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L. General Methods Chapter 3:

Pinacol Borane (HBpin) (97% stabilized with 1% triethylamine) and Bispinacolatodiboron
(B2piny) were purchased commercially and used as received without further purification. The
iridium catalyst, bis(1,5-cyclooctadiene)-di-p-methoxy-diiridium(I), [Ir(OMe)COD],, was
prepared by a literature procedure.' This catalyst complex is now widely commercially available.

The ligands were obtained from commercial sources and used as received except as
follows: Di-(pyridin-2-yl)methane, (also known as dipyridyl methane and abbreviated dpm) was
synthesized by a literature procedure.” Substituted bipyridine (bpy) ligands from Table 1,
N N N N '-tetramethyl-[2,2’-bipyridine]-4,4'-diamine3 and  4,4"-bis(trifluoromethyl)-2,2'-
bipyridine* were also synthesized by literature procedures. These ligands have also become
commercially available recently, and several newer literature preps have been published since
these were made.

The ligand, 2,2'-methylenebis (N,N-dimethyl pyridin-4-amine) (also known as dimethyl
amino dipyridyl methane, abbreviated dmadpm in this paper) was synthesized according to
modified literature procedures as detailed in the experimental section.™®

The substrates featured in Tables 2 and 3 were obtained commercially. Liquid substrates
were purified by distillation and solid substrates were purified by sublimation, except as noted. 5-
Bromo-2-cyanothiophene was prepared by a literature procedure.” 2-Chloro-3-fluoropyridine and
5-methylfuranonitrile were purchased in small quantities, so they were passed through a short plug
of activated alumina in the glove box in lieu of distillation. 2-Chloro-6-fluoropyridine was used as
received without further purification. To aid transfer, the low melting solid was stored in the

freezer and weighed cold into the reactions.



All reactions were carried out at ambient temperature in 20 mL vials equipped with stir
bars in a glove box under a nitrogen atmosphere. All solvents were obtained from wet stills
refluxing over sodium and benzophenone.

Reactions were monitored by gas chromatography (GC) equipped with a 10 m x 180 pm
fused silica column. The GC method employed an initial temperature 50°C constant over 1 minute,
ramp 50°C/minute over 9 minutes, 270°C constant over 5 minutes (total time 15 min at flow rate
= 1 mL/min).

NMR spectra were recorded on a Varian 500 MHz DD2 Spectrometer equipped with a 1H-
19F/15N-31P 5mm Pulsed Field Gradient (PFG) Probe. Spectra were taken in CDCl; referenced
to 7.24 ppm in 'H NMR and 77.0 ppm in °C NMR. Spectra were processed for display by iNMR
software.

Single crystal analyses were performed by Michigan State University Center for
Crystallographic Research on a Charge Coupled Device (CCD diffractometer).

High-resolution mass spectra were obtained at the Michigan State University Mass
Spectrometry Core using quadrapole Time Of Flight instruments (q/TOF).

CHN analyses were performed on a CHNS/O analyzer at Michigan State University by
analytical department staff.

Silica used for purification of crude material was standard laboratory grade 230 - 400 mesh
designed for flash chromatography applications. Purification of crude materials on a 1 mmol scale
was achieved by standard flash chromatography methods employing 2-3 g silica plugs in small
chromatography columns of dimension approximately 2 x 30 cm. Larger scale reactions of 2.5 - 5
mmol were purified in a similar manner, using 10 - 20g silica. Concentrated crude material was

dissolved in a minimum amount of solvent, applied to the silica with a Pasteur pipette and eluted



into test tubes. Compounds that eluted were visualized by spotting on TLC plates and irradiating
with 254 nm UV light. Borylated compounds were additionally visualized by staining with alizarin
stain in accordance with a literature procedure.® The stained compounds containing boron charred
orange and fluoresced brightly under long wave UV light of 366 nm.

II. Experimental:

Preparation of the ligands:

Dpm was prepared by a literature procedure', and purified by distillation at 1 torr 100°C. This

substrate can also be purified by Kugelrohr distillation.

Dpm Step 1: Preparation of the dipyridyl ketone:

The ketone was synthesized starting from a literature prep of 2-bromo-N,N-
dimethylpyridin-4-amine (2-bromo-DMAP).’ A literature prep for an analogous dipyridyl ketone,
referred to as compound 19 in the paper, was followed using 2-bromo-DMAP made by the
procedure in reference 5 as starting material.® The ketone was isolated by column chromatography
employing 25 g silica packed in 100% ethylacetate. The crude material was loaded onto the column

dissolved in a minimum amount dichloromethane. Ethyl acetate was added until unreacted starting



material and bi-products had eluted. The fractions were analyzed by TLC in 100% methanol. 2-
bromo-DMAP was seen as a spot with ry= 0.9, and byproducts were seen as faint spots ranging in
trrfrom 0.4 — 0.7. The product was seen as a spot that did not move off the baseline. A gradient of
10% - 30% methanol in ethyl acetate was applied and the ketone eluted with 30% methanol. On a
5 mmol scale, 330 mg pale yellow crystalline solid was isolated (49% yield, m.p. =175 - 178 °C).
'H NMR (500 MHz; CDCls): & 8.30 (d, J= 5.9 Hz, 1H), 7.22 (d, J = 2.7 Hz, 1H), 6.56 (dd, J =
5.9, 2.7 Hz, 1H), 3.05 (s, 6H). °C NMR (126 MHz; CDCls): 8 195.9, 155.3, 154.7, 149.2, 108.3,
108.0, 39.2. HRMS (ESI+) (m/z) caled for C1sH;oN,O [M+H]" 271.1559, found 271.1566.

The ketone was recrystallized from dichloromethane and toluene to produce crystals
suitable for x-ray diffraction, which yielded a crystal structure that confirmed the identity of the
product. The CIF file is available for download from the Cambridge Crystallographic Data Centre

(CCDC) and may be referenced by CCDC deposition # 1436384.

Step 2: Reduction of the dipyridyl ketone:
(note this is not a good way to make the hydrazone for use as a ligand. The synthesis of the
hydrazone as a product is presented later)

The ketone was reduced by a modified Wolf-Kishner procedure as follows:
Fine powdered potassium tert-butoxide, KO7Bu (1.0 g, 28.5 mmol, present in excess, ~8 equiv)
was transferred into a 150 mL round bottom flask equipped with a stir bar. Hydrazine monohydrate
solution (35 mL of a 65% solution, 469 mmol, present in excess, 127 equivalents) was added into

the flask. (The precise number of hydrazine equivalents need not be calculated, as the 65%



hydrazine monohydrate solution is used as a solvent for the reaction, so a volume appropriate for
the size of the flask was used.)

Dimethylamino dypyidyl ketone (1.0 g, 3.7 mmol, 1.0 equiv) was added into the reaction
flask as a uniform dry powder that was free of clumps. A reflux condenser was attached to the
flask and the mixture was refluxed vigorously (150 °C oil bath) for 6 hours. At the beginning, the
ketone is an insoluble solid and floats on the top, but as the reaction progresses, the solid becomes
an oil that floats on the top of the hydrazine. The reaction was allowed to cool to ambient
temperature, after which, the reaction was extracted with 3 x 50 mL ethyl acetate. The combined
organic layer was washed with brine and dried over sodium sulfate. The drying agent was removed
by filtration and the filtrate was concentrated to a yellow solid. The crude material was dried under
high vacuum overnight to yield 680 mg yellow product. The ligand was purified by
chromatography on a silica gel column packed in ethyl acetate. The crude material was loaded
dissolved in a minimum amount of CH,Cl,. Ethylacetate (200 mL) was eluted through the silica
column. The column was then washed with 100% methanol to yield 596 mg (63% yield) of the
product as a pale yellow solid.

The product was then sublimed at 90°C under reduced pressure of 1 torr to furnish the pure
ligand dmadpm as a white powder, m.p. = 99 — 103 °C. 'H NMR (500 MHz; CDCl;): & 8.14 (d, J
= 6.0 Hz, 1H), 6.56 (d, J=2.5 Hz, 1H), 6.33 (dd, J = 6.0, 2.6 Hz, 1H), 4.07 (s, 1H), 2.94 (s, 6H).
PC NMR (126 MHz; CDCL3): § 159.8, 154.9, 149.2, 106.1, 104.7, 48.1, 39.1. HRMS (ESI+) (m/2)
caled [M+H]" for C;5sH,;N4257.1766; found, 257.1773. The sublimed ligand was recrystallized
from ethyl acetate and hexane to produce crystals that were suitable for X-ray diffraction, which
yielded a crystal structure consistent with the product. The CIF file is available for download from

the CCDC, and may be referenced by CCDC deposition # 143727.
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Earlier procedures using KOH as the reductant did not reduce the hydrazone intermediate
completely, but KO/Bu gave complete reduction, usually within 6 hours. Dmadpm does not go
through a GC-FID well, but reactions were judged complete when the ketone peak was gone.
Samples for GC analysis in hydrazine were removed from the reaction and put into a vial in the
hood. Water (ImL) and CH,Cl, (1mL) were added, and the sample was shaken in a vial or micro
sep funnel. The water layer was removed and the CH,Cl, layer was dried with sodium sulfate

briefly before injection of the sample into the GC-FID.

III. Data:

Table 2.1 Electronic Effects on Borylation Regioselectivities

Table 2.1, Entry 1: Selectivity of 4-tBu substituted bpy ligand.
1.5 mol% [Ir(OMe)cod],

t-Bu t-Bu
cl 30mol% { - cl cl
A\
\ N\

4.0 equiv Bpin +

0.1 equiv HBpin

0.5 equiv Bopin, F Bpin

F Hexane rt 24 h F 2a 2b P

1.0 mmol based on B equivalents ratio of crude material by GC1.8:1

(0.5 mmol Bypin, = 1.0 mmol B equivalents)

A solution containing HBpin (15.5 mg, 17 uL, 0.12 equiv) in 1.0 mL hexane was
transferred into a test tube containing [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). This
mixture was transferred into a test tube containing the ligand 4,4'-di-fert-butyl-2,2'-dipyridyl
(dtbpy) (8 mg, 0.03 mmol 3 mol%) followed by a 1.0 mL hexane rinse. This solution was
transferred to a 20 mL vial. Bypiny (127 mg, 0.5 mmol, 0.5 equiv = 1.0 mmol boron equivalents)
was added to the vial followed by a 1.0 mL hexane rinse. A stir bar was added and the solution

was stirred for 15 minutes. 1-Chloro-3-fluorobenzene (522 mg, 428 uL, 4.0 mmol, 4.0 equiv) was
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then added by pipettor into the reaction vial. The reaction was allowed to stir at ambient
temperature in the glove box for 24 hours. After 24 hours, the GC sample of the reaction was taken,

and a ratio of 1.8:1 of 2a:2b was observed.

Table 2.1, Entry 2: Selectivity of 4-NMe, substituted bpy ligand.
1.5 mol% [Ir(OMe)cod],

MGQN NMez
Cl 3.0 mol% m Cl Cl
77\

7 \_7

4.0 equiv Bpin +
0.1 equiv HBpin

F 0.5 equiv Bypiny F F Bpin
1 Hexane rt 24 h 2a 2b
1.0 mmol based on B equivalents ratio of crude material by GC 2.2:1

(0.5 mmol B,pin, = 1.0 mmol B equivalents)

A solution containing HBpin (15.5 mg, 17 puL, 0.12 equiv) in 1.0 mL hexane was
transferred into a test tube containing [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). This
mixture was transferred into a test tube containing the ligand N N NN '-tetramethyl-[2,2'-
bipyridine]-4,4'-diamine (7.3 mg, 0.03 mmol, 3 mol%) followed by a 1.0 mL hexane rinse. This
solution was transferred to a 20 mL vial. B,Pin, (127 mg, 0.5 mmol, 0.5 equiv = 1.0 mmol boron
equivalents) was added to the vial followed by a 1.0 mL hexane rinse. A stir bar was added and
the solution was stirred for 15 minutes. 1-chloro-3-fluorobenzene (522 mg, 428 pL, 4.0 mmol, 4.0
equiv) was then added into the reaction vial. The reaction was allowed to stir at ambient

temperature in the glove box for 24 hours. After 24 hours, a GC sample was taken and a ratio of

2.2:1 2a:2b was observed.
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Table 2.1, Entry 3: Selectivity of 4-CF; substituted bpy ligand.
1.5 mol% [Ir(OMe)cod],

FsC CF3
cl 30mol% ( o cl Cl
77\

VAW

4.0 equiv Bpin +
0.1 equ_iv HBpin

F 0.5 equiv Bypin, F F Bpin
1 Hexane rt 24 h 2a 2b
1.0 mmol B equivalents ratio of crude material by GC 1:1.6

0.5 mmol Bypin, = 1.0 mmol B equivalents

A solution containing HBpin (15.4 mg, 17 uL, 0.12 equiv) in 1.0 mL hexane was
transferred into a test tube containing [[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). This
mixture was transferred into a test tube containing the ligand 4,4'-bis(trifluoromethyl)-2,2'-
bipyridine (8.8 mg, 0.03 mmol, 3 mol%) followed by a 1.0 mL hexane rinse. This solution was
transferred to a 20 mL vial. B,pin, (127 mg, 0.5 mmol, 0.5 equiv = 1.0 mmol boron equivalents)
was added to the vial followed by a 1.0 mL hexane rinse. A stir bar was added and the solution
was stirred for 15 minutes. 1-Chloro-3-fluorobenzene (522 mg, 428 pL, 4.0 mmol, 4.0 equiv)
was then added into the reaction vial. The reaction was allowed to stir at ambient temperature in

the glove box for 24 hours. After 24 hours, the GC ratio was taken.

Table 2.3: Borylation of 3-Fluorochlorobenzene Selectivity Comparison

Conversion was assessed by integration of '’F NMR spectra. The theoretical yield for
complete conversion corresponds to 1.0 mmol of borylated products, thus, for reactions with a 4-
fold excess of substrate, 25% of the total '°F resonances. The sum of the % borylated isomers
divided by 25% was used to calculate the conversion. ''B NMR spectra were also taken to confirm

the presence or absence of HBpin (a doublet at 27 ppm). The presence of HBpin indicated
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incomplete conversion of boron equivalents into borylated products; and the absence of HBpin

confirmed complete conversion of boron equivalents.

Table 2.3, Entry 1: Selectivity of bozo ligand.

Cl 1.5 mol% [Ir(OMe)cod], cl Cl
3.0 mol% bozo
4.0 equiv Bpin +
0.1 equiv HBpin
F F F
2a

0.5 equiv Bypin, Bpin
1 Hexane rt 24 h 2b
1.0 mmol B equivalents ratio of crude material by GC1:3.3
(0.5 mmol Bypin, = 1.0 mmol B equivalents) isolated yield 65% (1:3.6)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. 1.0 mL hexane was added to the vial, resulting in a clear, light yellow solution.
HBpin (15.4 mg, 17 pL, 0.12 mmol) was added into the vial, and the solution turned a deep gold
color. The ligand 2,2’-Bis(2-oxazoline) (bozo) (4.2 mg, 0.03 mmol, 3.0 mol%) was weighed into
a test tube and transferred as a solid into the reaction vial. The test tube was rinsed with 1.0 mL
hexane and the rinse was added to the reaction vial. The solution turned a cherry red color. B,pin,
(127 mg, 0.5 equiv 0.5 mmol = 1.0 mmol boron equivalents) was weighed into a test tube and
added into the reaction mixture as a solid. The test tube was rinsed twice with 1.0 mL hexane and
the rinses were added into the reaction vial. The mixture was stirred for 5 minutes until most solids
were dissolved. Excess substrate (0.428 mL, 522.2 mg, 4.0 mmol, 4.0 equiv) was added. No initial
gas evolution was observed. The sides of the vial were rinsed down with an additional 1.0 mL of
hexane for a total volume of 5.0 mL. The reaction was closed with a screw cap and allowed to stir
in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample

was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1:3.7 borylated
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isomers was observed by '’F NMR and 74% conversion was calculated. The ''B NMR showed
unreacted HBpin present in the reaction mixture. A GC of the reaction showed a ratio of 1:3.3.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude material was
dissolved in a minimum amount of CH,Cl, and applied to a 2 g silica plug eluting with CH,Cl; to
afford a mixture of borylated isomers and excess starting material. The starting material was
removed by high vacuum to leave 166 mg, (65% isolated yield), of clear oil that was determined

by "°F NMR to be a 1:3.6 ratio of 2a:2b.

Table 2.3, Entry 2: Selectivity of bnbozo ligand.

Cl 1.5 mol% [Ir(OMe)cod],
) 3.0 mol% bnbozo
4.0 equiv Bpin
0.1 equw HBpin
F

0.5 equiv Bypin, Bpln
1 Hexane rt 24 h
1.0 mmol B equivalents ratlo of crude materlal by GC 1:24
(0.5 mmol Bypin, = 1.0 mmol B equivalents) isolated yield 65% (1:2.5)

[Ir(OMe)cod]> (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (15.4 mg, 17 pL, 0.12 mmol, 0.12 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand 2,2'-bis[(4S)-4-benzyl-2-oxazoline] (bnbozo) (10 mg, 0.03 mmol, 3.0
mol%) was weighed into a test tube and transferred as a solid into the reaction vial. The test tube
was rinsed with 1.0 mL hexane and the rinse was added to the reaction vial. The solution turned a
cherry red color. Bopin, (127 mg, 0.5 equiv, 0.5 mmol = 1.0 mmol boron equivalents) was weighed
into a test tube and added into the reaction mixture as a solid. The test tube was rinsed twice with
1.0 mL hexane and the rinses were added into the reaction vial. The mixture was stirred for 5
minutes until most solids were dissolved. Excess substrate (428 pL, 522 mg, 4.0 mmol, 4.0 equiv)

was added. No initial gas evolution was observed. The sides of the vial were rinsed down with an
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additional 1.0 mL of hexane for a total volume of 5.0 mL. The reaction was closed with a screw
cap and allowed to stir in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1:2.5 borylated
isomers 2a:2b was observed by '’F NMR and 79% conversion was calculated. The ''B NMR
showed unreacted HBpin present in the reaction mixture. A GC of the reaction showed a ratio of
1:2.4 borylated isomers 2a:2b.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2 g silica plug eluting
with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 152 mg (60% isolated yield), of clear oil that was

determined by '’F NMR to be a 1:2.5 mixture of 2a:2b.

Table 2.3, Entry 3: Selectivity of dtbpy ligand.

Cl 1.5 mol% [Ir(OMe)cod],
. 3.0 mol% dtbpy
4.0 equiv Bpin
0.1 equw HBpin
F

0.5 equiv Bypin, Bpln
1 Hexane rt 24 h
1.0 mmol B equivalents ratio of crude material by GC 1.8:1
(0.5 mmol Bypin, = 1.0 mmol B equivalents) isolated yield 99% (1.8:1)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (15.4 mg, 17 pL, 0.12 mmol, 0.12 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbpy) (5 mg, 0.03 mmol, 3 mol%)

was weighed into a test tube and transferred as a solid into the reaction vial. The test tube was
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rinsed with 1.0 mL hexane and the rinse was added to the reaction vial. The solution turned dark
red color. Bypin, (127 mg, 0.5 equiv, 0.5 mmol = 1 mmol boron equivalents) was weighed into a
test tube and added into the reaction mixture as a solid. The test tube was rinsed twice with 1.0 mL
hexane and the rinses were added into the reaction vial. The mixture was stirred for 2 minutes and
all solids were dissolved. Excess substrate (428 pL, 522.2 mg, 4.0 mmol, 4.0 equiv) was added.
The sides of the vial were rinsed down with an additional 1.0 mL of hexane for a total volume of
5.0 mL. The reaction was closed with a screw cap and allowed to stir in the glove box at ambient
temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1.7:1 2a:2b
borylated isomers was observed by '°F NMR and > 99% conversion was calculated. The ''B NMR
showed no HBpin present in the reaction mixture. A GC of the reaction showed a ratio of 1.8:1
2a:2b borylated isomers.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2 g silica plug eluting
with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 255 mg, (99% isolated yield), of clear oil that was

determined by '’F NMR to be a 1.8:1 ratio of 2a:2b borylated isomers.
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Table 2.3, Entry 4: Selectivity of dpm ligand.

Cl 1.5 mol% [I(OMe)cod], cl Cl
, 3.0 mol% dpm
4.0 equiv Bpin +
0.1 equiv HBpin
F 0.5 equiv Bypin, F F Bpin
1 Hexane rt 24 h 2a 2b
1.0 mmol B equivalents ratio of crude material by GC 2.4:1
(0.5 mmol Bypin, = 1.0 mmol B equivalents) isolated yield 75% 2.4:1

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (15.4 mg, 17 pL, 0.12 mmol, 0.12 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand dipyridyl methane, (dpm) (5 mg, 0.03 mmol, 3 mol%) was weighed
into a test tube dissolved in 1.0 mL hexane. The solution was transferred in to the reaction vial.
The test tube was rinsed with 1.0 mL hexane and the rinse was added to the reaction vial. The
solution turned orange color. B,pin, (127 mg, 0.5 equiv, 0.5 mmol = 1.0 mmol boron equivalents)
was weighed into a test tube and added into the reaction mixture as a solid. The test tube was rinsed
twice with 1.0 mL hexane and the rinses were added into the reaction vial. The mixture was stirred
for 2 minutes and all solids were dissolved. Excess substrate (428 puL, 522.2 mg, 4.0 mmol, 4.0
equiv) was added. No initial gas evolution was observed. The sides of the vial were rinsed down
with an additional 1.0 mL of hexane for a total volume of 5.0 mL. The reaction was closed with a
screw cap and allowed to stir in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 2.3:1 2a:2b

borylated isomers was observed by '’F NMR and 89% conversion was calculated. The ''B NMR
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showed a small amount of HBpin present in the reaction mixture. A GC of the reaction showed a
mixture of borylated isomers in a 2.4:1 ratio of 2a:2b.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2 g silica plug eluting
with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 191 mg, (75% isolated yield), of clear oil that was

determined by '’F NMR to be a mixture of borylated isomers in a 2.2:1 ratio of 2a:2b.

