is reaches the 30 V, or 100 mA capacity of the ElectraSyn, and would require the use of a

more powerful DC power supply.
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NOTE: It’s worth knowing that you can try to run the reaction more concentrated, and we have
had intermittent success with that, but eventually we settled for the conditions which provided us

with the most reproducible results.

Question 4:

Is there another reagent beside TPPA that can be used? Alternatively, is there an easier way to
remove TPPA?

Answer:

HMPA was found to be as effective as TPPA, however there are health risks associated with the
use of that reagent (we recommend that you avoid using it). The morpholine version of
TPPA/HMPA was also investigated but was found to have poor solubilty and did not provide the
desired effects as TPPA or HMPA did. Other phosphoramides were not investigated. We have
several methods to remove the TPPA, but they are largely substrate specific (TPPA is very polar,
Ry = 0.2 in CH2Cl,/MeOH 10:0.5, and partially back extractable in aqueous acid). The most
useful ones are:

1. Absorb the reaction directly onto silica gel and pour the absorbed crude onto a short plug
of silica gel and wash with several “column” volumes of EtOAc. Good for relativiely
non-polar — non-volatile — products.

2. Dilute the reaction with n-pentane/hexane (diethyl ether can be used too, but more TPPA
comes over into it) and wash with water (or ideally 1M HCl.q) if the compound is stable
to acid). Dry over MgSO4 and evaporate (gently if necessary). This protocol is good for
VERY non-polar and volatile products.

3. Essentially the same as the 1% protocol, but replace the silica gel for basic alumina, and
elute with 1:1 diethyl ether/Hexane. Good for acid sensitive, relatively non-polar — non-

volatile — compounds.

Question 5:
How moisture sensitive is the reaction? Is it worth while just operating under Schlenk-type

conditions to be sure? Are there any signs that moisture has been is a problem?

Answer:

S83



Provided the LiBr ansd the DMU has been dried as shown in the respective graphical guides, it is
not necessary to be so careful. Of course, leaving the reaction exposed to the atmosphere for an
extended period is not advised either. Another possibility is to flame dry the ElectraSyn vial, if

you are uncertain or are having trouble to get the reaction to work well (see image).

One minute of flame drying as shown is enough. Sometimes, before discovering the amount of
water the LiBr was absorbing whilst weighing out the LiBr was the problem for reaction
reproducibility, we often noticed that large quantities of grey solid (looked like an LAH reaction)
would be generated in the reaction However, not always! It is better not to assume just based on

appearance that the reaction has not worked or has!

Question 6:

Is there another way to dry the LiBr besides flame drying?

Answer:

Yes! We have also used a method from the Armarego’s Purification of Laboratory Reagents
book, which says to dry the LiBr under vacuum at 120 °C (we used and oil bath for this) for two
hours. This procedure also works, but as you can imagine flame drying is faster, hence we used

it.

Question 7:
The procedure says that the reaction is degassed, and the headspace cleared prior to starting
electrolysis. However, it is mentioned after stating this, that the degassing is not so crucial!

Which is it?
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Answer:

Depending how much oxygen is in solution, it will be reduced to peroxide (and ultimately water)
prior to the substrate, which will result in a longer induction time for the desired reaction to
occur. However, the down-stream fate of oxygen reduction does not seem affect the overall
reaction-product distribution. Nevertheless, it just seemed faster to remove the oxygen via

degassing with argon (+/- 5 min) than to electrochemically remove it.

Question 8:

Did you try to use other Alkali and Alkaline earth metals salts such as Na, K, Mg, Ca salts etc.?
Answer:

We did, however, aside from most of them being insoluble in THF /TPPA, the ones that were and

served as reasonable electrolytes (Nal, KI), did not afford Birch reduction products.

Question 9:
The resistance of the reaction is very high and ElectraSyn can’t deliver the set charge, or just
registers that the resistance is too high and will not carry out the electrolysis, what could be
wrong?
Answer:
Several things could be wrong, so let’s go through them step by step:
- The electrode surfaces might be contaminated. Wiping with a cloth vigorourly is advised.
Sonication can also help.
- The electrode connections to the terminals of the cap might be poor. Make sure the
contact is good, otherwise wipe both surfaces with some sand paper until shiney.
- The solution is not mixed well prior to electrolysis. Ensure the TPPA has mixed with the
THEF, by stirring or sonication.
- The upper Voltage limit on the ElectraSyn might be set too low. To adjust, on the home
screen, select the &} (fop right corner) > Voltage limit > set to 30V
A useful trick is to remove the vial and replace it with a short vial or bowl containing brine.
Brine is an excellent conductor, so there are still conductivity issues using brine, it is very likely
a connection issue that is occuring either between the electrodes and the cap, or the cap and the

ElectraSyn (turning off and unplugging the devices helps occasionally). This also occurs for
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some substrates at -78 °C, where the resistance will spike after a while (this occurs at room
temperature too, by usually the reaction is complete before this point). This is normal, and the
reaction is still proceeding, even though a lower current is being passed though the solution.

Continue to monitor by TLC.

Question 10:

The reaction becomes extremely turbid when I leave the reaction ro stand for a few hour or
overnight, is this bad and how do you work the reaction up?

Answer:

What has happened is the THF has probably polymerized forming this jelly. If you remove the
cap (scrapping the contents off the electrodes into the reaction flask), afterwards add EtOAc to
the reaction mixture and mechanically mix them until the media becomes sufficiently fluid
enough to transfer. A normal aqueous workup can be conducted as described in the general

procedures.
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Experimental Procedures and Characterization Data

Compound SI-4

SRt

2-(cyclohexa-1,4-dien-1-yl)ethan-1-ol (SI-2).(34, 35)

Following General Procedure A or B on 0.1 mmol scale (6-7 F/mol) with phenylethanol.
Purification by prep-TLC (3:1 hexanes:EtOAc) afforded 8.9 mg (72%, Faradic yield: 33%) of the
title compound SI-4.

Physical State: colorless oil.

'"H NMR (600 MHz, CDCl3): 6 5.73-5.69 (m, 2H), 5.57-5.52 (m, 1H), 3.70 (t, J = 6.3 Hz, 2H),
2.76-2.68 (m, 2H), 2.67-2.57 (m, 2H), 2.35-2.21 (m, 2H).

13C NMR (151 MHz, CDCls): 6 130.5, 123.3, 123.2, 120.7, 59.1, 39.7, 27.9, 25.9.

HRMS (ESI-TOF): calc’d for CgH ;.0 [M+H]": 125.0966, found 125.0901.

TLC: Ry= 0.7 (3:1 hexanes:EtOAc).

Compound SI-6

Se

1,4,5,8-tetrahydronaphthalene (SI-6).(36-38)

Following General Procedure A or B on 0.1 mmol scale (9 F/mol) with napthalene. Purification
by flash column chromatography (silica, 1:1 hexanes:EtOAc) afforded 9.9 mg (75%, Faradic
yield: 22%) of the title compound SI-6.

Physical State: white solid.

'"H NMR (400 MHz, CDCl3): 8 5.73 (s, 4H), 2.54 (s, 8H).

13C NMR (151 MHz, CDCls): § 124.6, 123.5, 31.0

GCMS: calc’d for CioH2 [M]":132.1, found 132.1, 117.0.

TLC: Ry=0.89 (20:1 hexanes: EtOAc, KMnOy).

Compound SI-7
: : Me
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2-methyl-1.,4,5,8-tetrahydronaphthalene (SI-7).(36)

Following General Procedure A on 0.1 mmol scale (8§ F/mol) with 2-methylnapthalene.
Purification by flash column chromatography (silica, 1:1 hexanes:EtOAc) afforded 9.9 mg (68%,
Faradic yield: 25%) of the title compound SI-7.

Physical State: colorless oil.