Table 2.3, Entry 5: Selectivity of dmadpm ligand.

Cl 1.5 mol% [Ir(OMe)cod],
. 3.0 mol% dmadpm
4.0 equiv Bpin
0.1 equw HBpin

F 0.5 equiv Bypin, Bpin
1 Hexane rt 24 h
1.0 mmol B equivalents ratio of crude material by GC 2.9:1
(0.5 mmol Bypin, = 1.0 mmol B equivalents) isolated yield 76% (2.8:1)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
0.12 equiv HBpin (15.4 mg, 17 pL, 0.12 mmol) was added into the vial, and the solution turned a
deep gold color. The ligand, dimethylamino dipyridyl methane, (dmadpm) (8mg, 0.03 mmol, 3
mol%) was weighed into a test tube and transferred as a solid into the reaction vial. The test tube
was rinsed with 1.0 mL hexane and the rinse was added to the reaction vial. The solution turned
yellow-orange color. B;Pin, (127 mg, 0.5 equiv, 0.5 mmol = 1.0 mmol boron equivalents) was
weighed into a test tube and added into the reaction mixture as a solid. The test tube was rinsed
twice with 1.0 mL hexane and the rinses were added into the reaction vial. The mixture was stirred
for 2 minutes and all solids were dissolved. Excess substrate (0.428 mL, 522.2 mg, 4.0 mmol, 4.0

equiv) was added. No initial gas evolution was observed. The sides of the vial were rinsed down
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with additional hexane (1.0 mL) for a total volume of 5.0 mL. The reaction was closed with a
screw cap and allowed to stir in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCl; and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 2.9:1 borylated
isomers was observed complete conversion was calculated. The ''B NMR showed a small amount
of HBpin present in the reaction mixture. A GC of the reaction showed a ratio of borylated isomers.
The reaction was concentrated by rotary evaporation to leave a brown oil. The crude material was
dissolved in a minimum amount of CH,Cl, and applied to a 2 g silica plug eluting with CH»Cl; to
afford a mixture of borylated isomers and excess starting material. The starting material was
removed by high vacuum to leave 177 mg, (69% isolated yield), of clear oil that was determined

by '°F NMR to be a 2.8:1 ratio 2a:2b.
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Table 2.4: 6-Membered Arenes and Heterocycles

Table 2.4, Entry 1

Cl Cl

D

F 2a F2b Bpin

Characterization of 2a and 2b

Steric isomer 2a: '"H NMR (500 MHz; CDCls): 6 7.54 (d, J=1.9 Hz, 1H), 7.35 (dd, J=8.5,2.4
Hz, 1H), 7.14 (dt, J= 8.7, 2.2 Hz, 1H), 1.32 (s, 12H). *C NMR (126 MHz; CDCL): § 162.3 (d, J
=250.3 Hz), 134.7 (d,J=9.0 Hz), 130.3 (d, /=29 Hz), 119.3 (d, /= 19.8 Hz), 118.8 (d, /= 24.8
Hz), 84.4, 24.8. C5 adjacent to Boron is not visible due to quadrupolar relaxation. ''B NMR (160
MHz; CDCl;) & 30.2. "’F NMR (470 MHz CDCl3) & -111.9. 10a was isolated as a clear oil.
Electronic isomer 2b: 'H NMR (500 MHz; CDCl3): 6 7.65 (dd, J=17.9, 6.7 Hz, 1H), 7.11 (dd, J
= 8.0, 1.8 Hz, 1H), 7.04 (dd, J=9.1, 1.8 Hz, 1H), 1.33 (s, 12H). °C NMR (126 MHz; CDCL;): &
167.1 (d, J =254.6), 138.4 (d, 11.1 Hz), 137.6 (d, J = 9.3 Hz), 124.2 (d, J = 3.0 Hz), 116.1 (d, J =
27.7 Hz), 84.1, 24.8. C4 adjacent to Boron is not visible due to quadrupolar relaxation. '’F NMR
(470 MHz; CDCLs): 8 -100.5 (t, J= 7.5 Hz). ''B NMR (160 MHz; CDCl5): & 29.9. 10b was isolated
as a white crystalline solid, mp 71 -72 °C. Spectra for 2b matches previously reported data for this

9
compound.
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Table 2.4, Entry 1: Selectivity of dtbpy ligand.

Cl 1.5 mol% [Ir(OMe)cod], Cl Cl
3.0 mol% dtbpy
Bpin +
2.0 equiv HBpin
F F F
2a

1 Hexane rt 24 h

Bpin
2b

1.0 mmol ratio of crude material by GC 1.8:1
isolated yield 99% (1.8:1)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (254 mg, 190uL, 2.0 mmol, 2.0 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbpy) (8 mg, 0.03 mmol, 3 mol%)
was weighed into a test tube and transferred as a solid into the reaction vial. The test tube was
rinsed with 1.0 mL hexane and the rinse was added to the reaction vial. The solution turned dark
red color. The mixture was allowed to stir for 2 minutes and all solids were dissolved. Substrate
(107 uL, 131 mg, 1.0 mmol, 1.0 equiv) was added. The sides of the vial were rinsed down with an
additional 1.0 mL of hexane for a total volume of 3.0 mL. The reaction was closed with a screw
cap and allowed to stir in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1.8:1 2a:2b
borylated isomers was observed by '’F NMR and > 99% conversion was observed. The ''B NMR
showed no HBpin present in the reaction mixture. A GC of the reaction showed a ratio of 1.8:1
2a:2b borylated isomers.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude

material was dissolved in a minimum amount of CH,Cl,, and applied to a 2g silica plug eluting
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with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 255 mg, (99% isolated yield), of clear oil that was

determined by '’F NMR to be a 1.8:1 ratio of 2a:2b borylated isomers.

Table 2.4, Entry 1: Selectivity of dpm ligand.

Cl 1.5 mol% [Ir(OMe)cod], Cl c
_ 3.0 mol% dpm
4.0 equiv Bpin  +
0.1 equiv HBpin

F 0.5 equiv Bypin, F F Bpin
1 Hexane rt 24 h 2a 2b

1.0 mmol ratio of crude material by GC 2.4:1
isolated yield 75% 2.4:1

Note: the ratio of 2a:2b varied depending on the conditions. Typical ratios in hexane
without excess substrate is 1.8:1, in THF 2:1. Using these conditions with 4-fold excess of starting
substrate in hexane with B,pin, produced the best ratio, 2.4:1.

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. Hexane (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (15.4 mg, 17 pL, 0.12 mmol, 0.12 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand dipyridyl methane, (dpm) (5 mg, 0.03 mmol, 3 mol%) was weighed
into a test tube and transferred as a solid into the reaction vial. The test tube was rinsed with 1.0
mL hexane and the rinse was added to the reaction vial. The solution turned orange color. B,pin,
(127 mg, 0.5 equiv, 0.5 mmol = 1.0 mmol boron equivalents) was weighed into a test tube and
added into the reaction mixture as a solid. The test tube was rinsed twice with 1.0 mL hexane and
the rinses were added into the reaction vial. The mixture was allowed to stir for 2 minutes and all
solids were dissolved. Excess substrate (428 uL, 522.2 mg, 4.0 mmol, 4.0 equiv) was added. No

initial gas evolution was observed. The sides of the vial were rinsed down with an additional 1.0
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mL of hexane for a total volume of 5.0 mL. The reaction was closed with a screw cap and allowed
to stir in the glove box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 2.3:1 2a:2b
borylated isomers was observed by '’F NMR and 89% conversion was calculated. The ''B NMR
showed a small amount of HBpin present in the reaction mixture. A GC of the reaction showed a
mixture of borylated isomers in a 2.4:1 ratio of 2a:2b.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2g silica plug eluting
with CH,Cj, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 191 mg, (75% isolated yield), of clear oil that was
determined by '’F NMR to be a mixture of borylated isomers in a 2.2:1 ratio of 2a:2b. This mixture
was dissolved in hexane and applied to a 5g silica plug eluting in hexane. The fractions were
analyzed by TLC using 10% diethyl ether in hexane as eluent, then the TLC plates were treated
with alizarin stain. Most fractions gave rise to only one spot, pure 2a (1= 0.6), while the last 10
fractions showed traces of 2b as a second spot (ry= 0.52). The fractions containing only one spot
were combined and concentrated to yield 73 mg of a clear, colorless oil that was pure 2a by GC

and ’F NMR.
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Table 2.4, Entry 1: Selectivity of bnbozo ligand.

cl 1.5 mol% [I(OMe)cod], Cl cl
3.0 mol% bnbozo
Bpin +
1.0 equiv HBpin
1 2a 2b
1.0 mmol ratio of crude material by GC 1:2.4

isolated yield 65% (1:2.5)

[Ir(OMe)cod]> (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. THF (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin 127 mg, 145 pL, 1.0mmol, 1.0 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand 2,2'-bis[(4S)-4-benzyl-2-oxazoline] (bnbozo) (10 mg, 0.03 mmol, 3.0
mol%) was weighed into a test tube and transferred as a solid into the reaction vial. The test tube
was rinsed with 1.0 mL THF and the rinse was added to the reaction vial. The solution turned a
cherry red color. The mixture was stirred for 5 minutes until most solids were dissolved. Substrate
(107 pL, 131 mg, 1.0 mmol, 1.0 equiv) was added. No initial gas evolution was observed. The
sides of the vial were rinsed down with an additional 1.0 mL of THF for a total volume of 3.0 mL.
The reaction was closed with a screw cap and allowed to stir in the glove box at ambient
temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1:2.5 borylated
isomers 2a:2b was observed by °F NMR and 79% conversion was observed. The ''B NMR
showed unreacted HBpin present in the reaction mixture. A GC of the reaction showed a ratio of

1:2.4 borylated isomers 2:2b.
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The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2g silica plug eluting
with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 152 mg (60% isolated yield), of clear oil that was

determined by '’F NMR to be a 1:2.5 mixture of 2a:2b.

Table 2.4, Entry 1: Selectivity of bozo ligand.

Cl 1.5 mol% [Ir(OMe)cod], Cl Cl
3.0 mol% bozo
Bpin +
2.0 equiv HBpin
F F
2a

F THF rt 24 h
1

Bpin
2b

1.0 mmol ratio of crude material by GC1:3.3
isolated yield isomer mixture 65% (1:3.6)
isolated crystals 40.1 mg 2b, 16%
[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. 1.0 mL THF was added to the vial, resulting in a clear, light yellow solution. HBpin
(127 mg, 145 pL, 1.0 mmol) was added into the vial, and the solution turned a deep gold color.
The ligand 2,2’-Bis (2-oxazoline) (bozo) (4.2 mg, 0.03 mmol, 3.0 mol%) was weighed into a test
tube and transferred as a solid into the reaction vial. The test tube was rinsed with 1.0 mL THF
and the rinse was added to the reaction vial. The solution turned a cherry red color. The mixture
was allowed to stir for 5 minutes until most solids were dissolved. Substrate (107 uL, 131 mg, 1.0
mmol, 1.0 equiv) was added. No initial gas evolution was observed. 1 mL THF was added for a
total volume of 3.0 mL. The reaction was closed with a screw cap and allowed to stir in the glove
box at ambient temperature for 24 h.

After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was

removed with a pipette. The aliquot was mixed with CDCls and put into an NMR tube. The sample
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was subjected to '’F NMR and ''B NMR to assess reaction conversion. A ratio of 1:3.7 borylated
isomers was observed by '’F NMR and 74% conversion was obseved. The ''B NMR showed
unreacted HBpin present in the reaction mixture. A GC of the reaction showed a ratio of 1:3.3.
The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of CH,Cl,, and applied to a 2g silica plug eluting
with CH,Cl, to afford a mixture of borylated isomers and excess starting material. The starting
material was removed by high vacuum to leave 166 mg, (65% isolated yield), of clear oil that was
determined by '’F NMR to be a 1:3.6 ratio of 2a:2b. 1.0 mL hexane was added to the mixture and
the solution was put in the -30 °C freezer for two days. Large, square white crystals formed in
clumps. The supernatant was decanted and the crystals were washed twice in in ice cold hexane.
The crystals were dried and 40.1 mg crystals were collected after drying. The crystals were shown

to be single isomer 10b by NMR.

Table 2.4, Entry 2

Bpin

F Br F Br

3a 3b

Characterization of 3a and 3b

Major isomer 3a: "H NMR (500 MHz; CDCl5): 6 7.72 (d,J=1.1 Hz, 1H), 7.42 (dd, J=8.5, 2.2
Hz, 1H), 7.33 (dt, J = 8.3, 2.1 Hz, 1H), 1.35 (s, 12H). °C NMR (126 MHz; CDCl;), § 162.5 (d, J
=251.8),133.4(d,J=3.4 Hz), 122.5 (d, ] = 8.4 Hz), 121.8 (d, 24.7 Hz), 119.9 (J=19.2 Hz), 84.6,
25.0. (B-C not observed due to quadrupolar relaxation). "’F NMR (470 MHz CDCls) & -111.6.

"B NMR (160 MHz, CDCl3) 8 30.0. Spectra matches reported data for isomer 3a."
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Minor isomer 3b: 'H-NMR (500 MHz; CDCl5): 6 7.61 (dd, J=17.9, 6.6 Hz, 1H), 7.30 (dd, J =
8.0, 1.7 Hz, 1H), 7.24 (dd, J = 8.8, 1.6 Hz, 1H), 1.36 (s, 12H). °C NMR (126 MHz; CDCl3, &
166.8 (d, J =255.7 Hz), 137.8 (d, J = 9.4 Hz), 127.1 (d, ] = 3.0 Hz) 126.4 (d, J = 10.3 Hz), 119.0
(d, J =27.1 Hz), 84.1, 24.8. . (B-C not observed due to quadrupolar relaxation) '’F NMR (470
MHz CDC3) 8 -100.3. "'B NMR (160 MHz, CDCls) & 30.0. Spectra matches reported data for

. 9
1somer 3b.

Table 2.4, Entry 2: Selectivity of dtbpy Ligand

Bpin
1.5 mol% [Ir(OMe)cod], inB
@\ 3.0 mol% dtbpy /@\ P :@\
+
F Br 2.0 equiv HBpin F Br F Br
THF rt24 h
3 3a 3b
1.0 mmol ratio of crude material by GC 7:1

isolated yield 82 % (3:1)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. THF (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (254 mg, 290 pL, 2.0 mmol, 2.0 equiv) was added into the vial, and the solution turned a
deep gold color. The ligand 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbpy) (8 mg, 0.03 mmol, 3 mol%)
was weighed into a test tube and transferred as a solid into the reaction vial. The test tube was
rinsed with 1.0 mL THF and the rinse was added to the reaction vial. The solution turned dark red
color. The mixture was allowed to stir for 2 minutes and all solids were dissolved. Substrate (112
pL, 175 mg, 1.0 mmol, 1.0 equiv) was added. The sides of the vial were rinsed down with an
additional 1.0 mL of THF for a total volume of 3.0 mL. The reaction was closed with a screw cap

and allowed to stir in the glove box at ambient temperature for 24 h.
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After 24 hours, a ratio of 3:1 3a:3b borylated isomers and 90% conversion was observed
was observed by '’F NMR aand GC-FID.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of 1:1 decm:hexane and applied to a 3g silica plug
eluting with 1:1 dem:hexane to afford a mixture of borylated isomers and residual starting material.
Residual starting material was removed by high vacuum to leave 245 mg, (82% isolated yield), of

clear oil that was determined by '’F NMR to be a 3:1 ratio of 3a:3b borylated isomers.

Table 2.4, Entry 2: Selectivity of dpm Ligand

Bpin
1.5 mol% [Ir(OMe)cod], .
Q 3.0 mol% dpm /@\ P'”Bj@\
+
F Br 2.0 equiv HBpin F Br F Br
THF rt24 h
3 3a 3b
1.0 mmol ratio of crude material by GC 7:1

isolated yield 60 % (7.2:1)

[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. THF (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (254 mg, 290 uL, 2 mmol, 2 equiv) was added into the vial, and the solution turned a deep
gold color. The ligand dipyridyl methane, (dpm) (5 mg, 0.03 mmol, 3 mol%) was weighed into a
gc vial and dissolved in 1.0 mL THF. The solution was transferred into the reaction vial with a
Pasteur pipette. The gc vial was rinsed with 1.0 mL THF and the rinse was added to the reaction
vial. The solution turned orange. The substrate (112 pL, 175 mg, 1 mmol, 1 equiv) was taken up
by pipettor and added into the reaction vial. The reaction was closed with a screw cap and allowed

to stir in the glove box at ambient temperature for 24 h.
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After 24 hours, the vial was opened in the glove box and an aliquot of the reaction was
removed with a pipette. The aliquot was mixed with CDCl; and put into an NMR tube. 89%
conversion and a ratio of 3:1 3a:3b borylated isomers was observed by '°F NMR and GC-FID.

The reaction was concentrated by rotary evaporation to leave a brown oil. The crude
material was dissolved in a minimum amount of 1:1 decm:hexane and applied to a 3g silica plug
eluting with 1:1 dem:hexane to afford a mixture of borylated isomers and residual starting material.
The starting material was removed by high vacuum to leave 180 mg, (60% isolated yield), of clear

oil that was determined by '’F NMR to be a mixture of borylated isomers in a 7.2:1 ratio of 3a:3b.

Table 2.4, Entry 2: Selectivity of bnbozo Ligand

Bpin
1.5 mol% [Ir(OMe)cod], inB
O\ 3.0 mol% bnbozo /@\ P :@\
+
F Br 2.0 equiv HBpin F Br F Br
THF rt48 h
3 3a 3b
1.0 mmol ratio of crude material by GC 1:1.6

51% conversion

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2'-Bis[(4S)-
4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol %) and
added as a solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the
rinse was added to the vial. 3-fluorobromobenzene (0.175 g, 112 puL, 1.0 mmol, 1.0 equiv) was
taken up by pipettor and added into the stirring mixture in the vial. Additional THF (1.0 mL) was
added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw cap and

allowed to stir at ambient temperature in the glove box for 48 hours. After 48 h, 51% conversion
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was seen by GC-FID and "°F NMR. A ratio of 1:1.6 3a:3b was seen by '°’F NMR. Due to low

conversion, the products were not isolated.

Table 2.4, Entry 2: Selectivity of bozo Ligand

Bpin
1.5 mol% [Ir(OMe)cod], inB
O\ 3.0 mol% bozo /@\ P :@\
+
F Br 2.0 equiv HBpin F Br F Br
THF rt48 h
3 3a 3b
1.0 mmol ratio of crude material by GC 1:1.8

41% conversion

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2’-Bis(2-
oxazoline) (box) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the rinse was added
to the vial. 3-fluorobromobenzene (0.175 g, 112 pL, 1.0 mmol, 1.0 equiv) was taken up by pipettor
and added into the stirring reaction vial. Additional THF (1.0 mL) was added for a total volume
of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box for 48 hours. After 48 h, 41% conversion was seen by GC-FID and '°F NMR. A

ratio of 1:1.8 3a:3b was seen by '’F NMR. Due to low conversion, the products were not isolated.
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Table 2.4, Entry 3

Bpin
F | F |
4a 4b

Characterization of 4a and 4b

Major isomer 4a: "H-NMR (500 MHz; CDCl3): & 7.89 (s, 1H), 7.49 (ddd, J = 8.1, 2.5, 1.6 Hz,
1H), 7.42 (dd, J = 8.6, 2.3 Hz, 1H), 1.32 (s, 12H). >C NMR (126 MHz; CDCl;): & 161.9 (d, ] =
252.6 Hz), 139.2 (d, J = 3.5 Hz), 127.3 (d, J = 23.2 Hz), 120.4 (d, J = 19.2 Hz), 93.6 (d, ] = 6.9
Hz), 84.4, 24.8. (B-C not observed due to quadrupolar relaxation). PF NMR (240 MHz,
CDCL) & -111.5. "B NMR (160 MHz, CDCl5) 29.9.

Minor isomer 4b: Minor isomer 4b was seen in NMRs in minor amounts that matched the

reported data for 4b which is known literature compound.''

Table 2.4, Entry 3: Selectivity of dtbpy Ligand

Bpin
1.5 mol% [Ir(OMe)cod], inB
@\ 3.0 mol% dtbpy /@\ P :@\
+
F | 2.0 equiv HBpin F [ F |
THF rt24 h
4 4a 4b

1.0 mmol ratio of crude material by GC 2.8:1

isolated yield 87 % (3:1)
[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. THF (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (254 mg, 290 pL, 2.0 mmol, 2.0 equiv) was added into the vial, and the solution turned a

deep gold color. The ligand 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbpy) (8 mg, 0.03 mmol, 3 mol%)
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was weighed into a test tube and transferred as a solid into the reaction vial. The test tube was
rinsed with 1.0 mL THF and the rinse was added to the reaction vial. The solution turned dark red
color. The mixture was allowed to stir for 2 minutes and all solids were dissolved. Substrate (117
pL, 222 mg, 1.0 mmol, 1.0 equiv) was added. The sides of the vial were rinsed down with an
additional 1.0 mL of THF for a total volume of 3.0 mL. The reaction was closed with a screw cap
and allowed to stir in the glove box at ambient temperature for 24 h. After 24 h, GC-FID and 19F
NMR showed 88% conversion with ratio 2.8:1. The reaction was concentrated by rotary
evaporation and the crude residue was dissolved in 1:1 dcm:hexane and subjected to a 3g silica
column eluting with 1:1 dem:hexane. A clear oil that was 3:1 mixture of borylated isomers 4a:4b
and residual starting material was obtained. The residual stating material was removed under high

vacuum to leave 306 mg clear oil (87% isolated yield).

Table 2.4, Entry 3: Selectivity of dpm Ligand

Bpin
1.5 mol% [Ir(OMe)cod], .
@\ 3.0 mol% dpm /@\ plnBj@\
+
F | 2.0 equiv HBpin F [ F |
THF rt48 h
4 4a 4b

1.0 mmol ratio of crude material by GC 6.8:1

isolated yield 60 % (6.8:1)
[Ir(OMe)cod], (10 mg, 0.015 mol, 3.0 mol% Ir) was charged into a 20 mL vial equipped
with a stir bar. THF (1.0 mL) was added to the vial, resulting in a clear, light yellow solution.
HBpin (254 mg, 290 uL, 2 mmol, 2 equiv) was added into the vial, and the solution turned a deep
gold color. The ligand dipyridyl methane, (dpm) (5 mg, 0.03 mmol, 3 mol%) was weighed into a
gc vial and dissolved in 1.0 mL THF. The solution was transferred into the reaction vial with a
Pasteur pipette. The gc vial was rinsed with 1.0 mL THF and the rinse was added to the reaction

vial. The solution turned orange. The substrate (117 puL, 222 mg, 1 mmol, 1 equiv) was taken up
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by pipettor and added into the reaction vial. The reaction was closed with a screw cap and allowed
to stir in the glove box at ambient temperature for 24 h. After 24 h, 90% conversion and a ratio of
6.8:1 4a:4b was observed by a GC-FID and '’F NMR. The reaction was concentrated by rotary
evaporation. The crude material was dissolved in 1:1 decm:hexane and passed through a silica plug
eluting in 1:1 dem:hexane. The residual starting material was removed by high vacuum leaving

209 mg clear oil (60% yield) that was 6.8:1 4a:4b by '°F NMR.

Table 2.4, Entry 3: Selectivity of bnbozo Ligand

Bpin
1.5 mol% [Ir(OMe)cod], inB
@\ 3.0 mol% bnbozo /@\ P! :@\
+
F | 2.0 equiv HBpin F [ F |
THF rt48 h
4 4a 4b
1.0 mmol ratio of crude material by GC 1:1.3

2% conversion

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2'-Bis[(4S)-
4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol %) and
added as a solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the
rinse was added to the vial. 3-fluorobromobenzene (0.222 g, 117 puL, 1.0 mmol, 1.0 equiv) was
taken up by pipettor and added into the stirring mixture in the vial. Additional THF (1.0 mL) was
added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw cap and
allowed to stir at ambient temperature in the glove box for 48 hours. After 48 h, only 2%
conversion was seen by GC-FID and '°F NMR. A ratio of 1:1.3 4a:4b was seen by '°’F NMR. Due

to low conversion product was not isolated.
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Table 2.4, Entry 3: Selectivity of bozo Ligand

Bpin
1.5 mol% [Ir(OMe)cod], .
@\ 3.0 mol% bozo /@\ plnBj@\
+
F | 2.0 equiv HBpin F [ F |
THF rt48 h
4 4a 4b

1.0 mmol ratio of crude material by GC 1:2.6

30 % conversion

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2’-Bis(2-
oxazoline) (box) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the rinse was added
to the vial. 3-fluoroiodobenzene (0.222 g, 117 pL, 1.0 mmol, 1.0 equiv) was taken up by pipettor
and added into the stirring reaction vial. Additional THF (1.0 mL) was added for a total volume
of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box for 48 hours. After 48 h, 30% conversion was seen by GC-FID and '°F NMR. A

ratio of 1: 2.6 4a:4b was seen by '°F NMR. Due to low conversion, the products were not isolated.
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Table 2.4, Entry 4

Bpin
Q¢!
F N Cl F N Cl
ba 5b

Characterization of 5a and 5Sb.

Steric isomer 5a: "H NMR (500 MHz; CDCL): & 7.54 (d, J= 1.7 Hz, 1H), 7.18 (d, J=2.6
Hz, 1H), 1.33 (s, 12H). >C NMR (126 MHz; CDCl;): & 162.2 (d, J = 247.6), 148.5 (d, J = 12.3
Hz), 126.4 (d, J=4.5 Hz), 112.7 (d, J = 33.2 Hz), 85.2, 24.8. C4 adjacent to Boron is not visible
due to quadrupolar relaxation. "’F NMR (470 MHz; CDCls): & -67.4."'B NMR (160 MHz; CDCls):
8 29.6. Electronic isomer 5b: 'H NMR (500 MHz; CDCL): & 8.09 (t, J=7.9 Hz, 1H), 7.20 (dd,
J=17.6,1.7 Hz, 1H), 1.33 (s, 12H). >C NMR (126 MHz; CDCl;): § 165.8 (d, J =251.6), 157.4 (d,
J=7.6 Hz), 151.9 (d, ] = 14.8 Hz), 121.3 (d, J = 4.8 Hz), 84.6, 24.8. C5 adjacent to Boron is not
visible due to quadrupolar relaxation. '’F NMR (470 MHz; CDCl):  -56.0 (d, ] = 7.8 Hz). ''B
NMR (160 MHz; CDCls): 8 29.7. The assigned structures of Sa and 5b are also consistent with H-
F coupling constants in 'H spectra and chemical shifts in '’F NMR spectra. For detailed
information regarding H-F coupling constants in substituted fluoro-pyridines, see the following
reference. '

CHN anal. calcd C, 51.31; H, 5.48; N, 5.44; found C, 51.49; H, 5.89; N, 5.44. HRMS
(ESI+) (m/z) caled for C;1HsBCIFNO, [M+H]+ 258.0868, found 258.0872. The structure of steric
isomer 5a was confirmed by single crystal X-Ray diffraction. The CIF file is available for

download from the CCDC and may be referenced by CCDC deposition # 1434792.
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Table 2.4: Entry 4: Borylation with dtbpy as ligand.

2.0 equiv. HBpin Bpin
1.5 mol % [Ir(OMe)(cod)], inB
| X 3.0 mol % dtbpy | N . pin | N
F7 N7 >l THF rt 3 h F N7 el F7 N >l
5 ba 5b
1.0 mmol ratio of crude material by GC 6.5:1

isolated yield 71% (8:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). THF (1.0 mL) was added with
stirring. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv) was added. 4,4’-di-t-butyl-2,2’-bipyridine
(dtbpy) was weighed into a test tube (8 mg, 0.03 mmol, 3 mol %), and the ligand was added to the
vial as a solid. The test tube was rinsed with 1.0 mL THF and the rinse was added to the vial. 2-
chloro-6-fluoropyridine (0.132g, 1.0 mmol, 1.0 equiv) was weighed into a test tube and added last
as a solid into the stirring mixture in the vial. The test tube was rinsed with 1.0 mL of THF and the
rinse was added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw
cap and allowed to stir at ambient temperature in the glove box. The reaction was monitored by
GC and judged complete after 3 hours. The volatiles were removed by rotary evaporation to yield
brown oil. The crude ratio of borylated isomers was determined by GC and '°F NMR to be 6.5:1
Sa:Sb. The crude material was dissolved in hexane and passed through a 3g silica plug eluting with
hexanes, yielding 183 mg of white solid that was determined to be an 8:1 mixture of 5a:5b by '°F

NMR. (71% yield)
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Table 2.4: Entry 4: Borylation with dpm ligand.

2.0°equiv. HBpin Bpin
A 0+ T LN
F7 N7 >l THF rt 24 h F7 N7 >l F7 N7 >l
5a 5b
1 mmol crude ratio 23 : 1

isolated yield: 91% 22:1 mixture

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. Di-(pyridin-
2-yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5
mL THF. The solution was transferred into the vial with a Pasteur pipette. The vial was rinsed with
0.5 mL THF and the rinse was added to the vial. 2-chloro-6-fluoropyridine (0.132g, 1.0 mmol, 1.0
equiv) was weighed into a test tube and added last as a solid into the stirring mixture in the vial.
The test tube was rinsed with 1.0 mL of THF and the rinse was added to the vial for a total volume
of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box for 24 hours. After completion of the reaction, the volatile materials were removed
by rotary evaporation. The crude material was dissolved in CH,Cl, and passed through a 3 g silica
plug to afford 231 mg of the corresponding borylated product as a white solid determined by '°F

NMR to be a 22:1 mixture. (91% yield of mixture).

38



Table 2.4: Entry 4 Borylation with bnbozo as ligand:

2.0°equiv. HBpin Bpin
G i e T L P
F7 N7 >l THF rt 24 h F N7 el F7 N7 >l
5a 5b
1.0 mmol crude ratio 4.5 : 1

76% isolated yield 5:1 mixture

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2'-Bis[(4S)-
4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol %) and
added as a solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the
rinse was added to the vial. 2-chloro-6-fluoropyridine (0.132¢g, 1.0 mmol, 1.0 equiv) was weighed
into a test tube and added last as a solid into the stirring mixture in the vial. The test tube was
rinsed with 1.0 mL of THF and the rinse was added to the vial for a total volume of 3.0 mL THF.
The vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box
for 24 hours. After completion of the reaction, the volatile materials were removed on a rotary
evaporator. The crude material was dissolved in CH,Cl, and passed through a short plug of silica
to afford 183 mg of the corresponding borylated product as a white solid determined by '°F NMR

to be a 5:1 mixture.
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Table 2.4: Entry 4 Borylation with bozo as ligand:

2.0 equiv. HBpin Bpin
1.5 mol % [Ir(OMe)(cod)], pinB
| A 3.0 mol % bozo | X N | X
F7 N ¢l THF rt 24 h F7 N >cl F N7 el
ba 5b
1.0 mmol crude ratio 1.8: 1

isolated yield 77% 1.9 : 1 mixture

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring. HBpin (290 pL, 254 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. 2,2°-Bis(2-
oxazoline) (box) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the rinse was added
to the vial. 2-chloro-6-fluoropyridine (0.132g, 1.0 mmol, 1.0 equiv) was weighed into a test tube
and added last as a solid into the stirring mixture in the vial. The test tube was rinsed with 1.0 mL
of THF and the rinse was added to the vial for a total volume of 3.0 mL THF. The vial was closed
with a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours. After
completion of the reaction, the volatile materials were removed by rotary evaporation. The crude
material was dissolved in CH,Cl, and passed through a short plug of silica to afford 198 mg of a
colorless oil determined by '’F NMR to be a mixture of 1.9:1 borylated products and 10% starting

material. (77% isolated yield of products when corrected for mass of recovered starting material).
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Table 2.4, Entry 5:

Bpin
NC CN NC CN
6a 6b

Characterization of 6a and 6b.

Steric Isomer 6a: 'H NMR (500 MHz; CDCls): & 8.25 (d, J= 1.6 Hz, 2H), 7.96 (t, J= 1.6
Hz, 1H), 1.34 (s, 12H). °C NMR (126 MHz; CDCL): & 141.8, 137.1, 116.7, 113.6, 85.2, 24.8.
Carbon adjacent to Boron is not visible due to quadrupolar relaxation. ''B (160 MHz; CDCls): &
29.8. 6a was isolated as a white solid, mp 105 — 107 °C.

Electronic isomer 6b: 'H NMR (500 MHz; CDCLs): § 8.00 (d, J= 7.9 Hz, 1H), 7.93 (d, J
=0.8 Hz, 1H), 7.81 (dd, J= 7.8, 1.5 Hz, 1H), 1.37 (s, 12H). >C NMR (126 MHz; CDCL;): § 136.6,
136.1, 134.4, 118.6, 116.8, 116.7, 115.3, 85.5, 24.7. Carbon adjacent to Boron is not visible due

to quadrupolar relaxation.''B (160 MHz; CDCls): & 30.0.

Table 2.4, Entry 5: Borylation with dtbpy as ligand

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)], Bpin |
/©\ 3.0 mol % ditbpy i pinB
THF rt4 h
NC CN r N N NG N
6
6a 6b
0.1 mmol ratio of crude material by'H NMR 4.5:1

well plate reaction
The ratio under the standard conditions of Table 3 was determined in well plate screening
tests and is an average of 4 runs. A photoredox / catalysis 96 well plate was filled with 96 glass

shell vials (750 pL 8 x 30 mm). Vials in wells were equipped with micro stir bars. Reagents were
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made as stock solutions in 5 or 10 mL volumetric flasks as indicated. A 0.03 M stock solution of
[Ir(OMe)cod], was made by dissolving 0.100 g of the catalyst in 5.0 mL THF. A 0.06 M stock
solution of dtbpy was made by dissolving 0.081 g of the ligand in 5.0 mL THF. A 0.5 M stock
solution of 1,3-dicyanobenzene was made by dissolving 0.64 g of the substrate in 10.0 mL THF.

In the glove box, while stirring on a stir plate, 50 uL 0.03M [Ir(OMe)cod], stock solution
(1.5 ¥ mol, 1.5 mol %) was added into selected wells by pipettor. 30 uL. HBpin (0.2 mmol, 2
equiv.) was added into the same wells by pipettor. 50 pL of dtbpy solution was added by pipettor
into the same wells as the previous reagents. The mixtures were stirred 5 minutes, then 200 pL of
a 0.5 M stock solution of the substrate, 1,3-dicyanobenzene, (0.1 mmol, 1.0 equiv) was added into
the same wells. 50 uL THF was then added to each well in order to make the volume up to 0.35
mL. A plastic liner was placed over the vials and the top of the plate was screwed shut. The
reactions were stirred for 24 h, then analyzed by GC and NMR.

The contents of each well were removed and concentrated separately. Each well’s crude
material was weighed then dissolved in CDCl; for NMR analysis. Crude 'H NMR ratios were
determined to be 4.5:1 as an average of 2 duplicates over 2 different well plate trials. The
spectroscopic data of 6a and 6b were consistent with literature values previously reported by the
authors.

Table 2.4, Entry 5: Borylation with dpm as ligand.

2.0 equiv. HBpin

1.5 mol % [Ir(OMe)(cod)]; Bpin .
/@\ 3.0 mol % dpm /@\ meKj\
THF rt24 h
NC 6 CN r CN CN NC CN
6a 6b
1.0 mmol ratio of crude material 'H NMR 12:1
isolated yield 74% 6a
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Just prior to the reaction, the substrate was freshly sublimed and dpm ligand was passed
through a short plug of activated alumina. In a glove box under nitrogen atmosphere, a 20 mL vial
equipped with a magnetic stir bar was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol %
Ir). THF was added (1.0 mL) with stirring and a clear yellow solution resulted. HBpin (290 pL,
256 mg, 2.0 mmol, 2.0 equiv) was added into the light-yellow solution, which deepened to a clear
gold color. Di-(pyridin-2-yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3
mol%) and dissolved in 0.5 mL THEF. The solution was transferred into the vial with a Pasteur
pipette. The vial was rinsed with 0.5 mL THF and the rinse was added to the vial. 1,3-
dicyanobenzene (0.128 g, 1.0 mmol, 1.0 equiv) was weighed into a test tube and added last as a
solid into the stirring mixture in the vial. The test tube was rinsed with 1.0 mL of THF and the
rinse was added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw
cap and allowed to stir at ambient temperature in the glove box for 24 hours.

After completion of the reaction, the volatile materials were removed by rotary
evaporation. The conversion was determined by crude "H NMR to be 94% with a ratio of 12:1.
The crude material was dissolved in CH,Cl, and passed through a 2 g plug of silica to afford the
corresponding borylated product as a white solid determined by "H NMR to be a 12:1 mixture of
borylated isomers 6a:6b, containing 6% starting material. The mixture was subjected to kugelrhor
distillation under reduced pressure of 1 torr and heating to 50°C. One bulb was positioned inside
the oven and another bulb was cooled with dry ice outside the oven. Starting material, all of the
minor isomer and a small amount of major isomer were removed to the outer bulb, to leave 189
mg (74% isolated yield, m.p. 105-107°C) of a white solid in the distillation pot that was determined

to be pure 6a by 'H NMR.
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Table 2.4, Entry 5: Borylation with bnbozo as ligand.

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)], Bpin _
/@\ 3.0 mol % bnbozo /@\ p|n8:©\
THF rt 24 h
NC oN r CN CN NC CN
® 6a 6b
0.1 mmol ratio of crude material by '"H NMR 3:1
well plate reaction 5% conversion

The ratio under the standard conditions of Table 3 was determined in well plate screening
tests and is an average of 4 runs. A photoredox / catalysis 96 well plate was filled with 96 glass
shell vials (750 pL 8 x 30 mm). Vials in wells were equipped with micro stir bars. Reagents were
made as stock solutions in 5 or 10 mL volumetric flasks as indicated. A 0.03 M stock solution of
[Ir(OMe)cod], was made by dissolving 0.100 g of the catalyst in 5.0 mL THF. A 0.06 M stock
solution of bnbozo was made by dissolving 0.096 g of the ligand in 5.0 mL THF. A 0.5 M stock
solution of 1,3-dicyanobenzene was made by dissolving 0.64g of the substrate in 10.0 mL THF.

In the glove box, while stirring on a stir plate, 50 uL 0.03M [Ir(OMe)cod], stock solution
(1.5 pumol, 3.0 mol% Ir) was added into selected wells by micro-syringe. 30 uL HBpin (0.2
mmol, 2 equiv) was added into the same wells by micro-syringe. 50 pL. of bnbozo solution was
added with a micro-syringe into the same wells as the previous reagents. The mixtures were
allowed to stir 5 minutes, then 200 pL of a 0.5 M stock solution of the substrate, 1,3-
dicyanobenzene, (0.1 mmol, 1.0 equiv) was added into the same wells. 50 uL. THF was then added
to each well in order to make the volume up to 0.35 mL. A plastic liner was placed over the vials

and the top of the plate was screwed shut. The reactions were stirred for 24 h, then analyzed by

GC and NMR.
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The contents of each well were removed and concentrated separately. Each well’s crude
material was weighed then dissolved in CDCl; for NMR analysis. Crude 'H NMR ratios were
determined to be 3:1 6a:6b as an average of 2 duplicates over 2 different well plate trials. Very
low conversion was observed in all cases, and it was determined that bnbozo is not an active

enough ligand to be of practical use for the borylation of this substrate.

Table 2.4, Entry 5: Borylation with bozo as ligand.

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)]» Bpin )
/@\ 3.0 mol % bozo /@\ meKj\
THF rt24 h
NC CN ' CN CN NC CN
6
6a 6b

0.1 mmol ratio of crude material by 'H NMR 1.5:1

well plate reaction 5% conversion

The ratio under the standard conditions of Table 3 was determined in well plate screening
tests and is an average of 4 runs. A photoredox / catalysis 96 well plate was filled with 96 glass
shell vials (750 pL 8 x 30 mm). Vials in wells were equipped with micro stir bars. Reagents were
made as stock solutions in 5 or 10 mL volumetric flasks as indicated. A 0.03 M stock solution of
[Ir(OMe)cod], was made by dissolving 0.100 g of the catalyst in 5.0 mL THF. A 0.03 M stock
solution of was made by dissolving 0.042 g of the ligand bozo in 10.0 mL THF. A 0.5 M stock
solution of 1,3-dicyanobenzene was made by dissolving 0.64g of the substrate in 10.0 mL THF.

In the glove box, while stirring on a stir plate, 50 uL 0.03M [Ir(OMe)cod]: stock solution
(1.5 pmol, 3 mol% Ir ) was added into selected wells by micro-syringe. 30 pL. HBpin (0.2 mmol,
2 equiv) was added into the same wells by micro-syringe. 100 pL of bozo solution was added with
a micro-syringe into the same wells as the previous reagents. The mixtures stirred 5 minutes, then

200 pL of a 0.5 M stock solution of the substrate, 1,3-dicyanobenzene, (0.1 mmol, 1.0 equiv) was
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added into the same wells. Total volume of THF in each well was 350 pL. A plastic liner was
placed over the vials and the top of the plate was screwed shut. The reactions were stirred for 24
h, then analyzed by GC and NMR.

The contents of each well were removed and concentrated separately. Each well’s crude
material was weighed then dissolved in CDCl; for NMR analysis. Crude 'H NMR ratios were
determined to be 1.5:1 6a: 6b as an average of 2 duplicates over 2 different well plate trials. Very
low conversion was observed in all cases, and it was determined that bozo is not an active enough

ligand to be of practical use for the efficient borylation of this substrate.

Table 2.4, Entry 6

Bpin

pinBD/CI i Cl
F F

7a 7b

Characterization of 7a

'H NMR (CDCl; 500 MHz) & 7.66 (dd, J = 4.9, 2.9 Hz, 1H); 7.32-7.36 (m, 1H); 6.96 (t, J = 8.3
Hz, 1H) 1.33 (s, 12H). >C NMR (CDCls, 125 MHz) § 165.5 136.2, 133.0, 128.9, 116.8, 84.2, 24.8.
"B NMR (96 MHz) & 29.6. 7a was isolated as a white solid, mp 75 — 76 °C.

Table 2.4, Entry 6: Selectivity of dtbpy ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], Bpin
. cl 3.0 mol % dtbpy pinB cl cl
4.0 equiv /©/ D/ N
F THFrt6 h E E
7 7a 7b
1.0 mmol ratio of crude material by GC 32:1
isolated yield 68% 7a

46



In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 4,4’-Di-t-
butyl-2,2’-bipyridine (dtbpy) was weighed into a test tube (8 mg, 0.03 mmol, 3 mol %), and the
ligand was added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with
1.0 mL THF and the rinse was added to the vial. p-Fluorochlorobenzene, 7, (522 mg, 426 uL, 4.0
mmol, 4.0 equiv) was added last into the stirring mixture by automatic pippetor. THF (1.0 mL)
was added to the reaction vial for a total volume of 3.0 mL solvent. The vial was closed with a
screw cap and allowed to stir at ambient temperature in the glove box for 6 hours.

After 6 h, complete conversion to products was determined by "F NMR (75% 7 is
equivalent to complete conversion at a 4-fold excess of substrate) and ''B NMR by absence of
HBpin. GC-FID ratio of products was 32:1. The volatile materials were removed by rotary
evaporation, and the reaction was pumped down under high vac to remove excess starting material.
The crude material was dissolved in CH,Cl, and passed through a 5 g silica plug to afford 163 mg

of single isomer 7a, as a whilte solid, mp 75 — 76 °C.