'H NMR (500 MHz, CDCls): 8 5.73 (m, 2H), 5.43 (d, J = 1.6, Hz, 1H), 2.55-2.54 (m, 6H), 2.47-
2.43 (m, 2 H), 1.69 (s, 3H).

13C NMR (151 MHz, CDCl3): & 131.6, 124.7, 124.6, 124.6, 123.3, 118.8, 35.9, 32.1, 30.9, 30.7,
23.2.

HRMS (ESI-TOF): calc’d for C11Ci4 [M+H]": 147.1174, found 147.1169.

TLC: Ry=0.88 (40:1 hexanes: EtOAc, I»).

Compound SI-8

@/\/\/Me

1-pentylcyclohexa-1,4-diene (SI-8).(39)

Following General Procedure B on 0.1 mmol scale (6 F/mol) with pentylbenzene. Purification
by prep-TLC (100% Hexane) afforded 10.8 mg (72%, Faradic yield: 33%) of the title compound
SI-8.

Physical State: colorless oil.

'"H NMR (600 MHz, CDCl3): § 5.72-5.66 (m, 2H), 5.42-5.37 (m, 1H), 2.73-2.48 (m, 4H), 1.99-
1.87 (m, 2H), 1.44-1.37 (m, 2H), 1.35-1.22 (m, 4H), 0.89 (t, J= 7.2 Hz, 3H).

13C NMR (151 MHz, CDClz): & 134.4, 123.6, 123.5, 117.2, 36.6, 30.8, 28.1, 26.2, 25.9, 21.7,
13.2.

GCMS: calc’d for Ci1His [M]": 150.1, found 150, 91, 79.

TLC: Ry= 0.7 (100% hexane).

Compound SI-9
Pr. : Pr
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1,5-diisopropylcyclohexa-1,4-diene (SI-9).(40)

Following General Procedure B on 0.1 mmol scale (5 F/mol) with 1,3-diisopropylbenzene.
Purification by prep-TLC (100% hexane) afforded 13.9 mg (85%, Faradic yield: 40%) of the title
compound SI-9.

Physical State: colorless oil

'H NMR (600 MHz, CDCl3): & 5.43 (s, 2H), 2.72-2.68 (m, 2H), 2.57-2.53 (m, 2H), 2.24-2.17
(m, 2H), 1.04 (d, /= 6.9 Hz, 12H).

13C NMR (151 MHz, CDCls): 6 140.1, 115.0, 33.9, 27.0, 26.7, 20.4.

GCMS: calc’d for Ci12Hao [M+H]": 164.2, found 121.1 [M-C3H7].

TLC: Ry= 0.8 (100% hexane).

Compound SI-10

MeUOMe

1-methoxy-5-methylcyclohexa-1,4-diene (SI-10).(41-43)

Following General Procedure A or B on 0.1 mmol scale (6 F/mol) with 3-methylanisole.
Extraction with n-pentanes/H,O afforded 11.1 mg (89%, Faradic yield: 33%) of the title
compound SI-10.

Physical State: colorless oil.

'"H NMR (400 MHz, CsDs): & 5.38-5.36 (m, 1H), 4.48 (dd, J = 2.8, 2.4 Hz, 1H), 3.28 (s, 3H),
2.80-2.74 (m, 2H), 2.73-2.68 (m, 2H), 1.54 (m, 3H).

13C NMR (151 MHz, CsDs): 6 153.5, 130.7, 119.2, 90.4, 53.6, 33.7, 27.3, 22.9.

GCMS: calc’d for CsH20 [M]*: 124.1, found 124.1, 109.1, 91.0.

TLC: Ry=0.63 (20:1 hexanes: EtOAc, I»).

Compound SI-11

UOMe
Me

1-methoxy-4-methylcyclohexa-1,4-diene (SI-11).(40, 44)
Following General Procedure B on 0.1 mmol scale (6 F/mol) with 4-methylanisole. Extraction

with n-pentanes/H>O and concentration under reduced pressure afforded 7.9 mg (64%, Faradic
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yield: 33%) of the title compound SI-11.

Physical State: colorless oil.

'"H NMR (400 MHz, C¢De): 5 5.28-5.25 (m, 1H), 4.45 (m, 1H), 3.27 (s, 3H), 2.83 (m, 2H), 2.61
(m, 2H), 1.59 (s, 3H).

13C NMR (151 MHz, CsDs): & 153.7, 131.6, 118.4, 90.5, 53.6, 31.5, 29.8, 22.8.

GCMS: calc’d for CsHi20 [M]": 124.1, found 124.1, 109.1, 91.0.

TLC: Ry=0.65 (20:1 hexanes: EtOAc, I»).

Compound SI-12

UOTBS
Me

tert-butyldimethyl((4-methylcyclohexa-1,4-dien-1-yl)oxy)silane (SI-12).(45)

Following General Procedure A or B on 0.1 mmol scale (9 F/mol) with fert-butyldimethyl(p-
tolyloxy)silane (SI-48). Purification using basic Alumina (5:1 hexane/EtOAc) afforded 20.3 mg
(72%, Faradic yield: 22%) of the title compound SI-12.

Physical State: colorless oil.

'H NMR (400 MHz, C¢Ds): 5 5.27 (m, 1H), 4.91 (m, 1H), 2.75-2.69 (m, 2H), 2.62-2.57 (m,
2H), 1.57 (s, 3H), 0.99 (s, 9H), 0.14 (s, 6H).

13C NMR (151 MHz, CsDs): 6 148.8, 131.4, 118.7, 101.1, 31.9, 31.8, 25.9, 22.9, 18.3, -4.2.
HRMS (ESI-TOF): calc’d for C13H240Si [M+H]": 225.1675, found 225.1674.

TLC: Ry=0.71 (20:1 hexane/EtOAc, I»).

Compound SI-13

UOTES
Me

triethyl((4-methylcyclohexa-1,4-dien-1-yl)oxy)silane (SI-13).(45)

Following General Procedure B on 0.1 mmol scale (9 F/mol) with triethyl(p-tolyloxy)silane
(SI-49). Purification using basic Alumina (5:1 hexane/EtOAc) afforded 19.6 mg (70%, Faradic
yield: 22%) of the title compound SI-13.

Physical State: colorless oil.

'H NMR (400 MHz, CsDe): 5 5.29-5.27 (m, 1H), 4.95-4.92 (m, 1H), 2.80-2.74 (m, 2H), 2.63-
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2.57 (m, 2H), 1.56 (s, 3H), 1.01 (t, J = 7.6 Hz, 9H), 0.67 (q, J = 7.6 Hz, 6H).

13C NMR (151 MHz, CsDs): 5 148.9, 131.4, 118.8, 100.4, 31.9, 31.9,22.9, 7.0, 5.5.
HRMS (ESI-TOF): calc’d for Ci13H240Si [M+H]": 225.1675, found 225.1676.
TLC: Ry=0.77 (20:1 hexane/EtOAc, D).

Compound SI-14

Me
U

2-(5-methylcyclohexa-1,4-dien-1-yl)ethan-1-ol (SI-14).(46)

Following General Procedure A or B on 0.1 mmol scale (6-7 F/mol) with 2-(m-tolyl)ethan-1-ol.
Purification by prep-TLC (3:1 hexanes:EtOAc) afforded 10.4 mg (76%, Faradic yield: 33%) of
the title compound SI-14.

Physical State: colorless oil.

'TH NMR (600 MHz, CDCl3): § 5.55 (s, 1H), 5.42 (s, 1H), 3.71 (t, J = 6.3 Hz, 2H), 2.70 (s, 2H),
2.51 (t,J=8.2 Hz, 2H), 2.27 (t, J= 6.3 Hz, 2H), 1.69 (s, 3H).

13C NMR (151 MHz, CDCls): & 130.4, 130.1, 120.6, 117.5, 59.1, 39.5, 32.8, 26.9, 22.3.