Table 2.4, Entry 6: Borylation with dpm as ligand

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], Bpin
, Cl 3.0 mol % dpm pinB Cl cl
4.0 equiv /©/ D/ N
F THF rt24 h E E
7 7a 7b
1.0 mmol ratio of crude material by GC 38:1
isolated yield 64% 7a
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In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. Dipyridyl
methane (dpm) was weighed into a gc vial (5 mg, 0.03 mmol, 3 mol %), and dissolved in 05. mL
THF. The mixture was transferred into the reaction vial by Pasteur pipette. The vial was rinsed
with 0.5mL THF, and the rise was added to the reaction vial. The mixture turned bright orange. p-
Fluorochlorobenzene, 7, (522 mg, 426 pL, 4.0 mmol, 4.0 equiv) was added last into the stirring
mixture by automatic pipettor. THF (1.0 mL) was added to the reaction vial for a total volume of
3.0 mL solvent. The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box for 24 hours.

After 6 h, 90% conversion to products was determined by '’F NMR (77.5% 7 is equivalent
to 90% conversion at a 4-fold excess of substrate). ''B NMR showed a trace of HBpin. GC-FID
ratio of products was 38:1. The volatile materials were removed by rotary evaporation, and the
reaction was pumped down under high vac to remove excess starting material. The crude material
was dissolved in CH,Cl, and passed through a 5 g silica plug to afford 175 mg of single isomer 7a
as a white solid, mp -75-77 °C. (64% yield).

Table 2.4, Entry 6: Selectivity of bnbozo ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], Bpin
, Cl 3.0 mol % bnbozo pinB Cl cl
4.0 equiv /©/ D/ N
F THF rt24 h E E
7 7a 7b
1.0 mmol ratio of crude material by GC >99:1
isolated yield 89% 7a
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In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2'-
Bis[(4S5)-4-benzyl-2-oxazoline (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol
%), and the ligand was added to the vial as a solid. The mixture turned cherry red. The test tube
was rinsed with 1.0 mL THF and the rinse was added to the vial. p-Fluorochlorobenzene, 7, (522
mg, 426 uL, 4.0 mmol, 4.0 equiv) was added last into the stirring mixture by automatic pipettor.
THF (1.0 mL) was added to the reaction vial for a total volume of 3.0 mL solvent. The vial was
closed with a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours.

After 6 h, complete conversion to products was determined by "F NMR (75% 7 is
equivalent to complete conversion at a 4-fold excess of substrate) and ''B NMR by absence of
HBpin. GC-FID ratio of products was >99:1. The minor isomer was below integration threshold
and was not seen in the NMR. The volatile materials were removed by rotary evaporation, and the
reaction was pumped down under high vac to remove excess starting material. The crude material
was dissolved in CH,Cl, and passed through a 5 g silica plug to afford 229 mg of single isomer 7a
as a white solid, mp 75-76°C. (89% yield).

Table 2.4, Entry 6: Selectivity of bozo ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], Bpin
, Cl 3.0 mol % bozo pinB Cl cl
4.0 equiv /©/ D/ N
F THF rt 24 h E E
7 7a 7b
1.0 mmol ratio of crude material by GC 27:1
isolated yield 70% 7a
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In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2'-Bis -2-
oxazoline (bozo) was weighed into a test tube (4 mg, 0.03 mmol, 3 mol %), and the ligand was
added to the vial as a solid. The mixture turned cherry red. The test tube was rinsed with 1.0 mL
THF and the rinse was added to the vial. p-Fluorochlorobenzene, 7, (522 mg, 426 uL, 4.0 mmol,
4.0 equiv) was added last into the stirring mixture by automatic pipettor. THF (1.0 mL) was added
to the reaction vial for a total volume of 3.0 mL solvent. The vial was closed with a screw cap and
allowed to stir at ambient temperature in the glove box for 24 hours.

After 6 h, 92% conversion to products was determined by '°F NMR (78% 7 is equivalent
to complete conversion at a 4-fold excess of substrate) and ''B NMR showed a trace of HBpin.
GC-FID ratio of products was 27:1. The volatile materials were removed by rotary evaporation,
and the reaction was pumped down under high vac to remove excess starting material. The crude
material was dissolved in CH,Cl, and passed through a 5 g silica plug to afford 180 mg of single

isomer 7a as a white solid, mp 75-76°C. (70% yield)
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Table 2.4, Entry 7

Bpin
pinBD/CI i Cl
NC NC
8a 8b

Characterization of 8a and 8b

Stericisomer 8a: 'H NMR (CDCl; 300 MHz) & 7.80 (d, J =2 .2 Hz, 1H); 7.57 (d, ] = 8.3 Hz,
1H); 7.57 (dd, J = 8.3 Hz, 1H) 1.33 (s, 12H). °C NMR (CDCl;, 125 MHz) § 138.5, 135.8, 134.5,
131.2, 118.0, 115.3, 85.0, 24.0. Carbon adjacent to Boron is not visible due to quadrupolar
relaxation. ''B NMR (96 MHz) & 26.9.

Electronic isomer 8b: '"H NMR (CDCl; 300 MHz) 8 7.94(d, J =2 .2 Hz, 1H); 7.56 (d, J = 8.3
Hz, 1H); 7.41 (dd, J = 8.3 Hz, 1H) 1.32 (s, 12H). °C NMR (CDCl;, 125 MHz) 5144.5, 140.1,
134.6, 130.2, 117.8, 110.2, 84.7, 24.6. Carbon adjacent to Boron is not visible due to quadrupolar
relaxation.''B NMR (96 MHz) §26.9.

Table 2.4, Entry 7: Borylation with dtbpy as ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], _ Bpin
. Cl 3.0 mol % dtbpy pinB Cl Cl
4.0 equiv /@/ D/ .
NG THF rt 36 h NG NG
8 8a 8b
1.0 mmol ratio of crude material by GC 4:1

isolated yield 76% (4:1)
The borylation of p-chlorobenzonitrile using dtbpy as the ligand was previously reported
by the authors,"” and is included here for comparison. The spectroscopic data was consistent with

reported literature values from the reference above.
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Table 2.4, Entry 7: Borylation with dpm as ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], . Bpin
. Cl 3.0 mol % dpm pinB Cl Cl
4.0 equiv /©/ :©/ +
NG THF rt 24 h NG NG
15 15a 15b
1.0 mmol ratio of crude material by GC 5.6:1

calculated 10% isolated products (5.6:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. Di-(pyridin-
2-yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5
mL THF. The solution was transferred into the vial with a Pasteur pipette, and the reaction mixture
turned a bright orange color. The vial was rinsed with 0.5 mL THF and the rinse was added to the
vial. p-Chlorobenzonitrile (550.3 mg, 4.0 mmol, 4.0 equiv) was weighed into a vial and added last
as a solid into the stirring mixture in the reaction vial. The weighing vial was rinsed with 1.0 mL
of THF and the rinse was added to the reaction vial for a total volume of 3.0 mL THF. The vial
was closed with a screw cap and allowed to stir at ambient temperature in the glove box for 24
hours.

After 24 h, 60% conversion to products was determined by GC. The volatile materials were
removed by rotary evaporation. The crude material was dissolved in CH,Cl, and passed through a
5 g silica plug to afford 501 mg of a mixture of the corresponding borylated products and excess
starting material as a white solid. Attempts to separate the starting material and borylated products

by column chromatography failed. The ratio of starting material to borylated products in the
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isolated material was determined by 'H NMR to be 10%, thus the mass of borylated product
calculated by mol fraction was 28 mg, which corresponds to a 10% isolated yield of products. The
ratio of isomers was confirmed through repeated experiments, however moderate to poor
conversions hampered attempts to isolate pure product mixtures from the large excess of starting

material. Dpm was determined to be unsuitable for the efficient borylation of this substrate.

Table 2.4, Entry 7: Borylation with bnbozo as ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], _ Bpin
: Cl 3.0 mol % bnbozo pinB Cl Cl
4.0 equiv /©/ j@/ .\
NG Etherrt 48 h NG NC
8 8a 8b
1.0 mmol ratio of crude material by GC 13:1

60% isolated yield 13:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). Diethyl ether (1.0 mL) was
added with stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0
equiv) was added by micro syringe into the light yellow solution, which deepened to a clear gold
color. 2,2'-Bis[(4S5)-4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03
mmol, 3 mol %) and added as a solid into the stirring reaction mixture, and the mixture turned a
cherry red color. The vial was rinsed with 1.0 mL diethyl ether and the rinse was added to the vial.
p-Chlorobenzonitrile (550 mg, 4.0 mmol, 4.0 equiv) was weighed into vial and added last as a
solid into the stirring mixture in the reaction vial. The weighing vial was rinsed with 1.0 mL of
diethyl ether and the rinse was added to the reaction vial for a total volume of 3.0 mL THF. The
vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box for

24 hours.
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After completion of the reaction, the volatile materials were removed on a rotary
evaporator. The crude material was dissolved in CH,Cl, and passed through a 10g plug of silica
to afford a mixture of the corresponding borylated product and starting material as a white solid.
The starting material was removed by kugelrohr distillation under reduced pressure of 1 torr and
heating to 50°C to leave 158 mg of a white powder that was determined by 'H NMR to be a 13:1
mixture of borylated isomers (60% yield, m.p. 95 — 98 °C). Spectroscopic data were consistent

with reported literature values."

Table 2.4, Entry 7: Borylation with bozo as ligand.

1.0 equiv HBpin

1.5 mol % [Ir(OMe(cod)], _ Bpin
: Cl 3.0 mol % bozo pinB Cl Cl
4.0 equiv /©/ ]@/ .\
NG THF rt 24 h NG NG
8 8a 8b
1.0 mmol ratio of crude material by GC 4.5:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by micro syringe into the light-yellow solution, which deepened to a clear gold color. 2,2’-
Bis(2-oxazoline) (bozo) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and dissolved
in 0.5 mL THF. The solution was transferred into the vial with a Pasteur pipette, and the reaction
mixture turned a cherry red color. The vial was rinsed with 0.5 mL THF and the rinse was added
to the vial. p-Chlorobenzonitrile (550.3 mg, 4.0 mmol, 4.0 equiv) was weighed into a vial and
added last as a solid into the stirring mixture in the reaction vial. The weighing vial was rinsed

with 1.0 mL of THF and the rinse was added to the reaction vial for a total volume of 3.0 mL THF.

54



The vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box
for 24 hours.

After 24 h, conversion to products was determined by GC to be 54%. The volatile materials
were removed by rotary evaporation. The crude material was dissolved in CH,Cl, and passed
through a 5 g silica plug to afford a mixture of the corresponding borylated product and excess
starting material as a white solid. Attempts to separate the starting material and borylated products
by column chromatography failed. The ratio of isomers was confirmed through repeated
experiments, however moderate to poor conversions hampered attempts to isolate pure product
mixtures from the large excess of starting material. Bozo was determined to be unsuitable for

efficient borylation of this substrate.

Table 2.4, Entry 8
_ Bpin
pinB | N Br S Br
|
NG N7 NG~ N7
9a 9b

Table 2.4, Entry 8: Borylation with dtbpy as ligand.

1.0 equiv Bopin,

1.5 mol % [Ir(OMe)(cod)]; , Bpin
| B 3.0 mol % dtbpy Bnip | o B | B
+
~
NC N/ THF rt 18 h NC N NC N/
9 9a 9b
1.0 mmol ratio of crude material by GC 2:1

isolated yield 81% (2:1)
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The borylation of 5-bromopicolinonitrile using dtbpy as the ligand was previously reported
by the authors,'? and is included here for comparison. Spectral values of 9a and 9b were consistent

with reported literature values from the above reference.

Table 2.4, Entry 8: Borylation with dpm as ligand.

1.0 equiv Bopin,

1.5 mol % [Ir(OMe)(cod)], , Bpin
| B 3.0 mol % dpm Bnip | B | - Br
+
o ~
NG N/ THF 50°C 24 h NG N NG N/
9 9a 9b
1.0 mmol ratio of crude material 1:1

isolated yield 24% (1:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added to
the vial resulting in a clear yellow solution. HBPin (15 pL, 0.1 mmol, 1.0 equiv) was added to the
yellow solution, which then deepened to a gold color. Di-(pyridin-2-yl)methane (dpm) was
weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5 mL THF. The solution
was transferred by Pasteur pipette into the reaction vial. The GC vial was rinsed with 0.5 mL THF
and the rinse was added to the reaction. B,Pin, (256 mg, 1.0 mmol, 1.0 equiv) was weighed into a
vial and added into the stirring reaction mixture as a solid. The weighing vial was rinsed with 1.0
mL THF and the rinse was added into the reaction. The resulting mixture was stirred until most
solids dissolved. 5-bromopicolinonitrile (182 mg, 1.0 mmol, 1.0 equiv) was weighed into a test
tube and added last as a solid into the stirring mixture in the reaction vial. The test tube was rinsed
with 1.0 mL of THF and the rinse was added to the reaction vial for a total volume of 3.0 mL
solvent. The vial was closed with a screw cap and removed from the glove box. The reaction was

allowed to stir with heating in a 50°Coil bath for 24 hours.
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After 24 h, the reaction was stopped and the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 2 g silica plug to
afford a mixture of the corresponding borylated product, starting material and unreacted B,pin, as
a white solid. Attempts to separate the starting material and borylated products by column
chromatography, then crystallization failed. 200 mg of a mixture of borylated isomers and starting
material remained. The borylated products in the isolated material were determined by '"H NMR
to be 50% of the mixture, thus the mass of borylated products calculated by mol fraction was 74
mg, which corresponds to a 24% isolated yield of products. The ratio of isomers was confirmed
through repeated experiments, however incomplete conversion hampered the separation of
residual starting material. Dpm was determined to be unsuitable for efficient borylation of this

substrate.

Table 2.4, Entry 8: Borylation with bnbozo as ligand.

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)], , Bpin
| o B 3.0 mol % bnbozo Bnip | - B | B
+
~
NC N/ Ether rt 24 h NG N NG N/
9 9a 9b
1.0 mmol ratio of crude material by GC 13:1

isolated yield 74% (16:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). Diethyl ether (1.0 mL) was
added with stirring and a clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0
equiv) was added into the light-yellow solution, which deepened to a clear gold color. 2,2'-
Bis[(45)-4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol

%) and added as a solid into the stirring reaction mixture. The reaction turned a cherry red color.
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The vial was rinsed with 1.0 mL diethyl ether and the rinse was added to the vial. 5-
Bromopicolinonitrile (0.182g, 1.0 mmol, 1.0 equiv) was weighed into a test tube and added last as
a solid into the stirring mixture in the vial. The test tube was rinsed with 1.0 mL of diethyl ether
and the rinse was added to the vial for a total volume of 3.0 mL solvent. The vial was closed with
a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours. After
completion of the reaction, the volatile materials were removed by rotary evaporation. The crude
material was dissolved in CH,Cl, and passed through a 2 g plug of silica to afford 266 mg of the
corresponding borylated product mixed with starting material. The isolated material was subjected
to kugelrohr distillation at reduced pressure of 1 torr heating to 50°C, which removed starting
material and some minor isomer to leave 227 mg white solid that was 16:1 9a:9b by 'H NMR
(74% yield, m.p. = 125 — 130 °C). Spectral data was consistent with the reported literature values

for 9a and 9b".

Table 2.4, Entry 8: Borylation with bozo as ligand.

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)], . Bpin
| o B 3.0 mol % bozo Bnip | - B | B
+
~
9a 9b
1.0 mmol ratio of crude material by GC 2.8:1

isolated yield 77% (2.8:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF was added (1.0 mL) with
stirring and a clear yellow solution resulted. HBPin (15 pL, 0.1 mmol, 0.1 equiv) was added to the
yellow solution, which then deepened to a gold color. 2,2°-Bis(2-oxazoline) (bozo) was weighed

into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a solid into the mixture. The test tube
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was rinsed with 1.0 mL THF and the rinse was added to the reaction. The reaction turned a cherry
red color. B,Pin; (256 mg, 1.0 mmol, 1.0 equiv) was weighed into a vial and added into the stirring
reaction mixture as a solid. The weighing vial was rinsed with 1.0 mL THF and the rinse was
added into the reaction. The reaction was allowed to stir about 5 minutes until most solids were
dissolved. 5-Bromopicolinonitrile (183 mg, 1.0 mmol, 1.0 equiv) was weighed into a vial and
added last as a solid into the stirring mixture in the reaction vial. The weighing vial was rinsed
with 1.0 mL of THF and the rinse was added to the reaction vial for a total volume of 3.0 mL
solvent. The vial was closed with a screw cap and brought out of the glove box. The reaction was
allowed to stir closed in a 50°C oil bath for 24 hours. After 24 h, complete conversion to products
was observed by GC.

After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 2¢g plug of silica to
afford 230 mg of a white solid determined by '"H NMR to be a 2.8:1 mixture of the borylated

isomers 9a:9b (77% yield, m.p. = 109 — 116 °C).

Table 2.4, Entry 9
_ Bpin
Fe - | Bpin fj
N |
CI” N cI” N
10a 10b

Characterization of 10a and 10b:
Steric isomer 10a: 'H NMR (500 MHz; CDCls): 6 8.49 (t,J=1.2 Hz, 1H), 7.77 (dd, J =
8.4, 1.5 Hz, 1H), 1.33 (s, 12H). Bc NMR (126 MHz; CDCl3): 6 154.5(d, J=261.4 Hz); 150.4 (d,

J=6.2Hz), 141.7 (d, J = 19.3 Hz); 129.7 (d, J=17.1 Hz), 84.8, 24.8. C5 adjacent to Boron is not
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visible due to quadrupolar relaxation. "’F NMR (470 MHz; CDCls): & -120.3 (d, /= 8.4 Hz). ''B
NMR (160 MHz; CDCIs): & 30.1. Identity of 10a was confirmed by CHN analysis, HMRS and
crystal structure of purified isomer material. The CIF file of 10a is available for download from
the CCDC, and may be referenced by the CCDC deposition # 1434794.

Electronic isomer 10b: Spectroscopic data were consistent with reported literature values, which
were obtained from the synthesis of 10b from corresponding commercial boronic acid and
pinacol."* "H NMR (500 MHz; CDCls): & 8.18 (dd, J=4.6, 0.9 Hz, 1H), 7.50 (dd, J=4.5, 3.9 Hz,
1H), 1.35 (s, 12H). >C NMR (126 MHz CDCl;): § 158.0 (d, J = 265.1 Hz); 144.1 (d, J = 6.4 Hz),
139.3 (d, J=21.9 Hz); 128.9 (d, /= 3.0 Hz), 85.0, 24.8. C4 adjacent to Boron is not visible due to
quadrupolar relaxation. ’F NMR (470 MHz; CDCls): & -109.4 (d, J = 3.2 Hz). ''B NMR (160
MHz; CDCl3): & 29.4. The identity of 10b was confirmed by CHN analysis, HMRS and a crystal
structure of the purified isolated isomer. CHN anal. calcd. C, 51.31; H, 5.48; N, 5.44; found: C,
51.29; H, 5.66, N, 5.38. HRMS (ESI+) (m/z) caled for C;;H;sBCIFNO, [M+H]+ 258.0868, found
258.0883. The CIF file of 10b is available for download from the CCDC, and may be referenced

by the CCDC deposition # 1434793.

Table 2.4, Entry 9: Borylation with dtbpy as ligand

2.0 equiv. HBpin

F 1.5 mol % [Ir(OMe(cod)],» F Bpin Bpin
= 3.0 mol % dtbpy = o~
4 S |
NS
Cl N THF rt. 4 h Cl N Cl N
10 10a 10b
1.0 mmol ratio of crude material by GC 1:1.6

isolated yield 77% (1:1.6)
In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). THF was added (1.0 mL) with

stirring and a clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was
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added by into the light-yellow solution, which deepened to a clear gold color. 4,4’-Di-t-butyl-2,2’-
bipyridine (dtbpy) was weighed into a test tube (8 mg, 0.03 mmol, 3 mol %), and the ligand was
added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with 1.0 mL
THF and the rinse was added to the vial. 2-Chloro-3-fluoropyridine (0.132g, 1.0 mmol, 1.0 equiv)
was added last by pipettor into the stirring mixture in the vial. Additional THF (1.0 mL) was added
to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw cap and allowed to
stir at ambient temperature in the glove box. The reaction was monitored by GC and judged
complete after 3 hours. The volatiles were removed by rotary evaporation to yield a brown oil. The
crude ratio was determined by GC and '’F NMR to be 1:1.6 10a:10b. The crude material was
dissolved in CH,Cl, and passed through a 2g silica plug, yielding 199 mg of white solid that was
determined to be an 1:1.6 mixture 10a:10b by GC and "°F NMR. (77% isolated yield of mixture,
m.p. = 85 — 87°C).

Table 2.4, Entry 9: Borylation with dpm as ligand

2.0 equiv. HBpin

Bo
. 1.5 mol % [Ir(OMe(cod)], . Bpin pin
= 3.0 mol % dpm = F ~
g I |
NS
Cl N THF r.t. 24 h Cl N Cl N
10 10a 10b
1.0 mmol crude ratio 1.5:1

isolated yield 30% 3:1
In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (190 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by micro syringe into the light-yellow solution, which deepened to a clear gold color.
Di-(pyridin-2-yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and

dissolved in 0.5 mL THF. The solution was transferred into the vial with a Pasteur pipette, and the
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reaction mixture turned a bright orange color. The vial was rinsed with 0.5 mL THF and the rinse
was added to the vial. 2-Chloro-3-fluoropyridine (131 mg, 1.0 mmol, 1.0 equiv) was weighed into
a vial and added last as a solid into the stirring mixture in the reaction vial. The weighing vial was
rinsed with 1.0 mL of THF and the rinse was added to the reaction vial for a total volume of 3.0
mL THF. The vial was closed with a screw cap and allowed to stir at ambient temperature in the
glove box for 24 hours.

After 24 h, conversion to products was determined by '’F NMR to be 68%. The volatile
materials were removed by rotary evaporation. The crude material was dissolved in hexanes and
applied to a 3 g silica plug. Starting material was eluted off with hexanes then the solvent was
changed to 1:1 CH,Cl, / hexanes. The mix of borylated isomers then eluted to yield 78 mg of a
white solid that was determined by "FNMR to be a 3:1 mixture of isomers. (30% yield, mp 85 —
87°C).

Table 2.4, Entry 9: Borylation with bnbozo as ligand

2.0 equiv. HBpin

Bpin
1.5 mol % [Ir(OMe(cod)], ;
P~ | 3.0 mol % dmadpm N~ | Bpin  F |
> +
o SN THF rt. 24 h cI” SN oSN
7a 7b
1.0 mmol crude ratio 1:4.5

isolated yield 45% 1:5
In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2'-
Bis[(4S5)-4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol

%) and added as a solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF
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and the rinse was added to the vial. 2-Chloro-3-fluoropyridine (0.132g, 1.0 mmol, 1.0 equiv) was
weighed into a test tube and added last as a solid into the stirring mixture in the vial. The test tube
was rinsed with 1.0 mL of THF and the rinse was added to the vial for a total volume of 3.0 mL
THF. The vial was closed with a screw cap and allowed to stir at ambient temperature in the glove
box for 24 hours. Conversion to products after 24 hours was determined by '’F NMR to be 58%
After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 3 g silica plug to
yield a pale yellow oil that was a mixture of isomers and starting material. The starting material
was removed by high vacuum to leave 115 mg white solid that was determined by '’FNMR to be
a 1:5 mixture of isomers. (45% yield, mp 85-90°C).
Table 2.4, Entry 9: Borylation with bozo as ligand.

2.0 equiv. HBpin

Bo
. 1.5 mol % [Ir(OMe(cod)], . Boin pin
= 3.0 mol % box % P Fe -
NS | NS | + |
N\
Cl N THF rt. 24 h Cl N cl N
10 10a 10b
1.0 mmol crude ratio 1:8.5

isolated yield 66% 1:9

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2°-
Bis(2-oxazoline) (bozo) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a
solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the rinse was
added to the vial. 2-Chloro-3-fluoropyridine (0.132g, 1.0 mmol, 1.0 equiv) was weighed into a test

tube and added last as a solid into the stirring mixture in the vial. The test tube was rinsed with 1.0
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mL of THF and the rinse was added to the vial for a total volume of 3.0 mL THF. The vial was
closed with a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours.
After 24 hours, 85% conversion to products was observed by '°F NMR.

After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a short plug of silica
to afford 170 mg of a white crystalline solid determined by '’F NMR to be a 1:9 mixture of
borylated isomers (66% yield). The isolated material was recrystallized twice from hexanes to

furnish material suitable for single crystal x-ray diffraction of 7b.

Table 2.5: 5-Membered Heterocycles with F and CN Substituents

Table 2.5: Entry 1

NC—_O<_Me NC—_O<_Me
paha vy

pinB Bpin
11a 11b

Characterization of 11a and 11b

Major isomer 11a: 'H NMR (500 MHz; CDCls): § 6.26 (d, J= 0.9 Hz, 1H), 2.32 (s, 3H), 1.31 (s,
12H). '*C NMR (126 MHz; CDCl3): & 157.7, 130.5, 111.5, 84.5, 24.7, 13.5. ''B NMR (160 MHz;
CDCl;): 6 28.8. 19a was isolated as a white crystalline solid, mp 89 — 90 °C. Minor isomer 11b:
'H NMR (500 MHz; CDCl3): & 7.14 (s, 1H), 2.47 (s, 3H), 1.27 (s, 12H). °C NMR (126 MHz;

CDCI3): 5 167.1, 127.4, 112.0, 83.8, 24.8, 14.3. ''B NMR (160 MHz; CDCl;): & 28.8.
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Table 2.5, Entry 1: Borylation with dtbpy as the ligand

2.0 equiv. HBpin

NC— O _Me 1.5mol % [Ir(OMe(cod)], NC—_O~_Me NC—_O-__Me
U 3.0 mol % ditopy W . U
1 THFrt0.5h pinB 11a 1b Bpin
1.0 mmol crude ratio 5.7:1

isolated yield 97% 5.7:1 mixture
The borylation of 5-methylfuran-2-carbonitrile using dtbpy as the ligand was previously

reported by the authors," and is included here for comparison.

Table 2.5, Entry 1: Borylation with dpm as the ligand

2.0 equiv. HBpin

NC— O _Me 1.5mol % [I(OMe(cod)], NC—_O~_Me NC—_O-__Me
) 3.0 mol % dpm W U
+
inB Bpin
11 THF rt 24 h p 11a 11b p

1.0 mmol crude ratio 4.8:1
isolated yield 90% 5:1 mixture

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by pipettor into the light yellow solution, which deepened to a clear gold color. Di-
(pyridin-2-yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and
dissolved in 0.5 mL THF. The solution was transferred into the vial with a Pasteur pipette, and the
reaction mixture turned a bright orange color. The vial was rinsed with 0.5 mL THF and the rinse
was added to the vial. 5-methylfuran-2-carbonitrile (107 mg, 105 pL, 1.0 mmol, 1.0 equiv) was
added last by pipettor into the stirring mixture in the reaction vial. 1.0 mL additional THF was

added to the vial for a total volume of 3.0 mL. The vial was closed with a screw cap and allowed
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to stir at ambient temperature in the glove box for 24 hours. After 24 hours, complete conversion
was observed by GC.

The volatiles were removed by rotary evaporation and the crude material was dissolved in
CH,Cl; and passed through a 2g silica plug to afford 232 mg of the borylated material as a white
crystalline solid. (90% yield, m.p. = 78 — 84°C)

Table 2.5, Entry 1: Borylation with bnbozo as the ligand

2.0 equiv. HBpin

NC— O _Me 1.5mol % [I(OMe(cod)], NC—_O~_Me NC—_O~_Me
U 3.0 mol % bnbozo \§_/7/ U
+
inB Bpin
11 Etherrt4 h p 11a 11b p

1.0 mmol crude ratio >99:1
isolated yield 96% 11a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL diethyl ether was
added with stirring and a clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0
equiv) was added by pipettor into the light -ellow solution, which deepened to a clear gold color.
2,2'-Bis[(4S5)-4-benzyl-2-oxazoline] (bnbox) was weighed into a test tube (10 mg, 0.03 mmol, 3
mol %) and added as a solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL
diethyl ether and the rinse was added to the vial. 5-methylfuran-2-carbonitrile (107mg, 105 pL,
1.0 mmol, 1.0 equiv) was added last by pipettor into the stirring mixture in the reaction vial. 1.0
mL additional diethyl ether was added to the vial for a total volume of 3.0 mL. The vial was closed
with a screw cap and allowed to stir at ambient temperature in the glove box for 4 hours. After 4

hours, complete conversion to products was observed by GC.
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After completion of the reaction, the volatiles were removed by rotary evaporation, and the
crude material was dissolved in CH,Cl, and passed through a 2g silica plug to afford 230mg of the

borylated material as a white crystalline solid. (96%, m.p. = 89 — 90 °C)

Table 2.5, Entry 1: Borylation with bozo as ligand

2.0 equiv. HBpin

NC— O _Me 1.5mol % [Ir(OMe(cod)], NC—_O~_Me NC—_O~_Me
U 3.0 mol % bozo \§_/7/ U
+
inB Bpin
11 THF rt24 h p 11a 11b p

1.0 mmol crude ratio 17:1
isolated yield 90% 17:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [Ir(OMe)(COD)], (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-
Bis(2-oxazoline) (box) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %) and added as a
solid into the stirring reaction mixture. The vial was rinsed with 1.0 mL THF and the rinse was
added to the vial. 5-methylfuran-2-carbonitrile (107mg, 105 pL, 1.0 mmol, 1.0 equiv) was added
last by pipettor into the stirring mixture in the reaction vial. 1.0 mL additional THF was added to
the vial for a total volume of 3.0 mL. The vial was closed with a screw cap and allowed to stir at
ambient temperature in the glove box for 24 hours. After 24 hours, complete conversion to
products was observed by GC.

After completion of the reaction, the volatile materials were removed by rotary

evaporation. The crude material was dissolved in CH,Cl, and passed through a short plug of silica

to afford 210 mg of a white crystalline solid (90% yield, m.p. = 87 — 90°C)
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Table 2.5, Entry 2

NC—_S<_Br NC__S__B
ket

PiNB 45, 12p BPIN

Characterization of 12a:

Major isomer 12a: '"H NMR (500 MHz; CDCls): & 7.32 (s, 1H), 1.33 (s, 12H). °C NMR (126
MHz; CDCls): 8 136.0, 113.3, 84.5, 24.8. 11B NMR (160 MHz; CDCI3): 5 28.0. 12a was isolated
as an off-white solid, mp 89 — 90 °C.

The mixture was recrystallized from hexane to give pure 12a. GC-MS (EI) m/z (% relative
intensity) M+ 315 (100), 313 (97), 314 (59), 300 (32), 298 (30), 272 (85), 257 (47), 255 (48), 229
(22), 192 (76). CHN anal. calcd for C;;H3:BBrNO,S: C, 42.07; H, 4.17; N, 4.46. Found: C, 42.32;

H, 4.11; N, 4.50.

Table 2.5, Entry 2: Borylation with dtbpy as ligand

2.0 equiv. HBpin
S S

NC—_S<_Br 3.0 mol % [Ir(OMe(cod)], NC Br NC Br
U 6.0 mol % ditbpy U N U
12 neat, rt 24 h pinB

Bpi
12a 12b P

0.5 mmol crude ratio 4.6:1
6% conversion

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). HBpin (190 uL, 256 mg, 2.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 4’-Di-t-butyl-2,2’-

bipyridine (dtbpy) was weighed by difference directly into the vial, (8mg, 0.015 mmol, 6 mol %).
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The mixture turned dark red. No solvent was added. 5-bromothiophene-2-carbonitrile (59 mg, 55
pL, 0.5 mmol, 1.0 equiv.) was added directly to the stirring mixture by pipettor. The already dark
red mixture turned darker, red-black and gas was evolved. The mixture stirred 5 minutes, then the
vial was closed with a screw cap and allowed to stir at ambient temperature for 24 h in the glove
box. Only 6% conversion was observed by GC, and the product integrated to 6% in the crude 'H
NMR spectrum. The crude NMR sample was then analyzed by GC-MS, and peaks that had masses
consistent with the desired borylated products were observed. After stopping the reaction, the
volatiles were removed by rotary evaporation to yield a brown oil. The oil was dissolved in CH,Cl,
and passed through a 2g plug of silica to recover starting material and traces of the borylated
products.

The experiment was repeated under different loadings and conditions, and gave results
consistent with stoichiometric borylation with HBpin. No borylation occurred with B,pin, under
any circumstance. Although stoichiometric borylation was observed and traces of borylated
products were isolated verified by mass spectrometry, dtbpy gives no conversion under any typical
catalytic borylation reaction conditions, and thus cannot be used for any practical borylation of

this substrate.

Table 2.5, Entry 2: Borylation with dpm as ligand

1) catalyst pre-generation
2.0 equiv. HBpin
S

NC-_S<__B 3.0 mol % [Ir(OMe(cod)] S
U r 6.0 mol % dpm ? NCUBr +NCUBr

2) THF, r.t. 48 h pinB Bpin
b

12a 12

1 mmol crude ratio 4.9:1
10% isolated yield 4.9:1
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Under normal borylation conditions, no reaction was observed with dpm. However, higher
Ir loading and pre-generation of the active catalyst in neat HBpin allowed partial conversion, as
follows.

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with Di-(pyridin-2-yl)methane (dpm) (10 mg, 0.06 mmol, 6 mol %) and
[Ir(OMe)(COD)]» (20 mg, 0.03 mmol, 6 mol % Ir). HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by pipettor into the reaction vial, and the mixture was stirred about 5 minutes to make
a thick orange-brown solution. 5-bromothiophene-2-carbonitrile (188 mg, 110 uL, 1.0 mmol, 1.0
equiv) was added last by pipettor into the stirring mixture in the reaction vial. The reaction
immediately turned very dark black-red and gas evolution was observed. When the gas evolution
stopped, 3 mL THF was added to the reaction. The vial was closed with a screw cap and allowed
to stir at ambient temperature in the glove box for 48 hours. After 48 hours, 42% conversion was
observed by GC.

After the reaction was stopped the volatiles were removed by rotary evaporation and the
crude material was dissolved in CH,Cl, and passed through a 2g silica plug to afford a sticky tar-
like substance contaminated with a significant quantity of borates. The material was re-dissolved
in CH,Cl, and passed through a fresh 3g column to yield 140 mg of an orange gel determined to
be a mixture of 4.9:1 borylated products and starting material. Using the ratio of starting material
to products from the "H NMR to calculate the mol fraction, the mass of borylated products present
in the isolated material is 32 mg. (10% isolated yield). Although some borylation was observed at
higher loadings with pre-generation, dpm gives no conversion under typical borylation reaction

conditions, and thus is not practical for borylation of this substrate.
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Table 2.5, Entry 2: Borylation with bnbox as ligand

4.0 equiv. HBpin
NC S Br 19 mol % [Ir(OMe(cod)],

U 3.0 mol % bnbox NC\Q/Br +NC\QBr

Ether rt 24 h inB Bpin
12 PINE 424 120 "

0.5 mmol crude ratio 40:1
81% isolated yield 40:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (5 mg, 3 mol % Ir). 1.0 mL THF was added with stirring and a
clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 4.0 equiv.) was added into the
light yellow solution, which deepened to a clear gold color. 2,2'-Bis[(4S)-4-benzyl-2-oxazoline]
(bnbozo) was weighed into a test tube (5 mg, 3 mol %) and added as a solid into the stirring
reaction mixture. The mixture turned cherry red color. The vial was rinsed with 1.0 mL THF and
the rinse was added to the vial. 5- bromothiophene-2-carbonitrile (94 mg, 55 pL, 0.5 mmol, 1.0
equiv) was added into the reaction vial. Upon addition of the substrate, the reaction turned a very
dark red-black color, and moderate gas evolution was observed. The vial was closed with a screw
cap and allowed to stir at ambient temperature in the glove box for 48 hours. After 48 hours, 90%
conversion was observed by GC.

After the reaction was stopped, the volatile materials were removed on a rotary evaporator.
The crude material was dissolved in CH,Cl, and passed through a 2g silica plug to yield an orange
sticky solid that was a mixture of borates, starting material and borylated products by 'H NMR
and 11B NMR. The semi-solid was re-dissolved in CH,Cl, and applied to a fresh 2g silica column
to yield a pale waxy solid that was determined to be a mixture of 55:1 borylated products and a
trace of starting material by '"H NMR. The material was pumped down under high vacuum until it

became a dry, pale off-white solid with mass of 127 mg. (81% yield, m.p. = 89 — 90°C).
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The regiochemistry of major isomer 12a was confirmed by de-bromination of the pure
material according to a literature procedure.'” The reaction resulted in the disappearance of the
pure starting material with the subsequent appearance of 3-Bpin-2-cyanothiophene, which
matched reported NMR and mass spec data.'® The de-bromination product of minor isomer 12b,

4-Bpin-2-cyanothiophene, also a known compound'’ was not detected in the reaction mixture.

Table 2.5, Entry 2: Borylation with bozo as ligand

1) catalyst pre-generation
2.0 equiv. HBpin

S o
NG Br 3.0 mol % [I(OMe(cod)], NG S _Br NC__S_B
U 6.0 mol % bozo V r+ U r

2) THF,rt. 48 h pinB

12 12a 12b Bpin

1 mmol crude ratio 6:1
29% isolated yield 6:1

Under normal borylation conditions, no reaction was observed with bozo. However, higher
Ir loading and pre-generation of the active catalyst in neat HBpin allowed partial conversion, as
follows.

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with 2,2°-bis-2-oxazoline, (10 mg, 0.06 mmol, 6 mol %) and [Ir(OMe)(COD)], (20
mg, 0.03 mmol, 6 mol % Ir). HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor
into the reaction vial, and the mixture stirred about 5 minutes to make a thick orange-brown
solution. 5-bromothiophene-2-carbonitrile (188 mg, 110 pL, 1.0 mmol, 1.0 equiv) was added last
by pipettor into the stirring mixture in the reaction vial. The reaction immediately turned very dark
black-red and moderate gas evolution was observed. When the gas evolution stopped, 3 mL THF
was added to the reaction. The vial was closed with a screw cap and allowed to stir at ambient

temperature in the glove box for 48 hours. After 48 hours, 50% conversion was observed by GC.
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After the reaction was stopped, the volatile materials were removed by rotary evaporation.
The crude material was dissolved in CH,Cl, and passed through a 3g silica plug to yield an orange
sticky solid that was a mixture of borates, starting material and borylated products by 'H NMR
and ''B NMR. The semi-solid was re-dissolved in CH>Cl, and applied to a fresh 3g silica column
to yield a waxy orange solid that was determined to be a mixture of 6:1 borylated products and a
starting material by '"H NMR. The material was pumped down under high vacuum until it became

a dry, pale orange solid with mass of 90 mg. (29% yield, m.p. =84 - 88 °C).

Table 2.5: Entry 3

I\llle I\I/Ie
NC—_N_Me NC_N__Me
yigma vy
PinB 43, 13p BPIN

Characterization of 13a and 13b:

Steric isomer 13a: '"H NMR (CDCl; 300 MHz) & 6.22 (d, J = 0.7 Hz, 1H); 3.62 (s, 3H); 2.21 (d,
J=0.71 Hz, 3H); 1.29 (s, 12H). ’C NMR (CDCls, 125 MHz) & 135.6, 114.5, 114.3, 110.3 83.6,
32.4,28.4,12.2 "B NMR (96 MHz) & 32.7. 20a was isolated as a waxy white solid, mp 62-63°C.
Electronic isomer 13b: '"H NMR (CDCl; 300 MHz) & 7.03 (s, 1H); 3.62 (s, 3H); 2.11 (d, s, 3H);
1.27 (s, 12H). C NMR (CDCl;, 125 MHz) & 143.9, 125.2, 113.7, 103.8 82.6, 31.8, 24.4, 11.9

"B NMR (96 MHz) & 32.7.
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Table 2.5, Entry 3: Borylation with dtbpy as the ligand

2.0 equiv HBpin

Me 3.0 mol % [Ir(OMe)cod], Me Me
NC—_N__Me 6.0 molf% dibpy NC—N_Me NC_N__Me
U THF rt 24h W U
13 pinB 43, 13p BPIN

1.0 mmol crude ratio 5.7:1

isolated yield 66% 5.7:1

This substrate is not very reactive towards borylation, so the catalyst was pre-generated in
neat HBpin, the substrate was added and the solvent was added last.

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (20 mg, 0.015 mmol, 6 mol% Ir). HBpin (290 uL, 256 mg, 2.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 4,4’-di-t-butyl-2,2’-
bipyridine (dtbpy) was weighed into a test tube (16 mg, 0.06 mmol, 6 mol %), and the ligand was
added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with 1.0 mL
THF and the rinse was added to the vial. 1,5-Dimethyl-2-pyrrolcarbonitrile (0.107 g, 0.105 mL,
1.0 mmol) was weighed into a test tube and added last as a solid into the stirring mixture in the
vial. The mixture was stirred 5 minutes and gas was evolved. All test tubes were rinsed with 3 x 1
mL THF for a total volume of THF = 3.0 mL. The vial was closed with a screw cap and allowed
to stir at ambient temperature in the glove box. The reaction was monitored by GC and judged
complete after 3 hours. The volatiles were removed by rotary evaporation to yield brown oil. The
crude ratio of borylated isomers was determined by GC and '’F NMR to be 5.7:1 13a:13b. The
crude material was dissolved in hexane and passed through a 3g silica plug eluting with hexanes,
yielding 154 mg of white solid that was determined to be 5.7:1 mixture of 13a:13b by GC-FID

(66% vield).
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Table 2.5, Entry 3: Borylation with dpm as the ligand

2.0 equiv HBpin

Me 3.0 mol % [Ir(OMe)cod], Me Me

NG N Me 6.0 mol% dpm NG N Me NC N Me
13 pinB 13a 13b Bpin
1.0 mmol crude ratio 2.3:1 13a:13b

32% conversion — not isolated

In a glove box under nitrogen atmosphere, a test tube equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (20 mg, 0.015 mmol, 6 mol% Ir). HBpin (290 uL, 256 mg, 2.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. Dipyridyl methane,
(dpm) was weighed into a 20 mL reaction vial equipped with a stirbar (8§ mg, 0.06 mmol, 6 mol
%). The cztalyst HBpin solution was taken up by Pasteur pipette and added onto the ligand and
mixed well. A thick orange solution formed. The mixture turned dark red. 1,5-dimethyl-2-
pyrrolcarbonitrile (0.107 g, 0.105 mL, 1.0 mmol) was weighed into a test tube and added last as a
solid into the stirring mixture in the vial. The mixture was stirred 5 minutes and gas was evolved.
All test tubes were rinsed with 3 x 1 mL THF for a total volume of THF = 3.0 mL. The vial was
closed with a screw cap and allowed to stir at ambient temperature in the glove box for 24 h. A
GC-FID sample was taken 24 h later, and indicated only 32% conversion occurred. The reaction
was stopped and the volatiles were removed by rotary evaporation to yield brown oil. The crude
ratio of borylated isomers was determined by GC and '°F NMR to be 5.7:1 13a:13b. The crude
material was dissolved in hexane and passed through a 3g silica plug eluting with hexanes, yielding
a mixture of starting material, product and borates. The product isomers 20a and 20b were present
in a ratio of 2.3:1 mixture of 13a:13b by GC-FID. The product was not purified or further isolated

so no yield was obtained.
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Table 2.5, Entry 3: Borylation with bnbozo as the ligand

2.0 equiv HBpin

Me 3.0 mol % [Ir(OMe)cod], Me Me
NC N Me 6.0 mol% bnbozo NG N Me NC N Me
U Ether rt 72h U U
13 pinB 13a 13b Bpin
1.0 mmol crude ratio 32:1 13a:13b
66% yield 13a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (20 mg, 0.015 mmol, 6 mol% Ir). HBpin (290 uL, 256 mg, 2.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 2,2'-Bis[(4S)-4-benzyl-
-2-oxazoline] (bnbozo) was weighed into a test tube (20 mg, 0.06 mmol, 6 mol %), and the ligand
was added to the vial as a solid. The mixture turned dark red. 1,5-Dimethyl-2-pyrrolcarbonitrile
(0.107 g, 0.105 mL, 1.0 mmol) was weighed into a test tube and added last as a solid into the
stirring mixture in the vial. The mixture was stirred 5 minutes and gas was evolved. All test tubes
were rinsed with 3 x 1 mL Ether for a total volume of Ether = 3.0 mL. The vial was closed with a
screw cap and allowed to stir at ambient temperature in the glove box for 72 h. A GC-FID sample
was taken 24 h later, and indicated about 90% conversion occurred. The reaction was stopped and
the volatiles were removed by rotary evaporation to yield brown oil. The crude ratio of borylated
isomers was determined by GC and "’F NMR to be 5.7:1 13a:13b. The crude material was
dissolved in CH,Cl, and passed through a 3g silica plug eluting with 1:1 CH,Cl, : hexanes, yielding

a 155 mg of a white solid that was shown by GC-FID to be single isomer 13a (66% yield)
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Table 2.5, Entry 3: Borylation with bozo as the ligand

2.0 equiv HBpin

Me 3.0 mol % [Ir(OMe)cod], Me Me
NG N Me 6.0 mol% bozo NC N Me NC N Me
U THF rt 48h U U
13 pinB 13a 13b Bpin
1.0 mmol crude ratio 13:1 13a:13b
61% yield 13a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (20 mg, 0.015 mmol, 6 mol% Ir). HBpin (290 uL, 256 mg, 2.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 2,2'-Bis-2-oxazoline
(bozo) was weighed into a test tube (20 mg, 0.06 mmol, 6 mol %), and the ligand was added to the
vial as a solid. The mixture turned dark red. 1,5-Dimethyl-2-pyrrolcarbonitrile (0.107 g, 0.105 mL,
1.0 mmol) was weighed into a test tube and added last as a solid into the stirring mixture in the
vial. The mixture was stirred 5 minutes and gas was evolved. All test tubes were rinsed with 3 x 1
mL THF for a total volume of THF = 3.0 mL. The vial was closed with a screw cap and allowed
to stir at ambient temperature in the glove box for 72 h. A GC-FID sample was taken 24 h later,
and indicated about 80% conversion occurred. The reaction was stopped and the volatiles were
removed by rotary evaporation to yield brown oil. The crude ratio of borylated isomers was
determined by GC and '°F NMR to be 13.3:1 13a:13b. The crude material was dissolved in CH,Cl,
and passed through a 3g silica plug eluting in 1:1 solvent mix of hexane : CH,Cl,. A white solid,

142 mg, was isolated and shown to be single isomer 13a.
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Table 2.5, Entry 4

CleS 1 Cl—_S I
pighary
PINB 444 1ap BPIN

Characterization of 14a and 14b:

Steric isomer, 14a "H NMR (CDCl; 500 MHz) & 7.32 (s, 1H); 1.30 (s, 12H). >C NMR (CDCls,
125 MHz) & 143.4, 142.3, 84.0, 69.3, 24.8 ''B NMR (160 MHz) & 28.3. Characterization of 14b
was determined from the spectra of concentrated crude reaction mixtures.