HRMS (ESI-TOF): calc’d for CoC140 [M+H]": 139.1117, found 139.1115.

TLC: Ry= 0.8 (3:1 hexanes:EtOAc, I»).

Compound SI-15
OH

WMe

3-(4-methylcyclohexa-1,4-dien-1-yl)propenamide (SI-15).

Following General Procedure A on 0.1 mmol scale (4-5 F/mol) with 4-phenylbutan-2-one.
Purification by prep-TLC (1:1, hexane:EtOAc) afforded 11.6 mg (70%, Faradic yield: 50%) of
the title compound SI-15.

Physical State: white solid.

'"H NMR (600 MHz, CDCl3): 6 5.72-5.70 (m, 2H), 5.47-5.46 (m, 1H), 3.83-3.79 (m, 1H), 2.70-
2.59 (m, 4H), 2.14-1.95 (m, 2H), 1.68-1.47 (m, 2H), 1.20 (d, /= 6.2 Hz, 3H).

I3C NMR (151 MHz, CDCls): & 134.9, 124.4, 124.4, 118.8, 68.2, 36.9, 34.0, 29.1, 26.9, 23.6.
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HRMS (ESI-TOF): calc’d for C1oCisNO [M+H]": 153.1279, found 153.1279.
TLC: Ry=0.7 (3:1, hexane:EtOAc, I»).

Compound SI-16

Me
Boc

N-(2-(5-methylcyclohexa-1,4-dien-1-yl)ethyl)acetamide (SI-16).

Following General Procedure A or B on 0.1 mmol scale (7 F/mol) with SI-50. Purification by
flash column chromatography (silica, 3:1 hexanes:EtOAc) afforded 16.3 mg (69%, Faradic yield:
29%) of the title compound SI-16.

Physical State: opaque liquid.

'"H NMR (600 MHz, CDCl3): 5 5.49-5.47 (m, 1H), 5.42-5.39 (m, 1H), 4.51 (s, 1H), 3.27-2.30
(m, 2H), 2.71-2.65 (m, 2H), 2.48 (t, J = 8.1 Hz, 2H), 2.17 (t, J = 8.1 Hz, 2H), 1.67 (s, 3H), 1.44
(s, 9H).

13C NMR (151 MHz, CDCls): & 156.1, 132.0, 131.2, 120.8, 118.5, 38.2, 37.4, 33.7, 29.9, 28.6,
27.8,23.1.

HRMS (ESI-TOF): calc’d for Ci14H23NO> [M+Na]": 260.1626, found 260.1631.

TLC: Ry=0.55 (5:1 hexanes:EtOAc, L»).

Compound SI-17

Mem
HN
SAc

N-(2-(5-methylcyclohexa-1,4-dien-1-yl)ethyl)acetamide (SI-17).

Following General Procedure A or B on 0.1 mmol scale (6 F/mol) with SI-51. Purification by
flash column chromatography (silica, 1:1 hexanes:EtOAc) afforded 7.7 mg (43%, Faradic yield:
33%) of the title compound SI-17.

Physical State: opaque liquid.

'"H NMR (600 MHz, CDCl3): 6 5.52-5.50 (m, 1H), 5.45-5.42 (m, 1H), 3.38 (q, J = 6.8 Hz, 2H),
2.72-2.68 (m, 2H), 2.50 (t, /= 8.1 Hz, 2H), 2.21 (t, J = 8.1 Hz, 2H), 1.98 (s, 3H), 1.70 (m, 3H).
13C NMR (151 MHz, CDCls): & 169.5, 131.3, 130.6, 120.3, 117.9, 36.4, 36.3, 33.0, 27.2, 22.9,
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22.7.
HRMS (ESI-TOF): calc’d for C11H17NO [M+H]": 180.1388, found 180.1385.
TLC: Ry=0.20 (1:1 hexanes:EtOAc, I»).

Compound SI-18

CO,H
Me Me

2,6-dimethylcyclohexa-2,5-diene-1-carboxylic acid (SI-18).(46, 47)

Following General Procedure A or B on 0.1 mmol scale (10-11 F/mol) with 2,6-
dimethylbenzoic acid. Purification by prep-TLC (1:1 hexanes:EtOAc and 1% AcOH) afforded
8.4 mg (55%, Faradic yield: 20%) of the title compound SI-18.

Physical State: white solid.

'H NMR (400 MHz, CDCl3): 5 5.68 (s, 2H), 3.48 (t, J = 6.35 Hz, 1H), 2.82-2.64 (m, 2H), 1.77
(s, 6H).

13C NMR (151 MHz, CDCls): § 175.8, 127.5, 121.5, 51.2, 26.6, 20.9.

HRMS (ESI-TOF): calc’d for CoHi20> [M+H]": 153.0916, found 153.0912.

TLC: Ry=0.4 (1:1 hexanes:EtOAc and 1% AcOH, L,).

Compound SI-19
CO,H

Me Me

3,5-dimethylcyclohexa-2,5-diene-1-carboxylic acid (SI-19).(47, 48)

Following General Procedure A or B on 0.1 mmol scale (10-11 F/mol) with 3,5-
dimethylbenzoic acid. Purification by prep-TLC (1:1 hexanes:EtOAc and 1% AcOH) afforded
7.7 mg (50%, Faradic yield: 20%) of the title compound SI-19.

Physical State: white solid.

'"H NMR (600 MHz, CDCl3): § 5.53-5.52 (m, 2H), 3.78-3.75 (m, 1H), 2.50 (qd, J = 22.0, 7.7
Hz, 2H), 1.75 (s, 6H).

13C NMR (125 MHz, CDCls): & 178.54, 134.60, 115.79, 43.96, 35.79, 23.16.
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HRMS (ESI-TOF): calc’d for CoH120> [M+H]": 153.0916, found 153.0911.
TLC: Rr=0.4 (1:1 hexanes:EtOAc and 1% AcOH, D).

Compound SI-20

Bu

Bu” i Bu

1,3,5-tri-tert-butylcyclohexa-1,4-diene (SI-20).

Prepared following General Procedure B on a 0.1 mmol scale (7 F/mol) with 1,3-di-fert-
butylbenzene. Purification by flash column chromatography (silica, hexanes) afforded 16.2 mg
(65%, Faradic yield: 29%) of the title compound SI-20.

Physical State: colorless oil.

'TH NMR (500 MHz, CDCls): 6 5.58 (dd, J = 2.0, 0.9 Hz, 1H), 2.75-2.70 (m, 1H), 2.49-2.45 9M,
2H), 1.09 (s, 18H), 0.86 (s, 9H).

13C NMR (151 MHz, CDCls): & 145.3, 118.2,48.1, 37.0, 35.5,29.4,27.4, 25.2.

GCMS: calc’d for CisHs[M]": 248.2, found 248.1, 58.1, 57.1.

TLC: Rr= 0.9 (hexanes, L»).

Compound SI-21
(0]

o
Me

3-(4-methylcyclohexa-1,4-dien-1-yl)propanoic acid (SI-21).(49)

Following General Procedure B on 0.1 mmol scale (8-9 F/mol) with 3-(p-tolyl)propanoic acid.
Purification by prep-TLC (1:1 hexanes:EtOAc and 1% AcOH) afforded 8.3 mg (50%, Faradic
yield: 25%) of the title compound SI-21.

Physical State: white solid.

'"H NMR (400 MHz, CDCl3): § 5.50-5.42 (m, 1H), 5.43-5.40 (m, 1H), 2.62-2.53 (m, 4H), 2.51-
2.48 (m, 2H), 2.36-2.28 (m, 2H), 1.67 (s, 3H).

13C NMR (151 MHz, CDCls): & 179.1, 133.1, 131.4, 119.3, 118.4, 32.3, 31.8, 31.7, 30.1, 23.11.
HRMS (ESI-TOF): calc’d for Ci1oH 1402 [M+H]": 167.1072, found 167.1073.
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TLC: Ry=0.5 (1:1 hexanes:EtOAc and 1% AcOH, D).