Electronic isomer, 14b 'H NMR (CDCl; 500 MHz) & 6.87 (s, 1H); 1.31 (s, 12H) *C NMR (CDCls, 125
MHz) 132.8, 84.2, 81.1, 24.8. ''B NMR (96 MHz) § 28.3

Table 2.5, Entry 4: Borylation with dtbpy as the ligand

2.0 equiv HBpin
1.5 mol % [Ir(OMe)cod],

cl S | 3.0 mol% dtbpy cl S | cl S |
\<\__/7/ hexane rt 48h W U
14 PINB 444 14p BPIN
0.5 mmol crude ratio 5.7:1 14a:14b

89% yield 5.7:1 14:14b
In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol% Ir). HBpin (145 uL, 128 mg, 1.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 4,4’-di-t-butyl-2,2’-
bipyridine (dtbpy) was weighed into a test tube (8 mg, 0.06 mmol, 6 mol %), and the ligand was
added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with 1.0 mL

THF and the rinse was added to the vial. 2-Chloro-5-iodothiophene (0.122 g, 0.5 mmol) was
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weighed into a test tube, dissolved in 1.0 mL THF and transferred into the reaction vial by Pasteur
pipette. The test tubes were rinsed with 2 x 1 mL THF for a total volume of THF = 3.0 mL. The
vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box. The
reaction was monitored by GC and stopped after 48 hours. The volatiles were removed by rotary
evaporation to yield brown oil. The crude ratio of borylated isomers was determined by GC and
"F NMR to be 5.7:1 14a:14b. The crude material was dissolved in hexane and passed through a
3g silica plug eluting with hexanes, yielding 154 mg of white solid that was determined to be 5.7:1

mixture of 14a:14b by GC-FID (89% yield of mixture).

Table 2.5, Entry 4: Borylation with dpm as the ligand

2.0 equiv HBpin
3.0 mol % [Ir(OMe)cod],
S 6.0 mol% dpm

cl | CleS< 1  Clw_S<__1
14 pinB 442 14p BPIN
0.5 mmol crude ratio 5.7:1 14a:14b

59% yield 3.2:1 14a:14b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 6 mol% Ir). HBpin (145 uL, 128 mg, 1.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve the yellow solid. Dipyridyl
methane (dpm) was weighed into a GC vial (4 mg, 0.03 mmol, 6 mol %), and the ligand was
dissolved in 145uL HBpin (128 mg, 1.0 mmol, 2 equiv). The mixture was transferred into the
reaction vial, and the mixture turned very dark color. 2-Chloro-5-iodo thiophene (0.122 g, 0.5
mmol) was added to the vial, and gas was evolved. The gc vial was rinsed with 3 x 0.5 mL THF
and added to the vial. The cap was put on the vial and the reaction was stirred at ambient
temperature for 48 h. A GC-FID sample was taken 78% conversion occurred. The reaction was

stopped and the volatiles were removed by rotary evaporation to yield brown oil. The crude ratio
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of borylated isomers was determined by GC-FID to be 3.2:1 14a:14b. The crude material was
dissolved in hexane and passed through a 2g silica plug eluting with hexanes, yielding a waxy
semi-solid mixture of starting material, product and borates. The mixture was pumped down under
high vacuum until a solid formed. Most starting material and borates were pumped off over two
days to leave 110 mg of a waxy rose colored solid containing a ratio of 5.7:1 mixture of 14a:14b
by GC-FID. (59% yield)

Table 2.5, Entry 3: Borylation with bnbozo as the ligand

2.0 equiv HBpin
3.0 mol % [Ir(OMe)cod],

cl S | 6.0 mol% bnbozo cl S | al S |
\<\__/7/ Ether rt 48 h W U
14 PINB 444 14p BPIN
0.5 mmol crude ratio 5.7:1 14a:14b

59% yield 3.2:1 14a:14b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 6 mol% Ir). HBpin (145 uL, 128 mg, 1.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 2,2'-Bis[(4S)-4-benzyl-
-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 6 mol %), and the ligand
was added to the vial as a solid. The mixture turned dark red. 2-Chloro-5-iodo thiophene (0.122 g,
0.5 mmol) was weighed into a test tube, dissolved in 1.0 mL diethyl ether and added last as a solid
into the stirring mixture in the vial by Pasteur pipette. The test tubes were rinsed with 2 x 0.5 mL
diethyl ether for a total volume of 1.5 mL. The vial was closed with a screw cap and allowed to
stir at ambient temperature in the glove box for 48 h. A GC-FID sample was taken later, and
indicated full conversion occurred. The reaction was stopped and the volatiles were removed by

rotary evaporation to yield brown oil. The crude ratio of borylated isomers was determined by GC-
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FID to be 12:1 21a:21b. The crude material was dissolved in CH,Cl, and passed through a 3g silica
plug eluting with 1:1 CH,Cl, : hexanes, yielding an off white, faint rose colored solid was shown
by GC-FID to be mostly 14a product with traces of starting material and borates. The material was
pumped down under high vacuum for 2 days until the GC-FID did not show starting material and
borates. The material was a waxy pink solid 14a with a trace of 14b beneath the integration

threshold of the GC-FID, and not visible in the 'H NMR.

Table 2.5, Entry 4: Borylation with bozo as the ligand

2.0 equiv HBpin
3.0 mol % [Ir(OMe)cod],

6.0 mol% bozo
CleS_I Cle S~ 1  Clw_S<__1
14 PINB 444 14p BPIN
0.5 mmol crude ratio 5.7:1 14a:14b

60% yield 6:1 14a:14b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 6 mol% Ir). HBpin (145 uL, 128 mg, 1.0
mmol, 2.0 equiv) was added and the mixture was stirred to dissolve solid. 2,2'-Bis-2-oxazoline
(bozo) was weighed into a test tube (5 mg, 0.03 mmol, 6 mol %), and the ligand was added to the
vial as a solid. The mixture turned dark. 2-chloro-5-iodothiophene (0.122 g, 0.5 mmol) was
weighed into a test tube and added last as a solid into the stirring mixture in the vial. The mixture
was stirred 5 minutes and gas was evolved. All test tubes were rinsed with 3 x 0.5 mL THF for a
total volume of THF = 1.5 mL. The vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 48 h. A GC-FID sample was taken later, and indicated full
conversion occurred. The reaction was stopped and the volatiles were removed by rotary

evaporation to yield brown oil. The crude ratio of borylated isomers was determined by GC-FID
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to be 6:1 14a:14b. The crude material was dissolved in CH,Cl, and passed through a 3g silica plug
eluting with 1:1 CH,Cl, : hexanes, yielding an off white, faint rose colored solid was shown by
GC-FID to be6:1 14a:14b product with traces of starting material and borates. The material was
pumped down under high vacuum for 2 days until the GC-FID did not show starting material and

borates. The material was 112 mg of waxy pink solid of ratio 6:1 14a:14b. (60% yield)

Table 2.5, Entry 5:

. S S :
pinB Bpin
ARy

CN CN
15a 15b

Characterization of 15a and 15b:

Steric isomer 15a: '"H NMR (500 MHz; CDCl3): 6 8.13 (d, /= 1.0 Hz, 1H), 7.75 (d, J= 1.0 Hz,
1H), 1.32 (s, 12H). *C NMR (126 MHz; CDCLy): & 141.1, 138.2, 115.0, 111.8, 84.9, 24.7. ''B
NMR (160 MHz; CDCI3): & 28.4. Electronic isomer 15b: '"H NMR (500 MHz; CDCls): & 7.63
(d, J=4.9 Hz, 1H), 7.38 (d, J=4.9 Hz, 1H), 1.35 (s, 12H). *C NMR (126 MHz; CDCL;): & 132.8,
131.4,118.1, 115.4, 85.1,24.7. 11B NMR (160 MHz; CDCl;): 6 28.2.

Table 2.5, Entry 5: Borylation with 10-fold excess starting material.

1.0 equiv. HBpin
q p s S

S 1.5 mol % [Ir(OMe(cod)] pinB Bpin
10 equiv. /Z 3.0 mol % Ligand \Q + (_Z/

CN THF rt 24 h CN CN
15 15a 15b

1 mmol ratios of crude material by GC
dtbpy: 1:1.1
dpm: 2.3:1
bozo: 1:3.2
bnbozo: 1:1
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The following general procedure was followed for each ligand: [Ir(OMe)cod]2 (10mg,
0.015 mmol, 3 mol% Ir) was weighed into a test tube equipped with a small magnetic stir bar. THF
was added (1.0 mL) and the Ir precatalyst was dissolved. HBpin (145 pL, 1.0 mmol, 1.0 equiv)
was added by syringe into the test tube and the mixture was stirred, resulting in a clear gold
solution. The ligand (dtbpy = 8 mg; dpm = 4 mg; bozo = 4 mg; or bnbozo = 10 mg) was weighed
into another test tube, and the HBPin-Ir solution was added onto the ligand with a Pasteur pipette.
A stirbar was added and the mixture was stirred until a homogenous solution resulted. The first
test tube was rinsed with 1.0 mL THF and the rinse was added into the second test tube. This
mixture was stirred for 2 minutes. While the catalyst solution stirred, the substrate (908 pL, 10.0
mmol, 10.0 equiv) was transferred into a 20 mL vial equipped with a stir bar. The catalyst solution
was removed from the test tube by Pasteur pipette and transferred into the reaction vial of excess
substrate. The test tube was rinsed with 1.0 mL THF and the THF was added into the reaction. The
vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box for
24 hours. After 24 hours, the ratio of isomers was determined by GC. The reaction was
concentrated by rotary evaporation, and crude NMRs were taken. The crude material was dissolved
in dem and passed through a 2g silica plug eluting with dem. The residual starting material was

pumped off under high vacuum to leave the mixture of borylated isomers.

Table 2.5, Entry 5: Borylation with dtbpy as ligand

1.0 equiv. HBpin
) S 1.5 mol % [Ir(OMe(cod)], pinB S S Bpin
2.0 equiv. /Z 3.0 mol % dtbpy \Q + w

15 CN THErt5h 15aCN  45,CN

1 mmol crude ratio 1:1.1
The borylation of 3-cyanothiophene using dtbpy as the ligand was previously reported by

the authors,'® and is included here for comparison.
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Table 2.5, Entry 5: Borylation with dpm as the ligand

1.0 equiv. HBpin
q p s s

S 1.5 mol % [Ir(OMe(cod)], pinB Bpin
|\ /Z 3.0 mol % dpm m + (_Z/

15 CN THF rt 24 h 15aCN 15bCN

5 mmol crude ratio 5.5:1 (15% diborylation)
74% isolated yield 5.5:1
recrystallized 43% 15a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (50 mg, 0.075 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (725 pL, 640 mg, 5.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. Di-(pyridin-
2-yl)methane (dpm) was weighed into a test tube (26 mg, 0.15 mmol, 3 mol %) and dissolved in
1.0 mL THF. The solution was transferred into the vial with a Pasteur pipette, and the reaction
mixture turned a bright orange color. The test tube was rinsed with 1.0 mL THF and the rinse was
added to the vial. 3-cyanothiophene (0.545 g, 455 pL, 5.0 mmol, 1.0 equiv) was added last by
pipettor into the stirring mixture in the reaction vial. Vigorous bubbling was observed. When the
gas evolution subsided, the vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 24 hours.

After 24 h, GC analysis indicated 10% starting material remaining with 15% diborylated
substrate present. The diborylation of 15b enhanced the ratio of 15a:15b to 5.5:1. After the reaction
was stopped, the volatile materials were removed by rotary evaporation. The crude material was
dissolved in CH,Cl, and applied to a 10g silica plug eluting with 1:1 CH,Cl, / hexanes to prevent
diborylated material from passing through the plug. A mix of borylated isomers and residual
starting material eluted as a clear, colorless oil. The starting material was removed under high

vacuum to yield 860 mg of a white solid that was determined by GC and 'H NMR to be a 3:1
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mixture of isomers. (74% yield, mp 83-85°C) The mixture was dissolved in warm hexane and put
in the-30°C freezer. Two crops of crystals were collected for 505 mg white crystalline solid, that
was white and free flowing and granular in appearance, like table sugar. (43% yield, mp = 96 —
97°C)

Table 2.5, Entry 5: Borylation with dpm as the ligand, 2:1 substrate : HBpin

1.0 equiv. HBpin
quiv. pi s S

_ S 1.5 mol % [Ir(OMe(cod)], pinB Bpin
2.0 equiv. /z 3.0 mol % dpm \Q + (_Z/

N THF rt 24 h N N
15 c 15aC 15bC

5 mmol crude ratio 4.5:1 (3% diborylation)
74% isolated yield 4.5:1
recrystallized 36% 15a
In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (50 mg, 0.075 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (725 pL, 640 mg, 5.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. Di-(pyridin-
2-yl)methane (dpm) was weighed into a test tube (26 mg, 0.15 mmol, 3 mol %) and dissolved in
1.0 mL THF. The solution was transferred into the vial with a Pasteur pipette, and the reaction
mixture turned a bright orange color. The test tube was rinsed with 1.0 mL THF and the rinse was
added to the vial. 3-cyanothiophene (01.90 g, 910 pL, 10 mmol, 2.0 equiv.) was added last by
pipettor into the stirring mixture in the reaction vial. Moderate bubbling was observed. When the
gas evolution subsided, the vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 24 hours.
After 24 h, GC analysis showed 55% starting material remaining, which translates to 90%

conversion based on HBpin. 3% diborylated substrate present, and the ratio of 1a:1b was observed

to be 4.5:1. After the reaction was stopped, the volatile materials were removed by rotary
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evaporation. The crude material was dissolved in CH,Cl, and applied to a 10g silica plug eluting
with 1:1 CH,Cl, / hexanes to prevent diborylated material from passing through the plug. A mix
of borylated isomers and residual starting material eluted as a clear, colorless oil. The starting
material was removed under high vacuum to yield 745 mg of a white solid that was determined by
GC and 'H NMR to be a 3:1 mixture of isomers. (63% yield, mp 83-85°C). The mixture was
dissolved in warm hexane and the flask was put in the -30°C freezer. Two crops of crystals were
collected for a total of 423 mg. The crystals were shown to be pure 15a by 'H NMR. (36% yield,

mp = 96 — 97°C) Crystals were white and granular like table sugar.

Table 2.5, Entry 5: Borylation with bnbozo as the ligand; 2:1 substrate : HBpin

1.0 equiv. HBpin
quiv. HBpi s s

_ S 1.5 mol % [Ir(OMe(cod)], pinB Bpin
2.0 equiv. §\ /Z 3.0 mol % bnbozo \Q + w

CN THF rt 24 h CN CN
15 15a 15b

2.5 mmol crude ratio 1:1.4 (12% diborylation)
61% isolated yield 1:1.3

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)], (25 mg, 0.0377 mmol, 3 mol % Ir). 1.0 mL THF was added
with stirring and a clear yellow solution resulted. HBpin (363 uL, 320 mg, 2.5 mmol, 1.0 equiv)
was added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2'-
Bis[(4S5)-4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (25 mg, 0.078 mmol, 3 mol
%) and added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0 mL
THF and the rinse was added to the vial. 3-cyanothiophene (0.545 g, 455 pL, 5.0 mmol, 1.0 equiv)
was added last by pipettor into the stirring mixture in the reaction vial. Vigorous bubbling was
observed. When the gas evolution subsided, the vial was closed with a screw cap and allowed to

stir at ambient temperature in the glove box for 24 hours.
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After 24 h, GC analysis indicated 59% starting material remaining (for a 2-fold excess of
starting material where 50% starting material indicates complete conversion, this translates to 82%
conversion) with 12% diborylated substrate present. The ratio of 15a:15b was to 1:1.3. After the
reaction was stopped, the volatile materials were removed by rotary evaporation. The crude
material was dissolved in CH,Cl, and applied to a 10g silica plug eluting with 1:1 CH,Cl, / hexanes
to prevent diborylated material from passing through the plug. A mix of borylated isomers and
residual starting material eluted as a clear, colorless oil. The starting material was removed under
high vacuum to yield 360 mg of a white solid that was determined by GC and "H NMR to be a

1:1.3 mixture of isomers. (61% yield, mp 82-85°C).

Table 2.5, Entry 5: Borylation with bozo as the ligand 1:1 substrate : HBpin

1.0 equiv. HBpin

S 1.5 mol % [Ir(OMe(cod)], pinB S S Bpin
\ /Z 3.0 mol % bozo \Q * (_T
15 CN THF rt 24 h 15a CN 15b CN
5 mmol crude ratio 5.5:1 (19% diborylation)

69% isolated yield 1:4.5
recrystallized 36% 15b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (50 mg, 0.075 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (725 pL, 640 mg, 5.0 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-Bis(2-
oxazoline) (bozo) was weighed into a test tube (25 mg, 0.078 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The test tube was rinsed with 1.0 mL THF and the rinse was
added to the vial. and dissolved in 1.0 mL THF. The reaction turned a cherry red color. The test
tube was rinsed with 1.0 mL THF and the rinse was added to the vial. 3-cyanothiophene (0.545 g,

455 pL, 5.0 mmol, 1.0 equiv) was added last by pipettor into the stirring mixture in the reaction
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vial. Vigorous bubbling was observed. When the gas evolution subsided, the vial was closed with
a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours.

After 24 h, GC analysis indicated 16% starting material remaining with 19% diborylated
substrate present. The diborylation of 15a enhanced the ratio of 15a:15b to 1:4.5. After the reaction
was stopped, the volatile materials were removed by rotary evaporation. The crude material was
dissolved in CH,Cl, and applied to a 10g silica plug eluting with 1:1 CH,Cl, / hexanes to prevent
diborylated material from passing through the plug. A mix of borylated isomers and residual
starting material eluted as a clear, colorless oil. The starting material was removed under high
vacuum to leave 810 mg of a white solid that was determined by GC and 'H NMR to be a 1:5
mixture of isomers. (69% yield, mp 83-85°C). The white solid was dissolved in warm hexanes and
allowed to sit open on the bench for about 3 hours until crystals were forming. The flask was closed
with a septum and put in the 10°C refrigerator overnight. 2 crops of fine, fibrous needles that
resembled glass wool were collected for a total of 470 mg of pure 15b. (40% yield, m.p. = 103 —
105°C).

Table 2.5, Entry 5: Borylation with bozo as the ligand 2:1 substrate : HBpin

1.0 equiv. HBpin

S 1.5 mol % [Ir(OMe(cod)], pinB—_-S S<_Bpin
2.0 equiv. /Z 3.0 mol % bozo \Q + w
THF rt 24 h
15 N ' 152 N 15p°"
5 mmol crude ratio 5.5:1 (5% diborylation)

69% isolated yield 1:4.5
recrystallized 36% 15b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (50 mg, 0.075 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (725 pL, 640 mg, 5.0 mmol, 1.0 equiv) was

added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2°-Bis(2-
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oxazoline) (bozo) was weighed into a test tube (25 mg, 0.078 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The test tube was rinsed with 1.0 mL THF and the rinse was
added to the vial. and dissolved in 1.0 mL THF. The reaction turned a cherry red color. The test
tube was rinsed with 1.0 mL THF and the rinse was added to the vial. 3-cyanothiophene (1.09 g,
910 pL, 10 mmol, 2.0 equiv) was added last by pipettor into the stirring mixture in the reaction
vial. Vigorous bubbling was observed. When the gas evolution subsided, the vial was closed with
a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours.

After 24 h, GC analysis indicated 50% starting material remaining, which corresponds to
complete conversion. 5% diborylated substrate was present. The diborylation of 15a enhanced the
ratio of 15a:15b to 1:3.3. After the reaction was stopped, the volatile materials were removed by
rotary evaporation. The crude material was dissolved in CH,Cl, and applied to a 10g silica plug
eluting with 1:1 CH,Cl, / hexanes to prevent diborylated material from passing through the plug.
A mix of borylated isomers and residual starting material eluted as a clear, colorless oil. The
starting material was removed under high vacuum to leave 8§10 mg of a white solid that was
determined by GC and 'H NMR to be a 1:5 mixture of isomers. (69% yield, mp 83-85°C). The
white solid was dissolved in warm hexanes and allowed to sit open on the bench for about 3 hours
until crystals were forming. The flask was closed with a septum and put in the 10°C refrigerator
overnight. 2 crops of fine, fibrous needles that resembled glass wool were collected for a total of

470 mg of pure 15b. (40% yield, m.p. = 103 — 105°C).
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Table 2.5, Entry 6

ing_ S S.__Bpi
pin \Q Q/ pin
16a cl 16b cl

Characterization of 16a and 16b:

Steric isomer 16a: 'H NMR (500 MHz; CDCI3): § 7.43 (d, J= 1.2 Hz, 1H), 7.35 (d, J= 1.2 Hz,
1H), 1.32 (s, 12H). 13C NMR (126 MHz; CDCl;): 6 136.9, 131.9, 126.8, 84.4, 24.7. 11B NMR
(160 MHz; CDCl;): & 28.5. Electronic isomer 16b: 'H NMR (500 MHz; CDCl3): § 7.51 (d, J =
4.9 Hz, 1H), 7.01 (d,J=4.9 Hz, 1H), 1.34 (s, 12H). I3C NMR (126 MHz; CDCls): 6 138.3, 129.7,
126.6, 84.2,24.7. 11B NMR (160 MHz; CDCl;): & 28.5.

Borylation of 3-chlorothiophene with the ligand dtbpy in hexane with HBPin as the limiting
reagent, was previously reported by the authors.'” Under these conditions, a 3.5:1 ratio of 16a:16b
was obtained with an isolated yield of 66% of the isomer mixture. Spectral data were consistent

with reported literature values from the reference above.

Table 2.5, Entry 6: Borylation with dtbpy as the ligand

1.0 equiv. HBpin
1.5 mol% [Ir(OMe)cod],

s ; i S S__Boi
2.0 equiv. (\ Z/ 3.0 mol% dtbpy pin \Q N Q/ pmn
| THF, rt2h | |
16 C 16a°  16b "
2.5 mmol crude ratio 4:1 (5.5% diborylation)

60% isolated yield 4:1
Substrate 16 was previously reported by the authors as borylated with dtbpy in hexane.'’

The ratio obtained was 3.5:1. The borylation of 16 according to standard conditions for a ligand
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screening was carried out in THF, whereby a different ratio was obtained. That synthesis is
presented here.

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)], (25 mg, 0.038 mmol, 3 mol% Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (363 pL, 320 mg, 2.5 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 4,4’-Di-t-
butyl-2,2’-bipyridine (dtbpy) was weighed into a test tube (20 mg, 0.075 mmol, 3 mol %), and the
ligand was added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with
1.0 mL THF and the rinse was added to the vial. 3-chlorothiophene (0.592¢g, 0.465 uL, 5.0 mmol,
2.0 equiv) was added by pipettor into the stirring mixture in the vial. Vigorous bubbling was
observed. 1.0 additional mL of THF was added to the vial for a total volume of 3.0 mL THF. When
gas evolution had subsided, the vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box. The reaction was monitored by GC and judged complete based on
HBpin after 2 hours. The volatiles were removed by rotary evaporation to yield a brown oil. The
crude ratio was determined by GC and 'H NMR to be 4:1 with 5.5% diborylated substrate present.
The crude material was dissolved in CH,Cl, and passed through a 10g silica plug eluting with
CH,Cl,, yielding a mixture of borylated isomers and residual starting material. The starting
material was removed under high vacuum to leave 450 mg of a clear oil determined by '"H NMR

to be a 4:1 mixture of borylated isomers (73% isolated yield).
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Table 2.5, Entry 6: Borylation with dpm as the ligand

1.0 equiv. HBpin
1.5 mol% [Ir(OMe)COd]z

S % inB—_-S S\ Bpin
2.0 equiv. (\ Z/ 3.0 mol% dpm pi \Q N (_Z/ p
THF rt 12 h
16 Cl Cl Cl
16a 16b
1 mmol crude ratio 11.5:1 (5% diborylation)

94% isolated yield 11.5:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (10 mg, 0.015 mmol, 3 mol % Ir). ImL THF was added into
the vial to make a clear, light yellow solution. 1.0 equiv. HBPin (145 pL mg, 128 mg, 1.0 mmol)
was added by pipettor to the yellow solution, which then deepened to a gold color. Di-(pyridin-2-
yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5
mL THF. The solution was transferred by Pasteur Pipette into the reaction vial. The GC vial was
rinsed with 0.5 mL THF and the rinse was added to the reaction. 3-chlorothihophene (237 mg, 183
pL, 2 mmol, 2.0 equiv) was added last by pipettor into the stirring mixture in the reaction vial.
Vigorous gas evolution was observed. 1.0 mL of additional THF was added to the reaction vial for
a total volume of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 12 h. Full conversion based on HBpin was observed to by GC.

After the reaction was stopped, the volatile materials were removed by rotary evaporation.
The ratio of 11a:11b was determined by 'H NMR to be 11.5:1 with 5% diborylated substrate
present. The crude material was dissolved in CH,Cl, and passed through a 2 g silica plug eluting
in 1:1 CH,Cl, / hexanes to afford a mixture of the corresponding borylated product and starting
material. The residual starting material was removed under high vacuum to afford 229 mg (94%
yield) of a colorless oil that was determined by '"H NMR to be an 11.5:1 mixture of the borylated

1Somers.
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Table 2.5, Entry 6: Borylation with bnbozo as the ligand

1.0 equiv. HBpin
1.5 mol% [Ir(OMe)cod],

S 3.0 mol% bnbozo pinB—_-S S<__Bpin
2.0 equiv. /z \Q + (_Z/
THFrt 2h
Cl Cl Cl
16 16a 16b
1 mmol crude ratio 7:1 (5% diborylation)

84% isolated yield 8:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (10 mg, 0.015 mmol, 3 mol % Ir). ImL THF was added into
the vial to make a clear, light yellow solution. 1.0 equiv HBPin (145 uL mg, 128 mg, 1.0 mmol)
was added by pipettor to the yellow solution, which then deepened to a gold color. 2,2'-Bis[(4S)-
4-benzyl-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol %) and
transferred as a solid into the stirring reaction mixture. The solution turned bright orange. The vial
was rinsed with 1.0 mL THF, and the rinse was added to the reaction mixture. 3-chlorothihophene
(237 mg, 183 uL, 2 mmol, 2.0 equiv) was added last by pipettor into the reaction vial. Vigorous
gas evolution was observed. 1.0 mL of additional THF was added to the reaction vial for a total
volume of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 2 h.

After 2 h, 90% conversion to products based on HBpin was observed by GC with 3%
diborylated substrate present. The reaction was stopped and the volatile materials were removed
by rotary evaporation. The ratio of 11a:11b was determined by 'H NMR to be 8:1. The crude
material was dissolved in CH,Cl, and passed through a 3g silica plug eluting in 1:1 CH,Cl, /
hexanes to afford a clear oil that contained a mixture of the corresponding borylated isomers and
residual starting material. The starting material was removed under high vacuum to yield 206 mg

of a clear oil that was determined by "H NMR to be an 8:1 mixture of 16a and 16b.
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Table 2.5, Entry 6: Borylation with bozo as the ligand

1.0 equiv. HBpin
1.5 mol% [Ir(OMe)cod],

S % inB__S S\._Bpin
2.0 equiv. (\ Z/ 3.0 mol% bozo p \Q N q p
ol THF rt12h ol o)
16 16a 16b
2.5 mmol crude ratio 1:1 (4% diborylation)

49% isolated yield 1:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [[r(OMe)(COD)], (25 mg, 0.038 mmol, 3 mol% Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (363 pL, 320 mg, 2.5 mmol, 1.0 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-Bis(2-
oxazoline) (bozo) was weighed into a test tube (25 mg, 0.078 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The test tube was rinsed with 1.0 mL THF and the rinse was
added to the vial. and dissolved in 1.0 mL THF. The reaction turned a cherry red color. The test
tube was rinsed with 1.0 mL THF and the rinse was added to the vial. 3-chlorothiophene (0.592 g,
465 pL, 5.0 mmol, 2.0 equiv) was added last by pipettor into the stirring mixture in the reaction
vial. Vigorous bubbling was observed. When the gas evolution subsided, the vial was closed with
a screw cap and allowed to stir at ambient temperature in the glove box for 24 hours.

After 24 h, GC analysis indicated full conversion based on HBpin, with 3% diborylated
substrate present. After the reaction was stopped, the volatile materials were removed by rotary
evaporation, and the ratio by "H NMR was found to be 1:1. The crude material was dissolved in
CH,Cl, and applied to a 10g silica plug eluting with 1:1 CH,Cl, / hexanes to prevent diborylated
material from passing through the plug. A mix of borylated isomers and residual starting material
eluted as a clear, colorless oil. The starting material was removed under high vacuum to leave

300 mg (49% isolated yield) clear oil of a 1:1 ratio of 16a:16b.
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Table 2.5: Entry 7

II\\I/Ie 'l\\l/le

. . Bpin
N N P
\_\(\ ] va
17a PPN 47

Characterization of 17b:

The steric product 17a was isolated as a white, crystalline solid after elution in CH,Cl,
through a silica plug and subsequent crystallization from hexanes, mp 68 — 70°C. 17b is difficult
to separate from borate contamination by column chromatography, kugelrhor distillation or
sublimation as 17b co-elutes and co-sublimes with borates. On larger scales, it can be purified
easily by crystallization, but yields are diminished on smaller scale preparations.

'H NMR (500 MHz; CDCl;): & 7.46 (d, J = 1.9 Hz, 1H), 6.69 (d, J = 1.9 Hz, 1H), 4.06 (s, 3H),
1.31 (s, 12H). *C NMR (126 MHz; CDCI313): & 138.2, 115.7, 84.1, 39.3, 24.8. ''B NMR (160
MHz; CDCls): & 27.9. GC-MS (EI) m/z (% relative intensity): M"' 209 (100), 193 (2), 165 (3),

122(6); HMRS (EI): m/z 209.1464 [(M*Y); Caled for C1oHisBN>Os].

Table 2.5, Entry 7: Borylation with dtbpy as the ligand

1.5 equiv. HBpin
II\\I/Ie 3.0 mol% [Ir(OMe)cod], Me Me

. ° .N _N :
N\ ;/ 6.0 mol% dtbpy N\ ) N N\J/ Bpin
Hexanes rt 5 h \
17 17a BPIn 17b

1.0 mmol crude ratio 9:1
isolated yield 67% mixture 9:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar

was charged with [Ir(OMe)(COD)], (20 mg, 0.03 mmol, 6 mol% Ir). 1.0 mL hexanes was added
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with stirring and a clear yellow solution resulted. HBpin (218 uL, 192 mg, 1.5 mmol, 1.5 equiv)
was added by pipettor into the light-yellow solution, which deepened to a clear gold color. 4,4’-
Di-t-butyl-2,2’-bipyridine (dtbpy) was weighed into a test tube (16 mg, 0.06 mmol, 6 mol %), and
the ligand was added to the vial as a solid. The mixture turned dark red. The test tube was rinsed
with 1.0 mL hexanes and the rinse was added to the vial. N-methylpyrazine (0.82 g, 81 uL, 1.0
mmol, 1.0 equiv). The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box. The reaction was monitored by GC and judged complete after 5 hours. The
volatiles were removed by rotary evaporation to yield a brown oil. The crude ratio was determined
by GC to be 9:1. The crude material was dissolved in CH,Cl, and passed through silica plug
yielding 183 mg of white solid that was determined to be a 9:1 mixture by 'H NMR. (67% isolated
yield of mixture, m.p. = 62-62°C).

Table 2.5, Entry 7: Borylation with dpm as the ligand

1.5 equiv. HBpin
Me 1.5 mol% [Ir(OMe)cod], Me
3.0 mol% dpm

N N N
N; ) N; ) + N\,_/7/ Bpin
\—\/ THF rt 24 h \

Bpin
17 17a P 17b

1.0 mmol crude ratio 1:9

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added into
the vial to make a clear, light yellow solution. HBpin (218 pL mg, 192 mg, 1.5 mmol, 1.5 equiv)
was added by pipettor to the yellow solution, which then deepened to a gold color. Di-(pyridin-2-
yl)methane (dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5
mL THF. The solution was transferred by Pasteur Pipette into the reaction vial. The GC vial was

rinsed with 0.5 mL THF and the rinse was added to the reaction. N-methylpyrazole (82 mg, 83
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pL, 1.0 mmol, 1.0 equiv) was added last by pipettor into the stirring mixture in the reaction vial.
1.0 mL of additional THF was added to the reaction vial for a total volume of 3.0 mL THF. The
vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box for
24 h. Full conversion based on HBpin was observed to by GC.

After the reaction was stopped, the volatile materials were removed by rotary evaporation and 'H
NMR of the crude material confirmed the absence of starting material and indicated 9:1 ratio of

17a:17b.

Table 2.5, Entry 7: Borylation with bnbozo as the ligand

1.5 equiv. HBpin

Me 3.0 mol% [Ir(OMe)cod], Me Me
N 6.0 mol% bnbozo N N__Bpin
N Nt N\J/ P
Ether rt 18 h \
Bpin
17 17a 17b
1.0 mmol crude ratio 1:8

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with 2,2'-Bis[(4S5)-4-benzyl-2-oxazoline] (bnbozo) (20 mg, 0.03 mmol, 6 mol %).
1.0 mL diethyl ether was added to dissolve the ligand. [Ir(OMe)(cod)]» (20 mg, 0.03 mmol, 6 mol
% Ir) was weighed into a test tube. HBpin (384 mg, 435uL, 3.0 mmol, 3 equiv) was added to the
Ir pre-catalyst and mixed well with a Pasteur Pipette. The resulting golden solution was transferred
into the reaction vial containing the ligand. The test tube was rinsed with 1.0 mL diethyl ether and
the rinse was added to the reaction vial. N-methylpyrazole (82 mg, 83 pL, 1.0 mmol, 1.0 equiv)
was added last by pipettor into the reaction vial. The vial was closed with a screw cap and allowed
to stir at ambient temperature in the glove box for 18 h. After the reaction was stopped, the volatiles

were removed by rotary evaporation. Complete conversion was seen by '"H NMR of the crude

97



reaction mixture and a ratio of 1:9 was observed.

Table 3.4, Entry 7: Borylation with bozo as the ligand

0.05 equiv. HBpin
1.0 equiv. Bypin,

Me 1.5 mol% [Ir(OMe)cod], I\N/Ie Me
. 3.0 mol% bozo . N Bpin
N\\_? N\ / + NJ
THF rt 24 h
Bpin
17 17a P 17b
5.0 mmol crude ratio 1:32

64% isolated yield 17b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (50 mg, 0.075 mmol, 3 mol % Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin (40 pL, 35 mg, 0.28 mmol, 0.055 equiv) was
added by pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-Bis(2-
oxazoline) (bozo) was weighed into a test tube (25 mg, 0.078 mmol, 3 mol %) and added as a solid
into the stirring reaction mixture. The solution turned a cherry red color. The test tube was rinsed
with 1.0 mL THF and the rinse was added to the vial. B,Pin, (1.27 g, 5.0 mmol, 1.0 equiv) was
weighed into a vial and added into the stirring reaction mixture as a solid. The weighing vial was
rinsed with 3 x 1 mL THF and the rinses were added into the reaction for a total volume of 5.0
mL. N-methylpyrazole (0.410 g, 415 pL, 5.0 mmol, 1.0 equiv) was added last by pipettor into the
stirring mixture in the reaction vial. The vial was closed with a screw cap and allowed to stir at
ambient temperature in the glove box for 24 hours. After the reaction was stopped, the volatiles
were removed by rotary evaporation. Full conversion was seen by crude 'H NMR and ratio of 1:32
was observed in the crude mixture. The crude material was dissolved in CH,Cl, and passed through
a 20 g silica plug with about 300 mL CH,Cl;. The eluent was concentrated to 1 g of a clear gel. A

minimum amount of hexane was added with swirling of the flask until the mixture was
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homogeneous and the gel appeared to be dissolved, resulting in a less viscous solution. The flask
was closed with a septum and put in the -30°C freezer for 2 days. 0.66 g of a white crystalline solid
were collected and combined from two crops. The isolated material was analytically pure 17b by
"H NMR (64% isolated yield, m.p. = 68 — 70°C).

Table 2.5, Entry 8

(0] _ 9]
18a

18b Bpin

Table 2.5, Entry 8: Borylation with dtbpy as ligand

1.5 mol % [Ir(OMe)cod],

o 3.0 mol% dtbpy 0 _ o}
©/\) 1.2 equiv HBpin ) Bpin P
/ Hexanert1 h
18a

18 18b Bpin

1mmol ratio of crude material: 32:1
83% isolated yield 18a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)], (10 mg, 0.015 mmol, 3 mol% Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin 175 pL, 1.2 mmol, 1.2 equiv) was added by
pipettor into the light-yellow solution, which deepened to a clear gold color. 4,4’-Di-t-butyl-2,2’-
bipyridine (dtbpy) was weighed into a test tube (8 mg, 0.03 mmol, 3 mol %), and the ligand was
added to the vial as a solid. The mixture turned dark red. The test tube was rinsed with 1.0 mL
THF and the rinse was added to the vial. Benzofuran (0.118g, 110 uL, 1.0 mmol, 1.0 equiv) was
added by pipettor into the stirring mixture in the vial. Vigorous bubbling was observed. 1.0

additional mL of THF was added to the vial for a total volume of 3.0 mL THF. When gas evolution
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had subsided, the vial was closed with a screw cap and allowed to stir at ambient temperature in
the glove box for 1 h, at which time the reaction was judged complete based by GC-FID. The
volatiles were removed by rotary evaporation to yield a brown oil. The crude ratio was determined
by GC and 'H NMR to be 32:1. The crude material was dissolved in CH,Cl, and passed through
a 10g silica plug eluting with CH,Cl,, yielding isomer 18a and borates. The material was

recrystallized from hexane to afford 205 mg of the pure material, 18a. (83% yield)

Table 2.5, Entry 8: Borylation with dpm as ligand

1.5 mol % [Ir(OMe)cod],

o 3.0 mol% dpm 0 _ o]
©/\) 1.2 equiv HBpin ) Bpin P
% THF rt5h

18 18a 18p BPIN

1mmol ratio of crude material: 18:1
90% isolated yield 18a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)]> (10 mg, 0.015 mmol, 3 mol % Ir). 1.0 mL THF was added into
the vial to make a clear, light yellow solution. HBpin (175 pL mg, 1.2 mmol, 1.5 equiv) was added
by pipettor to the yellow solution, which then deepened to a gold color. Di-(pyridin-2-yl)methane
(dpm) was weighed into a GC vial (5 mg, 0.03 mmol, 3 mol %) and dissolved in 0.5 mL THF. The
solution was transferred by Pasteur Pipette into the reaction vial. The GC vial was rinsed with 0.5
mL THF and the rinse was added to the reaction. Benzofuran (0.118 mg, 110 puL, 1.0 mmol, 1.0
equiv) was added last by pipettor into the stirring mixture in the reaction vial. 1.0 mL of additional
THF was added to the reaction vial for a total volume of 3.0 mL THF. The vial was closed with a
screw cap and allowed to stir at ambient temperature in the glove box for 24 h. Full conversion

was observed to by GC-FID.
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After the reaction was stopped, the volatile materials were removed by rotary evaporation
and "H NMR of the crude material confirmed the absence of starting material and indicated 18:1
ratio of 18a:18b. The crude material was dissolved in 1:1 dcm / hexane and applied to a 3g silica
column eluting with 1:1 dem / hexane. The fractions were concentrate and 221 mg of white solid

was obtained that was pure 18a by GC-FID and 'H NMR. (90% isolated yield, mp 85°C sharp)

Table 2.5, Entry 8: Borylation with bnbozo as ligand

1.5 mol % [Ir(OMe)cod],

o 3.0 mol% bnbozo O _ o]
©/\) 1.2 equiv HBpin ) Bpin P
% THF rt5h

18 18a 18p 5PN

1 mmol ratio of crude material: 99:1
95% isolated yield 18a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)], (10 mg, 0.015 mmol, 3 mol% Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin 175 pL, 1.2 mmol, 1.2 equiv) was added by
pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-Bis[(4S-)4-
benzyl)-2-oxazoline] (bnbozo) was weighed into a test tube (10 mg, 0.03 mmol, 3 mol %), and
the ligand was added to the vial as a solid. The mixture turned cherry red. The test tube was rinsed
with 1.0 mL THF and the rinse was added to the vial. Benzofuran (0.118g, 110 uL, 1.0 mmol, 1.0
equiv) was added by pipettor into the stirring mixture in the vial. Vigorous bubbling was observed.
1.0 additional mL of THF was added to the vial for a total volume of 3.0 mL THF. When gas
evolution had subsided, the vial was closed with a screw cap and allowed to stir at ambient
temperature in the glove box for 1 h, at which time the reaction was judged complete based by
GC-FID. The volatiles were removed by rotary evaporation to yield a brown oil. The crude ratio

was determined by GC and '"H NMR to be >99:1. The crude material was dissolved in 1:1 dem /
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hexane and passed through a 3g silica plug eluting with 1:1 dcm / hexane. The fractions were
combined to yield 222 mg of the pure material, 18a. (95% isolated yield, 85°C sharp).
Table 2.5, Entry 8: Borylation with bozo as ligand

1.5 mol % [Ir(OMe)cod],

o 3.0 mol% bozo O _ o]
©/\) 1.2 equiv HBpin ) Bpin P
% THF rt5h

18 18a 18p BPIN

1 mmol ratio of crude material: 14:11
90% isolated yield 14:1 18a:18b

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)(cod)], (10 mg, 0.015 mmol, 3 mol% Ir). 1.0 mL THF was added with
stirring and a clear yellow solution resulted. HBpin 175 pL, 1.2 mmol, 1.2 equiv) was added by
pipettor into the light-yellow solution, which deepened to a clear gold color. 2,2’-Bis-2-oxazoline
(bozo) was weighed into a test tube (5 mg, 0.03 mmol, 3 mol %), and the ligand was added to the
vial as a solid. The mixture turned cherry red. The test tube was rinsed with 1.0 mL THF and the
rinse was added to the vial. Benzofuran (0.118 g, 110 uL, 1.0 mmol, 1.0 equiv) was added by
pipettor into the stirring mixture in the vial. Vigorous bubbling was observed. 1.0 additional mL
of THF was added to the vial for a total volume of 3.0 mL THF. When gas evolution had subsided,
the vial was closed with a screw cap and allowed to stir at ambient temperature in the glove box
for 1 h, at which time the reaction was judged complete based by GC-FID. The volatiles were
removed by rotary evaporation to yield a brown oil. The crude ratio was determined by GC and
'H NMR to be 14:1. The crude material was dissolved in 1:1 dem / hexane and passed through a
3g silica plug eluting with 1:1 dem / hexane. The fractions were combined to yield 220 mg of a

white solid 14:1 18a:18b. (90% isolated yield, mp 75 — 77°C).
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Table 2.6: Comparison of dmadpm on selected substrates:

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in table 3.3, and are included for

comparison. For experimental procedures, see Tables 2.4 and 2.5.
Table 2.6, Entry 1: Borylation of 1 with dmadpm and 2 equiv HBpin

Isolation of single isomer 2a

2.0 equiv HBpin cl

Cl 1.5 mol% [Ir(OMe)cod], Cl
3.0 mol% dmadpm
Bpin +
THF rt 48 h

F q F F Bpin
2a 2b
1.0 mmol ratio of crude material by GC 11:1
isolated yield 71% 2a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added with
stirring and a clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was
added to the light-yellow solution, which deepened to a clear gold color. The ligand, dimethyl
amino dipyridyl methane (dmadpm) was weighed into a test tube (8 mg, 0.03 mmol, 3 mol %) and
added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0 mL THF and
the rinse was added to the vial. 1-Chloro-3-fluorobenzene (0.131 g, 107 pL, 1.0 mmol, 1.0 equiv)
was added into the reaction vial. Additional THF (1.0 mL) was added into the reaction for a total
volume of 3.0 mL. The vial was closed with a screw cap and allowed to stir at ambient temperature
in the glove box for 48 hours. After 48 hours, 98% conversion to products was observed by CG
and "’F NMR with a ratio of 11:1 of the corresponding borylated isomers 2a:2b.