Compound SI-22
o

@/\)%H

3-(cyclohexa-1,4-dien-1-yl)propanoic acid (SI-22).(50, 51)

Following General Procedure A or B on 0.1 mmol scale (8-9 F/mol) with 3-phenylpropanoic
acid. Purification by prep-TLC (1:1 hexanes:EtOAc and 1% AcOH) afforded 10.3 (68%, Faradic
yield: 25%) of the title compound SI-22.

Physical State: white solid.

'TH NMR (600 MHz, CDCl3): & 5.73-5.65 (m, 2H), 5.50-5.43 (m, 1H), 2.73-2.56 (m, 4H), 2.50
(d, J= 6.7 Hz, 2H), 2.30 (t, J = 7.8 Hz, 2H).

13C NMR (151 MHz, CDCls): & 179.0, 133.2, 124.4, 124.1, 119.3, 32.2, 32.1, 29.1, 26.8.
HRMS (ESI-TOF): calc’d for CoH 120> [M+H]": 153.0916, found 153.0912.

TLC: Ry=0.5 (1:1 hexanes:EtOAc and 1% AcOH, I»).

Compound SI-23

TES

QL.

triethyl(3-methoxycyclohexa-2,5-dien-1-yl)silane (SI-23).

Prepared following General Procedure A or B on a 0.1 mmol scale (6 F/mol) with triethyl(3-
methoxyphenyl)silane.  Purification by flash column chromatography (silica, 20:1
hexanes:CH>Cl>) afforded 6.4 mg (54%, Faradic yield: 33%) of the title compound SI-23.
Physical State: colorless oil.

'"H NMR (500 MHz, CDCls): 6 8.42 (d, J = 6.0 Hz, 1H), 7.42 (d, J = 7.7 Hz, 1H), 7.09 (dd, J =
7.7,6.0 Hz, 1H), 4.87 (t, J= 3.7 Hz, 1H), 3.66-3.63 (m, 2 H), 3.62 (s, 3H), 3.48-3.46 (m, 2H).
13C NMR (151 MHz, CDCls): 6 154.9, 152.1, 147.5, 136.3, 128.6, 121.3, 91.0, 54.5, 32.5, 32.0.
GCMS: calc’d for C13H240Si [M]": 224.19, found 224.20.

TLC: Ry=0.47 (1:1 hexane:EtOAc).
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Compound SI-24

5-methyl-4,7-dihydro-1H-indazole (SI-24).

Following General Procedure A on 0.1 mmol scale (3.5 F/mol) with SI-52. Purification by
prep-TLC (3:1, hexane:EtOAc) afforded 5.2 mg (39%, Faradic yield: 57%) of the title compound
SI-24.

Physical State: white solid.

'TH NMR (600 MHz, CDCl3): & 7.36 (s, 1H), 5.59-5.57 (m, 1H), 3.33-3.29 (m, 2H), 3.13 (t, J =
5.7 Hz, 2H), 1.84-1.83 (m, 3H).

13C NMR (151 MHz, CDCls): § 132.4, 131.5, 117.6, 113.9, 113.5, 27.2, 23.7, 23.5.

HRMS (ESI-TOF): calc’d for CsC1oN2 [M+H]": 153.0916, found 153.0912.

TLC: Ry=0.6 (3:1, hexane:EtOAc, ).

Compound SI-25

Me
m
N
H

5-methyl-4,7-dihydro-1H-indole (SI-25).(52)

Prepared following General Procedure A on a 0.1 mmol scale (8 F/mol) with 5-methyl-1H-
indole. Purification by flash column chromatography (silica, 1:1 hexanes:EtOAc) afforded 10.0
mg (76%, Faradic yield: 25%) of the title compound SI-25.

Physical State: colorless oil.

'"H NMR (600 MHz, CDCl3): 5 7.77 (s, 1H), 6.69 (t, J = 2.3 Hz, 1H), 6.02 (t, /= 2.3 Hz, 1H),
5.54 (m, 1H), 3.25-3.23 (m, 2H), 3.15-3.11 (m, 2H), 1.82 (m, 3H).

13C NMR (151 MHz, CDCls): 6 133.3, 124.4, 117.3, 116.5, 114.7, 106.6, 29.9, 24.5, 23.8.
HRMS (ESI-TOF): calc’d for CoCuN [M+H]": 134.0970, found 134.0965.

TLC: Ry=0.7 (10:1 hexane:EtOAc, ).
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Compound SI-26

R
N\

Me
1-methyl-4,7-dihydro-1H-indole (SI-26).(53-55)
Prepared following General Procedure B on a 0.1 mmol scale (6.5 F/mol) with 1-methyl-1H-
indole. Purification by flash column chromatography (silica, 1:1 hexanes:EtOAc) afforded 7.0
mg (53%, Faradic yield: 31%) of the title compound SI-26.
Physical State: pale yellow oil.
'TH NMR (600 MHz, CDCls):  6.58 (d, J= 2.2 Hz, 1H), 5.97 (d, J=2.2 Hz, 1H), 592 (d, J =
7.9 Hz, 1H), 5.86 (d, /= 7.9 Hz, 1H), 3.54 (s, 3H), 3.27-3.25 (m, 4H).
13C NMR (151 MHz, CDCls): 8 126.1, 125.5, 122.4, 120.3, 114.2, 105.6, 33.1, 25.5, 23.3.
HRMS (ESI-TOF): calc’d for CsHoN [M+H]": 134.0964, found 134.0966.
TLC: Ry=0.45 (10:1 hexane:EtOAc, D).

Compound SI-27

MeO
m
N

H
5-methoxy-4,7-dihydro-1H-indole (SI-27).(56)
Prepared following General Procedure A or B on a 0.1 mmol scale (3-4 F/mol) with 5-
methoxy-1H-indole. Purification using neutral Alumina (100% hexane) afforded 11.6 mg (78%,
Faradic yield: 66%) of the title compound SI-27.
Physical State: colorless oil.
'"H NMR (400 MHz, CsDs) 6 6.38 (t, J = 2.7 Hz, 1H), 6.09 (t, J = 2.6 Hz, 1H), 4.62-4.61(m,
1H), 3.54 (td, J= 6.2, 1.3 Hz, 2H), 3.32 (s, 3H), 3.05 (td, /= 6.2, 3.6 Hz, 2H).
13C NMR (151 MHz, CsDs) 5 156.0, 123.7, 116.9, 114.0, 106.9, 90.0, 54.1, 28.2, 23.2.
HRMS (ESI-TOF): calc’d for CoH;iNO [M+H]": 150.0913, found 150.0916.
TLC: Ry=0.7 (5:1, hexane:EtOAc, 1»).
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Compound SI-28
N
H

4,9-dihydro-1H-carbazole (SI-28).(57)

Prepared following General Procedure A or B on a 0.1 mmol scale (10 F/mol) with 9H-
carbazole. Purification using neutral Alumina (4:1 hexanes:EtOAc) afforded 6.6 mg (39%,
Faradic yield: 20%) of the title compound SI-28 as an inseparable mixture with 9H-carbazole.
Physical State: white solid.

'TH NMR (600 MHz, CDCl3): 6 7.49 (d, J=7.7 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.17-7.07 (m,
2H), 6.09-6.02 (m, 1H), 5.95-5.89 (m, 1H), 3.44 (s, 4H).

13C NMR (151 MHz, CDCls): 6 134.9, 130.2, 126.3, 124.8, 121.6, 120.5, 118.4, 117.1, 109.6,
106.6, 23.6, 22.4.

HRMS (ESI-TOF): calc’d for Ci2Hi N [M+H]": 170.0970, found 170.0967.

TLC: Ry=0.5 (4:1 hexanes:EtOAc, o).

Compound SI-29

00

N/

1,4,5,8-tetrahydroacridine (SI-29).(38)

Following General Procedure A or B on 0.2 mmol scale (15 F/mol) with acridine. Purification
by flash column chromatography (silica, 5:1 hexanes:EtOAc) afforded 14.1 mg (39%, Faradic
yield: 13%) of the title compound SI-29.

Physical State: white solid.

TH NMR (600 MHz, CDCl3): 5 7.13 (s, 1H), 5.98-5.93 (m, 2H), 5.88-5.83 (m, 2H), 3.48-3.47
(m, 4H), 3.39-3.38 (m, 4H).

13C NMR (151 MHz, CDCls): 8 151.9, 136.2, 126.9, 125.3, 123.8, 32.7, 29.4.

HRMS (ESI-TOF): calc’d for Ci13Hi3N [M+H]": 184.1126, found 184.1133.

TLC: Ry=0.29 (5:1, hexanes:EtOAc, 1»).

S98



Compound SI-30
LI
N
9,10-dihydroacridine (SI-30).(53)
Following General Procedure A or B on 0.2 mmol scale (4 F/mol) with acridine. Purification by
flash column chromatography (silica, 5:1 hexanes:EtOAc) afforded 16.3 mg (45%, Faradic yield:
50%) of the title compound SI-30.
Physical State: yellow solid.
'"H NMR (400 MHz, CDCl3): 6 7.12-7.06 (m, 4H), 6.86 (td, J= 7.2, 1.2 Hz, 2H), 6.67 (dd, J =
7.6, 1.2 Hz, 2H), 5.95 (s, 1H), 4.06 (s, 2H).
13C NMR (151 MHz, CDCls): & 140.3, 128.7, 127.1, 120.8, 120.2, 113.6, 31.5.
HRMS (ESI-TOF): calc’d for Ci3H; N [M+H]": 182.0970, found 182.0972.
TLC: Ry=0.54 (5:1 hexanes:EtOAc, ).

Compound SI-31

MeO N

.
N

6-methoxy-5,8-dihydroquinoline (SI-31).

Prepared following General Procedure A or B on a 0.1 mmol scale (8§ F/mol) with 6-
methoxyquinoline. Purification by flash column chromatography (silica, 1:1 hexanes:EtOAc)
afforded 6.4 mg (40%, Faradic yield: 25%) of the title compound SI-31.

Physical State: colorless oil.

'"H NMR (500 MHz, CDCls): 6 8.42 (d, J = 6.0 Hz, 1H), 7.42 (d, J = 7.7 Hz, 1H), 7.09 (dd, J =
7.7,6.0 Hz, 1H), 4.87 (t, J= 3.7 Hz, 1H), 3.66-3.63 (m, 2 H), 3.62 (s, 3H), 3.48-3.46 (m, 2H).
13C NMR (151 MHz, CDCls): 6 154.9, 152.1, 147.5, 136.3, 128.6, 121.3, 91.0, 54.5, 32.5, 32.0.
HRMS (ESI-TOF): calc’d for C1oH12NO [M+H]": 162.0919, found 162.0918.

TLC: Ry=0.47 (1:1 hexane:EtOAc).
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Compound SI-32

Me_
N

OMe

(4bS,8aS,95)-3-methoxy-11-methyl-4,5,6,7,8,8a,9,10-octahydro-1H-9,4b-
(epiminoethano)phenanthrene (SI-32).

Prepared following General Procedure A or B on a 0.1 mmol scale (7 F/mol) with
dextromethorphan hydrobromide. Purification by flash column chromatography (silica, 12.5:1
CH>Cl>:MeOH) afforded 6.4 mg (54%, Faradic yield: 29%) of the title compound SI-32.
Physical State: white solid.

'H NMR (500 MHz, CDCIz): 8 4.67 (t,J = 3.3 Hz, 1H), 3.59, (s, 3H), 2.78-2.75 (m, 2H), 2.70-
2.65 (m, 2H), 2.56-2.49 (m, 2H), 2.40-2.38 (m, 1H), 2.36 (s, 3H), 2.06 (d, J = 18.5 Hz, 1H),
1.87-1.84 (m, 2H), 1.71-1.65 (m, 2H), 1.58-1.55 (m, 2H), 1.45-1.38 (m, 6H), 1.01 (dd, J = 13.6,
3.5 Hz, 1H).

13C NMR (151 MHz, CDCl3): & 153.5, 128.6, 125.8, 90.3, 58.3, 54.0, 47.8, 42.6, 36.6, 36.5,
35.6,31.6,30.2,27.5,26.8, 26.3, 25.4, 23.6.

HRMS (ESI-TOF): calc’d for Ci1sH2sNO [M+H]": 274.2171, found 274.2171.

TLC: Ry=0.09 (12.5:1 CH2Cl2:MeOH).

Compound SI-33

iPr

HO,C Mé
(1R,4aS,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,5,8,9,10,10a-decahydrophenanthrene-
1-carboxylic acid (SI-33).

Prepared following General Procedure B on a 0.1 mmol scale (7 F/mol) with dehydroadietic
acid. Purification by flash column chromatography (1:1 hexanes:EtOAc and 1% AcOH) afforded
24.9 mg (60%, Faradic yield: 29%) of the title compound SI-33.

Physical State: white solid.

'"H NMR (600 MHz, CDCl3): & 5.45 (s, 1H), 2.50 (dt, J = 20.9, 7.0 Hz, 1H), 2.38 (dt, J = 20.9,
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7.0 Hz, 1H), 2.17 (p, J = 6.8 Hz, 1H), 2.10-2.08 (m, 2H), 1.90 (dd, J = 17.3, 6.6 Hz, 1H), 1.79-
1.74 (m, 2H), 1.67-1.61 (m, 4H), 1.39-1.36 (m, 1H), 1.22 (s, 3H), 1.02 (s, 3H), 1.01 (d, J = 6.8
Hz, 3H), 1.00 (d, J = 6.8 Hz, 3H).

13C NMR (151 MHz, CDCls): d 184.5, 140.2, 134.8, 124.4, 116.3, 47.6, 46.0, 36.8, 36.6, 36.0,
34.4,33.2,31.4,254,21.7,21.4,21.3,19.8, 18.4, 16.4.

HRMS (ESI-TOF): calc’d for C20H3102 [M+H]™: 303.2324, found 303.2321.

TLC: Rr=0.4 (1:1 hexanes:EtOAc and 1% AcOH, D).

Compound SI-34

(8R,9S,13S,14S,17S)-3-methoxy-13-methyl-4,6,7,8,9,11,12,13,14,15,16,17-dodecahydro-1H-
cyclopentala]phenanthren-17-ol (SI-34).

Following General Procedure B on 0.1 mmol scale (4-5 F/mol) with estradiol 3-methyl ether.
Purification by prep-TLC (2:1 hexanes:EtOAc) afforded 18.7 (65%, Faradic yield: 50%) of the
title compound SI-34.(58-60)

Physical State: white solid.

'"H NMR (400 MHz, CDCl3): 5 4.69-4.58 (m, 1H), 3.68 (t, J = 8.5 Hz, 1H), 3.55 (s, 3H), 2.98-
2.79 (m, 1H), 2.74-2.45 (m, 2H), 2.00-2.14 (m, 2H), 1.80-1.97 (m, 3H), 1.77-1.53 (m, 3H), 1.53-
1.03 (m, 8H), 0.77 (s, 3H).

13C NMR (100 MHz, CDCl3): & 152.8, 128.0, 125.1, 90.8, 82.1, 54.0, 50.0, 45.6, 43.5, 39.1,
37.16, 34.3, 30.8, 30.6, 28.5, 26.9, 25.5, 23.2, 11.4.

GCMS: calc’d for C19Ha302 [M]": 288.20, found 284.10, 199, 160.

TLC: Ryr=0.3 (2:1 hexanes:EtOAc, ).

Compound SI-35

Me

1-(2-(benzyloxy)ethyl)-3-methylbenzene (SI-35).
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To a stirring solution of 2-(m-tolyl)ethan-1-o0l (136.0 mg, 1.0 mmol) in DMF (3.0 mL) at 0 °C
was portion-wise added NaH (42 mg, 1.0 mmol). After stirring for 15 min, BnBr (171 mg, 1.0
mmol) was added to the reaction mixture and allowed to stir for 1 h. The reaction mixture was
quenched by the addition of NH4ClI (15 mL), followed by extraction with hexanes (3 x 10 mL),
dried over MgSQOa, and concentrated by reduced pressure. The crude reaction mixture was
purified by flash column chromatography eluting with 100% hexanes to provide 253 mg (90%)
of the title compound SI-35.

Physical State: colorless oil.

'H NMR (400 MHz, CDCl3): 6 7.37-7.27 (m, 5H), 7.18 (t, J = 8.0 Hz, 1H), 7.04 (s, 1H), 7.03
(d, J=8.0 Hz, 1H), 4.53 (s, 2H), 3.69 (t,J = 7.2 Hz, 2H), 2.91 (t, J= 7.2 Hz, 2H), 2.33 (s, 3H).
13C NMR (151 MHz, CDCl3): & 139.0, 138.6, 138.0, 130.0, 128.5, 128.4, 127.8, 127.7, 127.1,
126.1,73.1,71.5, 36.4, 21.5.

HRMS (ESI-TOF): calc’d for CisHi130 [M+H]": 227.1436, found 227.1436

TLC: Ry= 0.4 (9:1 hexane/EtOAc, UV/Vis).

Compound SI-36

Me
U

1-(2-(benzyloxy)ethyl)-3-methylbenzene (SI-36).

Prepared following General Procedure B on a 0.2 mmol scale (8§ F/mol) with SI-35.
Purification by prep-TLC (silica, 1:5 hexanes:EtOAc) afforded 13 mg (48%, Faradic yield: 25%)
of the title compound SI-36.

Physical State: colorless oil.

'"H NMR (500 MHz, CDCl3): & 7.23-7.19 (m, 1H), 7.06-7.02 (m, 2H), 3.86 (t, J = 6.8 Hz, 2H),
2.84 (t,J = 6.8 Hz, 2H), 2.34 (s, 3H).

13C NMR (151 MHz, CDCls): 6 138.5, 138.4, 130.0, 128.7, 127.4, 126.2, 63.9, 39.3, 21.5.
GCMS: calc’d for CoH ;20 [M]": 136.1, found 136.0, 105.0.

TLC: Ry=0.21 (1:5 hexanes:EtOAc, UV/Vis).

S102



Compound SI-38
H H

9H-fluorene (SI-38).

Following General Procedure B on 0.1 mmol scale (8 F/mol) with fluorenone 36. Purification
by flash column chromatography (silica, 20:1 hexanes:EtOAc) afforded 10.3 mg (62%, Faradic
yield: 25%) of the title compound SI-38.

Physical State: orange solid.

'H NMR (600 MHz, CDCl3): & 7.80 (d, J = 7.5 Hz, 2H), 7.56 (dt, J= 7.0, 1.0 Hz, 2H), 7.39 (td,
J=46.5,1.0 Hz, 2H), 7.31 (td, J= 7.0, 1.0 Hz, 2H), 3.91 (s, 2H).

13C NMR (151 MHz, CDCls): 6 143.4, 141.9, 126.9, 126.8, 125.2, 120.0, 37.1.

GCMS: calc’d for Ci3Hio [M]": 166.07825, found 166.1, 167.0.

TLC: Ry=0.88 (20:1 hexanes:EtOAc, UV/Vis).

Compound SI-39

I CN
Boc
O\
EtO—/P=O
EtO

tert-butyl 2-cyano-2-(4-((diethoxyphosphoryl)oxy)butyl)piperidine-1-carboxylate (SI-39).
Prepared according to literature procedure.(61, 62)

Physical State: colorless oil.

'"H NMR (400 MHz, CDCl3): 6 4.14 (pd, J = 7.1, 0.8 Hz, 4H), 4.04 (q, J = 6.6 Hz, 2H), 3.81
(ddd, J = 13.0, 4.0, 4.0 Hz, 1H), 3.04 (m, 1H), 2.11-1.95 (m, 4H), 1.79-1.59 (m, 7H), 1.50 (s,
9H), 1.33 (td, 7.1, 1.0 Hz, 6H).

13C NMR (151 MHz, CDCl3): & 154.8, 121.1, 82.0, 67.1 (J = 5.9 Hz), 63.9 (J = 5.9 Hz), 56.1,
40.6, 35.1, 33.6,30.2 (J="7.0 Hz), 28.4, 25.7,22.8, 20.5, 17.9, 16.3 (J = 6.6 Hz).

HRMS (ESI-TOF): calc’d for C19C35N206P [M+Na]": 441.2130, found 418.2129.

TLC: Rr=0.7 (1:1, hexane:EtOAc, anisaldehyde stain).
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Compound SI-40

o

Boc
tert-butyl 6-azaspiro[4.5]decane-6-carboxylate (SI-40).(67)
Following General Procedure A on 0.1 mmol scale (4 F/mol) with SI-40. Purification by prep-
TLC (1:5, hexane:EtOAc) afforded 12.9 mg (54%, Faradic yield: 50%) of the title compound SI-
40.
Physical State: colorless oil.
'"H NMR (600 MHz, CDCl3): & 3.50-3.41 (m, 2H), 2.09-1.96 (m, 2H), 1.93-1.82 (m, 2H), 1.82-
1.68 (m, 2H), 1.68-1.58 (m, 2H), 1.58-1.47 (m, 8H), 1.45 (s, 9H).
13C NMR (151 MHz, CDCls): 8 156.1, 79.2, 66.2, 44.4, 37.5, 34.5, 28.8, 24.7, 23.9, 20.3.
GCMS (EI): calc’d for C14H2sNO; [M]': 239.2, found 239.10, 141.10, 110.0.
TLC: Ry= 0.4 (1:5, hexane:EtOAc, anisaldehyde stain).

Compound SI-42

Lb/OH

H
(£1,4)-bicyclo[2.2.1]heptan-2-o0l (SI-42).
Following General Procedure A or B on 0.1 mmol scale (3 F/mol) with exo-2,3-
epoxynorbornane 41. Purification by prep-TLC (1:5, hexane:EtOAc) afforded 10.3 mg (92%,
Faradic yield: 66%) of the title compound SI-42.
Physical State: colorless oil.
'"H NMR (600 MHz, CDCl3): 6 3.76 (d, J = 6.9 Hz, 1H), 2.25 (s, 1H), 2.14 (d, J = 4.7 Hz, 1H),
1.66 (ddd, J=13.2, 6.9, 2.5 Hz, 1H), 1.49-1.35 (m, 3H), 1.30 (s, 1H), 1.12 (dd, J = 9.8, 1.2 Hz,
1H), 1.02 (dd, J=7.4, 2.3 Hz, 2H).
13C NMR (151 MHz, CDCls): & 74.1,43.5, 41.5, 34.6,27.2, 23.5.
GCMS (EI): calc’d for C;H20 [M+]"™: 112.1, found 110, 94, 79.
TLC: Ry= 0.5 (5:1 hexane:EtOAc, anisaldehyde stain).

S104



Compound SI-44
H

H
OH

3-(2-hydroxyphenyl)propanoic acid (SI-44).(63)

Following General Procedure A or B on 0.2 mmol scale (8 F/mol) with benzofuran-2-
carboxylic acid 43. Purification by flash column chromatography (silica, 9:1 CH>Cl.:MeOH)
afforded 17.5 mg (53%, Faradic yield: 38%) of the title compound SI-44.

Physical State: beige solid.

TH NMR (600 MHz, CDCls): & 7.12-7.09 (m, 2H), 6.89-6.81 (m, 2H), 6.40 (br s, 1H), 2.90 (t, J
= 6.8 Hz, 2H), 2.74 (t, J = 6.8 Hz, 2H).

13C NMR (151 MHz, CDCls): 6 179.9, 154.0, 130.6, 128.2, 127.0, 121.1, 116.7, 34.8, 24.8.
HRMS (ESI-TOF): calc’d for CoH;003 [M-H]": 165.0552, found 165.0547.

TLC: Ry=0.36 (9:1 CH2Cl.:MeOH, UV/Vis).

Compound SI-46

Ph
QEPh
3',4',5',6'-tetrahydro-1,1':2',1""-terphenyl (SI-46).
Prepared following General Procedure B on a 0.1 mmol scale (8 F/mol) with 1,6-
diphenylhexane-1,6-dione 45 and a slow addition of TiCl4 (1.0 M in CH2Clz, 5.0 eq.) over 1 h,
followed by an additional stirring at rt for 10 h. Et2O (2 mL) was added followed by Na,COs (1
mL) and the layers seperated. The organics were washed with water (2 mL), brine (2 mL), dried
(Na2SO4), and concentrated under reduced pressure. Purification by flash column
chromatography (silica, 9:1 hexanes:EtOAc) afforded 7.5 mg (32%, Faradic yield: 25%) of the
title compound SI-46.
Physical State: colorless oil.
'"H NMR (600 MHz, CDCl3): 8 7.10-7.08 (m, 4H), 7.05-7.02 (m, 2H), 6.99-6.97 (m, 4H), 2.47-
2.44 (m, 4H), 1.85-1.83 (m, 4H).
13C NMR (151 MHz, CDCls): & 144.0, 135.1, 129.2, 127.7, 125.8, 32.1, 23 4.
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GCMS: calc’d for CigHig [M]": 234.1, found 234.1, 205.0, 191.0.
TLC: Ry= 0.9 (100% hexane, UV, Vis).

Compound SI-1

Ph
(7aS,8aR)-4-benzyl-8-methyl-7,7a,8,8a-tetrahydroazirino[2,3-c]imidazo[4,5,1-ij]quinolin-
5(4H)-one (SI-1).

Generiously provided by Pfizer.

Physical State: white solid.

'"H NMR (600 MHz, CDCI3): § 7.32-7.22 (m, 5H), 7.11 (dd, J = 7.7, 0.8 Hz, 1H), 6.90 (t, J =
7.8 Hz, 1H), 6.70 (dd, J=7.9, 0.9 Hz, 1H), 5.06 (d, J = 15.7 Hz, 1H), 4.95 (d, J = 15.6 Hz, 1H),
4.33 (d,J=13.1 Hz, 1H), 3.91 (dd, J=13.1, 3.6 Hz, 1H), 2.58 (s, 3H), 2.52 (d, J = 6.1 Hz, 1H),
2.32(dd, J=6.1, 3.5 Hz, 1H).

13C NMR (151 MHz, CDCls): & 153.3, 135.4, 127.8, 127.1, 126.8, 123.5, 119.9, 118.9, 116.3,
106.6, 45.9, 44.1, 39.9, 37.3, 36.7.

HRMS (ESI-TOF): calc’d for C1gH17N30 [M+H]": 292.1450, found 292.1456.

TLC: Rr=0.2 (100% EtOAc, UV/Vis).

Compound PNU-95666E (Sumanirole, 2)

PNU-95666E.(64, 65)
Following General Procedure B on 0.1 mmol scale (7 F/mol) and SI-40. Purification by prep-
TLC (9:1:0.1, CH2Cl:MeOH:TEA) afforded 13.6 (67%, Faradic yield: 43%) of the title
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compound PNU-95666E.

Physical State: colorless oil.

TH NMR (600 MHz, CDCl3): & 6.99-6.95 (m, 1H), 6.91-6.86 (m, 2H), 4.01 (dd, J = 12.5, 3.9
Hz, 1H), 3.70 (dd, J = 12.4, 6.7 Hz, 1H), 3.30-3.28 (m, 1H), 3.14 (dd, J = 16.3, 4.2 Hz, 1H), 2.83
(dd, J=16.3,7.9 Hz, 1H), 2.52 (s, 3H).

13C NMR (151 MHz, CDCl): § 156.3, 128.4, 127.8, 122.9, 121.0, 118.3, 108.4, 54.4, 42.8,
33.6, 30.5.

HRMS (ESI-TOF): calc’d for C11Hi3N30 [M+H]": 204.1137, found 204.1136.

TLC: Ry=0.7 (9:1:0.1, CH2Cl.:MeOH:TEA, UV/Vis and ).

Compound SI-47
OH

OMM.;

1-phenylpentan-1-ol (SI-47).(66)

Benzaldehyde (1 mmol) was added to a flask containing 50 mL of dry THF. The contents were
then cooled to -78 °C. Then n-BuLi (0.1 mmol) was added dropwise (under argon). The reaction
was allowed to warm slowly overnight. The reaction was quenched by adding saturated aqueous
NH4Cl, and the THF was removed on a rotavap. EtcO was added and the the layers separated.
The Et2O layer was dried over anhydrous MgSO4. The crude material was purified using flash
column chromatography (4:1, hexane:EtOAc), to afford the pure alcohol (SI-47) in 82% yield.
Physical State: colorless oil.

'TH NMR (600 MHz, CDCl3): & 7.44-7.12 (m, 5H), 4.63 (dd, J = 7.5, 5.9 Hz, 1H), 2.02 (d, J =
2.0 Hz, 1H), 1.83-1.74 (m, 1H), 1.74-1.64 (m, 1H), 1.42-1.28 (m, 3H), 1.28-1.19 (m, 1H), 0.88
(t,J=7.2 Hz, 3H).

13C NMR (151 MHz, CDCls): § 144.1, 127.5, 126.6, 125.0, 73.8, 37.9, 27.1, 21.7, 13.1.

GCMS (EI): calc’d for C11Hi60 [M]": 164.10, 107.0 [M-C4Ho].

TLC: Rr= 0.7 (100% hexane, UV/Vis).
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Compound SI-48

/©/OTBS
Me

tert-butyldimethyl(p-tolyloxy)silane (SI-48).

Prepared according to known procedure, see spectra.(45)

Physical State: colorless oil.

'H NMR (600 MHz, CDCl:): & 7.04 (d, J = 6.0 Hz, 2H), 6.74 (d, J = 6.0 Hz, 2H), 2.29 (s, 3H),
1.00 (s, 9H), 0.20 (s, 6H).

13C NMR (151 MHz, CDCls): & 153.5, 130.6, 130.0, 120.0, 25.9, 20.7, -4.30.

TLC: Ry=0.85 (100% hexane, UV/Vis).

Compound SI-49

/©/OTES
Me

triethyl(p-tolyloxy)silane (SI-49).

Prepared according to known procedure, see spectra.(45)

Physical State: colorless oil.

'TH NMR (600 MHz, CDCl3): § 7.03 (d, J = 6.0 Hz, 2H), 6.76 (d, J = 6.0 Hz, 2H), 2.29 (s, 3H),
1.01 (t, /= 6.0 Hz, 9H), 0.72 (q, J = 6.0 Hz, 6H).

13C NMR (151 MHz, CDCls): & 153.4, 130.6, 130.0, 119.8, 20.7, 6.8, 5.1.

TLC: Ry=0.87 (100% hexane, UV/Vis).

Compound SI-50

Me
Boc

tert-butyl (3-methylphenethyl)carbamate (SI-50).

To a stirring solution of 2-(m-tolyl)ethan-1-amine (270 mg, 2.0 mmol) and Et;N (202 mg, 2.0
mmol) in CH>Cl, (6 mL) at rt was added Boc,O (437 mg, 2.0 mmol, in 1 mL CH>CL). The
reaction stirred for 2 h after which the mixture was filtered through a short pad of silica and

concentrated under reduced pressure. The crude oil was purified by flash chromatography eluting
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with hexanes/EtOAc (5:1) to afford 420 mg (89%) of SI-50 as a colorless oil.

Physical State: colorless oil.

'"H NMR (400 MHz, CDCl3): 6 7.21, (t, J = 7.5 Hz, 1H), 7.06 (d, J = 7.6 Hz, 1H), 7.04-7.00 (m,
2H), 4.56 (s, 1H), 3.40-3.39 (m, 2 H), 2.79 (t, /= 7.1 Hz, 2H), 2.36 (s, 3H), 1.46 (s, 9H).

13C NMR (151 MHz, CDCl3): § 156.0, 139.0, 138.3, 129.7, 128.6, 127.3, 125.9, 79.3, 41.9,
36.2,28.6,21.5.

HRMS (ESI-TOF): calc’d for C14H2:NO> [M+Na]": 258.1470, found 258.1475.

TLC: Rr=0.28 (9:1, hexane/EtOAc, UV/Vis).

Compound SI-51

Me\©/\‘
HN
SAc

N-(3-methylphenethyl)acetamide (SI-51).

To a stirring solution of 2-(m-tolyl)ethan-1-amine (270 mg, 2.0 mmol) and EtsN (263 mg, 2.6
mmol) in CH>Cl, (10 mL) at 0 °C was dropwise added acetyl chloride (162 mg, 2.2 mmol, in 3
mL CH>Cl;). The reaction mixture stirred for 3 h after which saturated NaHCO3 (5 mL) was
added. The layers were separated, and the organic phase washed with water (5 mL), brine (5
mL), dried (Na;SO4) and concentrated under reduced pressure. The crude oil was purified by
flash chromatography eluting with hexanes/EtOAc (1:1) to afford 265 mg (75%) of SI-51 as a
colorless oil.

Physical State: colorless oil.

'"H NMR (400 MHz, CDCl3): § 7.20, (t, /= 7.5 Hz, 1H), 7.04 (d, J = 7.6 Hz, 1H), 7.01-6.97 (m,
2H), 5.59 (s, 1H), 3.49 (q, /= 7.0 Hz, 2H), 2.77 (t, J = 7.0 Hz, 2H), 2.33 (s, 3H), 1.93 (s, 3H).
13C NMR (151 MHz, CDCl3): & 170.2, 138.9, 138.4, 129.6, 128.6, 127.4, 125.8, 40.8, 35.6,
23.4,21.5.

HRMS (ESI-TOF): calc’d for C11HisNO [M+H]": 178.1232, found 178.1232.

TLC: Ry=0.24 (1:1, hexane/EtOAc, UV/Vis).
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Compound SI-52

5-methyl-1H-indazole (SI-52).

Generiously donated by Pzifer

Physical State: tan solid.

'H NMR (400 MHz, CDCl3): § 8.10 (d, J = 1.0 Hz, 1H), 7.53 (dd, J= 1.2, 1.0 Hz, 1H), 7.40 (d,
J=6.8 Hz, 1H), 7.23 (dd, J= 6.8, 1.2 Hz, 1H), 2.47 (s, 3H).

13C NMR (151 MHz, CDCls): & 138.9, 134.5, 130.6, 129.1, 123.8, 120.0, 109.5, 21.5.

TLC: Ry=0.72 (1:1 hexane/EtOAc).
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NMR Spectra
Compound SI-4 'H NMR
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Compound SI-4 3C NMR
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Compound SI-6 'H NMR
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Compound SI-6 3C NMR
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Compound SI-7 'H NMR
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Compound SI-7 3C NMR
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Compound SI-8 'H NMR
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Compound SI-8 3C NMR
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Compound SI-9 'H NMR
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Compound SI-9 3C NMR
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Compound SI-10 'H NMR
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Compound SI-10 3C NMR
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Compound SI-11 'H NMR
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Compound SI-11 3C NMR
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Compound SI-12 'H NMR
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Compound SI-12 3C NMR
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Compound SI-13 'H NMR
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Compound SI-13 3C NMR
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Compound SI-14 'H NMR
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Compound SI-14 3C NMR
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Compound SI-15 'H NMR
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Compound SI-15 3C NMR
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Compound SI-16 'H NMR
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Compound SI-16 3C NMR
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Compound SI-17 'H NMR

TETmmma
A
[Fo Yo ToNTo T}

OYMe

Me

V6T
ot

0°C
M\.\Mmé

=€0'T
61T

f1 (ppm)

S141



Compound SI-17 3C NMR
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Compound SI-18 3C NMR
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Compound SI-19 'H NMR
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Compound SI-19 3C NMR
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Compound SI-20 'H NMR
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Compound SI-20 3C NMR
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Compound SI-21 'H NMR
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Compound SI-21 3C NMR
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Compound SI-22 'H NMR
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Compound SI-22 3C NMR
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Compound SI-23 'H NMR
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Compound SI-23 3C NMR
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Compound SI-24 '"H NMR
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Compound SI-24 3C NMR
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Compound SI-25 '"H NMR
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Compound SI-25 3C NMR
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Compound SI-26 'H NMR
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Compound SI-26 3C NMR
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Compound SI-27 'H NMR
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Compound SI-27 3C NMR
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Compound SI-28 'H NMR
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Compound SI-28 3C NMR

07T~
18°€C

§§°90T —
95'60T —

OT'LTT ~
Tv81T

8071 \
ss'1ZT
18'beT
b9zt
oroer /.

6 vET

ZT

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110
f1 (ppm)

T
220

S164



Compound SI-28, carbazole overlay 'H NMR
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Compound SI-28, carbazole overlay 3C NMR
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Compound SI-29 'H NMR
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Compound SI-29 3C NMR
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Compound SI-30 'H NMR
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Compound SI-30 3C NMR
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Compound SI-31 'H NMR
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Compound SI-31 3C NMR
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Compound SI-32 'H NMR
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Compound SI-32 3C NMR
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Compound SI-33 'H NMR
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Compound SI-33 3C NMR
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-34 'TH NMR
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Compound SI-34 3C NMR
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Compound SI-35 'H NMR
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Compound SI-35 3C NMR
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Compound SI-36 'H NMR
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Compound SI-36 3C NMR
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Compound SI-38 3C NMR
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Compound SI-39 'H NMR
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Compound SI-39 3C NMR
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Compound SI-40 '"H NMR
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Compound SI-40 3C NMR
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Compound SI-42 '"H NMR
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Compound SI-42 3C NMR
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Compound SI-44 '"H NMR
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Compound SI-44 3C NMR
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Compound SI-46 'H NMR
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Compound SI-46 3C NMR
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Compound SI-1 'TH NMR
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Compound SI-1 3C NMR
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PNU95666E (2) '"H NMR
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PNU95666E (2) 13C NMR
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Compound SI-47 '"H NMR
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Compound SI-47 3C NMR
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Compound SI-48 'H NMR
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Compound SI-48 3C NMR
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Compound SI-49 '"H NMR
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Compound SI-49 3C NMR
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Compound SI-50 'H NMR
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Compound SI-50 3C NMR

om.ﬁN.\.

SS°8¢
T29€
NQH¢/

S6'9Z
QL /L

LELL
0€'6L

ﬁm.mﬁ/
YAAA
wm.wﬁw
v 62T
87'8ET ~
v0'6€T 7

TO'9ST —

NHBoc

Me

BN

20

30

70

T
110 100

f1 (ppm)

T
120

T T T T T T T
210 200 190 180 170 160 150 140

T
220

S206



Compound SI-51 'H NMR
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Compound SI-51 3C NMR
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Compound SI-52 3C NMR
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