After completion of the reaction, the volatile materials were removed by rotary

evaporation. The crude material was dissolved in a minimum amount of CH,Cl, and passed
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through a 3 g plug of silica eluting with hexanes. The fractions were analyzed by TLC using 10%
diethyl ether in hexane as eluent, then the TLC plates were treated with alizarin stain. Most
fractions gave rise to only one spot, pure 2a (1= 0.6), while the last 4 fractions showed traces of
2b as a second spot (ry = 0.52). The fractions containing only one spot were combined and
concentrated to yield 181 mg of a clear, colorless oil that was pure 2a by GC and '°F NMR (71%
yield) The last four fractions were combined and concentrated to yield 50 mg clear oil that was a
10:1 2a:2b isomeric ratio of borylated products by '°F NMR. The combined mass of the two

batches was 231 mg (90% yield).

Table 2.6, Entry 2: Borylation of 4 with dmadpm

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are included

in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

2.0 equiv HBpin Bpin
1.5 mol % [Ir(OMe)(cod)], pinB
/@\ 3.0 mol % dmadpm /@\ N D\
F | THF rt 24 h F | F |
4 4a 4b
1.0 mmol ratio of crude material by GC 14:1
isolated yield 82% 4a

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [I[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added
with stirring. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. The ligand,
dimethyl amino dipyridyl methane, (dmadpm) was weighed into a test tube (8 mg, 0.03 mmol, 3
mol%) and added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0
mL THF and the rinse was added to the vial. 3-Iodofluorobenzene (0.222 g, 118 pL, 1.0 mmol,
1.0 equiv) was dispensed into the stirring mixture in the vial by pipettor. Additional THF (1.0 mL)

was added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw cap and
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allowed to stir at ambient temperature in the glove box for 24 hours. '’F NMR of a reaction aliquot
showed 86% conversion with a ratio of 14:1. The reaction was stopped, and the volatile materials
were removed by rotary evaporation. The crude material was dissolved in 1:1 dichloromethane :
hexane and passed through a 3g plug of silica to afford the corresponding borylated product as 283

mg of clear oil, (82% isolated yield, 14:1 4a:4b by '’F NMR.)
Table 2.6, Entry 3: Borylation of S with dmadpm

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are included
in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

Selectivity of dmadpm with 2 equiv HBpin - Isolation of single isomer 5a.

2.0°equiv HBpin Bpin
/@ 1'53To°inﬁ|[lﬁf‘3r“ﬁ§é(§%d”2 N pinB B
F7ONT el THF rt2 h F7 N7 el F7ONT el
S 5a 5b
1.0 mmol ratio of crude material by GC 38:1
isolated yield 91% Sa

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stirring
bar was charged with [I[r(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added
with stirring. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv) was added by pipettor. The ligand,
dimethyl amino dipyridyl methane, (dmadpm) was weighed into a test tube (8 mg, 0.03 mmol, 3
mol%) and added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0
mL THF and the rinse was added to the vial. 2-chloro-6-fluoropyridine (0.132g, 1.0 mmol, 1.0
equiv) was weighed into a test tube and added last as a solid into the stirring mixture in the vial.
The test tube was rinsed with 1.0 mL of THF and the rinse was added to the vial for a total volume
of 3.0 mL THF. The vial was closed with a screw cap and allowed to stir at ambient temperature

in the glove box for 24 hours. After completion of the reaction, the volatile materials were removed
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by rotary evaporation. The crude material was dissolved in hexane and passed through a 2g plug
of silica to afford the corresponding borylated product as a white solid (234 mg, 91% isolated
yield, m.p. = 72 — 76 °C) determined to be a single isomer 5a by '°F NMR.

Table 2.6, Entry 4: Borylation of 6 with dmadpm.

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are included

in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

2.0 equiv HBpin

1.5 mol % [Ir(OMe)(cod)], Bpin _
/@\ 3.0 mol % dmadpm /@\ me@
THF rt48 h
Ne 6 N r CN CN NC CN
6a 6b
1.0 mmol ratio of crude material by 'H NMR 6:1

isolated yield 79% (7.5:1)
32% 14a recrystallized from EtOH

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3.0 mol % Ir). THF (1.0 mL) was added
with stirring and a clear yellow solution resulted. HBpin (290 uL, 256 mg, 2.0 mmol, 2.0 equiv)
was added by syringe into the light-yellow solution, which deepened to a clear gold color. The
ligand, dimethyl amino dipyridyl methane (dmadpm) was weighed into a test tube (8 mg, 0.03
mmol, 3 mol%) and added as a solid into the stirring reaction mixture. The reaction turned a deep
orange color. 1,3-Dicyanobenzene (0.128 g, 1.0 mmol, 1.0 equiv) was weighed into a test tube and
added last as a solid into the stirring mixture in the vial. The test tube was rinsed with 1.0 mL of
THF and the rinse was added to the vial for a total volume of 3.0 mL THF. The vial was closed
with a screw cap and allowed to stir at ambient temperature in the glove box for 48 hours. 98%

conversion was observed by GC.
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After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 2g silica plug to
yield 219 mg of a white solid that was determined to be a 7.5:1 mixture of isomers mixed and
residual starting material (201 mg isomers corrected for mass of starting material, 79% isolated
yield). The mixture was slurried in ethanol and warmed until all solids dissolved, then the flask
was cooled slowly open to air for about 2 hours as crystals formed. The flask was closed with a
septum and put in the 10°C refrigerator overnight. 82 mg (32% yield, m.p. = 118 — 120 °C) of
clear, colorless crystals were collected by filtration, and were determined to be pure 6a by GC and

'"H NMR.

Table 2.6, Entry 5: Borylation of 10 with dmadpm: Isolation of 10a
The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are included

in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

2.0 equiv. HBpin

Boi
. 1.5 mol % [Ir(OMe(cod)]; . Boin pin
= 3.0 mol % dmadpm = P F
| | + |
cI” N THF rt 24 h cI” N cl” N
10 10a 10b
1.0 mmol ratio of crude material by GC 2.3:1

isolated yield 60% (2.3:1)
recrystallized 38% (17:1)

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF (1.0 mL) was added with
stirring and a clear yellow solution resulted. HBpin (290 pL, 256 mg, 2.0 mmol, 2.0 equiv) was
added into the light-yellow solution, which deepened to a clear gold color. The ligand
dimethylamino dipyridyl methane (dmadpm) was weighed into a test tube (8 mg, 0.03 mmol, 3

mol %) and added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0
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mL THF and the rinse was added to the vial. 2-Chloro-3-fluoropyridine (0.132g, 1.0 mmol, 1.0
equiv) was added last by pipettor into the stirring mixture in the vial. Additional solvent (1.0 mL)
was added to the vial for a total volume of 3.0 mL THF. The vial was closed with a screw cap and
allowed to stir at ambient temperature in the glove box for 24 hours. After 24 hours, 70%
conversion of starting material to products was observed by GC and '°F NMR.

After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 2 g plug of silica
to yield a clear oil that was a 2.3:1 mixture of borylated isomers 10a:10b with residual starting
material. The starting material was pumped off under high vacuum to afford 153 mg of a white
crystalline solid of the same ratio. (60% yield) The isolated mixture was recrystallized from
hexanes to yield 99 mg of a white crystalline solid that was determined by '’F NMR to be a 17:1
mixture of borylated isomers. (38% yield) A second recrystallization furnished 41 mg pure 10a
(16% yield) suitable for single crystal x-ray diffraction, which resulted in a structure consistent

with the steric isomer, 10a.

Table 2.6, Entry 6: Borylation of 15 with dmadpm

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are included
in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

1.0 equiv HBpin
q p s s

_ S 1.5 mol % [Ir(OMe(cod)], pinB Bpin
2.0 equiv /Z 3.0 mol % dmadpm \Q + (_Z/

0.5 mmol HBpin ratio of crude material 5.5:1 (4% diborylation)
80% isolated yield 10:1

In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar

was charged with [Ir(OMe)cod] (5 mg, 0.0075 mmol, 3 mol % Ir). THF was added (0.5 mL) with
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stirring and a clear yellow solution resulted. HBpin (73 pL, 64 mg, 0.5 mmol, 1.0 equiv) was added
into the light-yellow solution, which deepened to a clear gold color. The ligand, dimethylamino
dipyridyl methane (dmadpm) was weighed into a test tube (4 mg, 0.0015 mmol, 3 mol %) and
added as a solid into the stirring reaction mixture. The test tube was rinsed with 1.0 mL THF and
the rinse was added to the vial for a total volume of 1.5 mL of THF. 3-Cyanothiophene (0.109 g,
91 Y L, 1.0 mmol, 2.0 equiv) was added into the stirring mixture in the vial by pipettor. The vial
was closed with a screw cap and allowed to stir at ambient temperature in the glove box for 4
hours. After 4 hours, complete conversion to products based on HBpin was observed by GC. 4%
diborylated substrate was observed by 'H NMR.

After completion of the reaction, the volatile materials were removed by rotary
evaporation. The crude material was dissolved in CH,Cl, and passed through a 2 g plug of silica
and eluted with 1:1 CH,Cl, / hexane to yield a clear oil that was a mixture of borylated isomers
and residual starting material. The fractions were analyzed by GC, and the last two fractions
contained higher ratios of minor isomer and thus were excluded when the fractions were combined.
The starting material was pumped off under high vacuum to afford 94 mg of a white crystalline

solid with a 10:1 ratio of 15a:15b. (80% yield, m.p. = 93 — 94°C).
Table 2.6 Entry 7: Borylation of 14 with dmadpm

The ligands dtbpy, dpm, bnbozo, and bozo, were featured in Tables 2.4 and 2.5, and are

included in Table 2.6 for comparison. For experimental procedures, see Tables 2.4 and 2.5.

1.0 equiv HBpin
1.5 mol% [Ir(OMe)cod],

S % inB_-S S\_Bpin
2.0 equiv { ) 3.0 mol% dmadpm pi \Q N (_Z/ p
Z | THFrt2h ol -
14 © 14a 14b
1.0 mmol HBpin ratio of crude material 9:1 (4% diborylation)

84% isolated yield (10:1)
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In a glove box under nitrogen atmosphere, a 20 mL vial equipped with a magnetic stir bar
was charged with [Ir(OMe)cod], (10 mg, 0.015 mmol, 3 mol % Ir). THF was added (1.0 mL) with
stirring and a clear yellow solution resulted. HBpin (145 pL, 128 mg, 1.0 mmol, 1.0 equiv) was
added by pipettor into the light yellow solution, which deepened to a clear gold color. The ligand,
dimethyl amino dipyridyl methane (dmadpm) was weighed into a test tube (8 mg, 0.0015 mmol,
3 mol %) and added as a solid into the stirring reaction mixture. The test tube was rinsed twice
with 1.0 mL THF and the rinses were added to the vial for a total volume of 3.0 mL of solvent. 3-
Chlorothiophene (236 mg, 186 pL, 2.0 mmol, 2.0 equiv) was added into the stirring mixture in the
vial. Vigorous bubbling was observed. After the gas evolution subsided, the vial was closed with
a screw cap and allowed to stir at ambient temperature in the glove box for 2 hours. After 2 hours,
complete conversion to products based on HBpin was observed by GC. A ratio of 9:1 of the
monoborylated isomers 14a:14b and 4% diborylation was observed by 'H NMR.

After the reaction was stopped, the volatile materials were removed by rotary evaporation.
The crude material was dissolved in CH,Cl, and passed through a 3 g plug of silica to yield a clear
oil that was a mixture of borylated isomers and residual starting material. The starting material
was pumped off under high vacuum to afford 206 mg of a clear, colorless oil containing a 10:1

ratio of corresponding borylated isomers 14a:14b by GC and'H NMR (84% yield).

General Methods for Kinetics study:

NMR kinetics were performed on a variable temperature Varian Innova 300 MHz multi-
channel NMR spectrometer in proteated solvents with a THF gradient shim map according to no-
D techniques. Reactions were monitored by '’F NMR as an automated array. Arrayed spectra were
processed automatically with iNMR software. Reactions were referenced to hexafluorobenzene in

"F NMR and cyclohexane in no-D 'H NMR.
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(coe)Ir(dtbpy)Bpins  was  prepared according to a literature prep.”  3-
Trifluoromethyltoluene was purchased commercially and passed through activated basic alumina
before use. 3-Flourochlorobenzene was purchased commercially, refluxed over CaH, and distilled
at atmospheric pressure before use. Cyclohexane and THF were dried over sodium and
benzophenone, freshly collected from wet stills and brought into the glove box just prior to use.
Reactions were made up in test tubes equipped with a small stir bar and mixed thoroughly before
transferring into a screwcap NMR tube. A representative reaction is as follows:

Kineteics employing B,pin; as the boron source:

All NMR tube reactions were made up in the glove box in a nitrogen atmosphere. The coe
complex was weighed out in a test tube equipped with a stir bar. 0.6 mL cyclohexane was added
with a gastight micro syringe. B,pin, was weighed by difference into the test tube and stirred until
dissolved. CsF¢ was added as an internal standard with a gastight mocrosyringe. The contents were
transferred into the srewcap NMR tube with a Pasteur pipette and the NMR tube was closed with
the septum top cap. The substrate was put into an air tight gc vial to be added by syringe right
before the arrayed experiment.

Kineteics employing HBpin as the boron source:

All NMR tube reactions were made up in the glove box in a nitrogen atmosphere. The coe
complex was weighed out in a test tube equipped with a stir bar. 0.6 mL cyclohexane was added
with a gastight micro syringe. HBpin was dispensed into the test tube by gastight micro syringe.
The mixture was stirred about two minutes. CsF¢ was added as an internal standard with a gastight
micro syringe. The contents were transferred into the J-young tube with a Pasteur pipette and the
NMR tube was closed with the septum top cap. The substrate was put into an air tight gc vial to be

added by syringe right before the arrayed experiment.
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Generation of the active catalyst from [Ir(OMe)cod]; and a ligand:

For experiments generating the active catalyst, [Ir(OMe)cod], and ligands (dtbpy or
dmadpm) were made into stock solutions in cyclohexane or THF depending on the solvent of the
experiment. The concentrations were designed to add catalyst and ligand in volumes of 150uL
each by gastight syringe. Catalyst stock solution (150uL) was added into the test tube by gas tight
micro syringe, followed by ligand stock solution (150uL). Bopin, or HBpin was added next, and
0.3 mL cyclohexane was added last. The reactions were stirred about two minutes and then were
transferred into a screw cap tube NMR tube and the tube was closed with a screw cap. Like the
general experiments, the substrate was stored in an air tight GC vial and added at the time of the
experiment.

For Kinetics reactions that were heated, the reaction was brought to temperature within the
spectrometer before adding the substrate by gas tight micro syringe.

The arrayed experiments acquired each spectrum as 4 scans with a 2 second delay between
each scan. A time stamp was taken after 2 scans at the midpoint of each acquisition. Each spectrum
had a 25 second acquisition time with 125 seconds between acquisitions. The log files were
downloaded into Excel and processed automatically into time elapsed. The NMR peak areas were
integrated automatically by iNMR and the integral values were pasted into Excel with the log file

to generate the kinetics graphs. All graphs are included in the appendix.

General Methods for KIE studies:

Benzene was dried by reflux over CaH, and collected in a wet still just prior to use. NMR
grade ds-benzene was purchased commercially and used as received. All KIE reactions were made
up in in a glove box with Nitrogen atmosphere in 20 mL vials equipped with stir bars. Reactions

of 0.2 mmol scale were closed with cone-sealing screw caps and allowed to stir in the glove box.
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When reactions were monitored by GCMS, the screw cap was removed from the vial in the glove
box, and accurate 100 pL aliquots were removed with gas tight micro syringes and dispensed into
gc vials. The vials were brought out of the glove box and quenched with 1.0 mL anhydrous
methanol from a 1.0 mL volumetric pipette. The volume of these samples was considered as 1.10
mL. Although 100pL samples are concentrated, the errors from sample removal are low and
results are consistent and repeatable. Smaller sample size introduced greater error.

In order to judge % conversion of the boron source into phenyl Bpin, a dodecane internal
standard was used. A calibration curve was constructed in the following manner: Phenyl Bpin
standards of known concentration were prepared by a dilution series and the standards were spiked
with a constant amount of dodecane, equal to one tenth the dodecane added to the experiments.
Each standard was analyzed twice by GCMS to ensure reproducible auto-sampling. All the peak
areas of the dodecane over all the standards were averaged and this area was set as a constant value
for dodecane. The ratio of the average dodecane area to the known concentration of phenylBpin
was plotted against the known molar concentrations of the phenyl Bpin standards. The area of the
dodecane peak from the experimental sample was normalized to the average dodceane peak of the
calibration curve. The slope of the calibration curve gives the molarity of phenyl Bpin in the
experimental sample by setting the ratio of the areas of normalized dodecane to experimental
phenyl Bpin as the X value in the equation of the calibration curve. The sample molarity is
multiplied by 10 to calculate the molarity of the reaction. The moles of phenyl Bpin in the
experimental sample were then determined and the % conversion was calculated from the
theoretical moles of product. The method was tested by running trial samples of known

concentrations of phenyl Bpin and the results were within 5% of the known concentrations.
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In order to determine the Hs/Ds ratio of the products, a quantitative GCMS program was
used and calibration curves of ds-phenyl Bpin and Hs-phenyl Bpin were made and saved in the
program. A quantitative mass spec method with a slow ramp and long hold time was written in
order to resolve the deuterated and protiated peaks. A scan rate of --- over a mass range of 190 —
220 amu was set in the method.

NMR tube reactions were made up in the glove box in vials equipped with stirbars, then
transferred into J-Young NMR tubes with Pasteur pipettes and closed with septum topped
screwcaps. Reactions in NMR tubes were monitored by ''B NMR and did not contain deuterated
NMR solvents. No-D 'H NMR was run after the reaction was done. Conversion was determined
by quenching with methanol and deconvolution of decoupled borate to Bpin peaks. When NMR
reactions were monitored by GCMS, 100 puL samples were removed by gastight syringes through
the syringe tops and dispensed into gc vials. To easily remove samples from NMR tubes, the tube
was put under positive Ar pressure by inserting a thin stainless steel needle from the argon
manifold into the septum cap. The needle was removed and the J young tube was inverted and the
sample was removed by gas tight micro syringe. Samples were quenched with 1.0 mL anhydrous
methanol from a 1.0 mL volumetric pipette. The GCMS delay was set to 3 minutes in order to

allow benzene and methanol to pass the detector.
Experimental procedures for KIE experiments: dtbpy and B,pin,

1.5 mol% [Ir(OMe)Cod]2
3.0 mol% dtbpy

X X 0.1 mmol Bypin, N Bpin _~_-Bpin
Do~ |+ Her > Dsi |+ Hsyr
% = room temperature Pz =

In the glove box, Bypin, (25 mg, 0.1 mmol B,pin; = 0.2 mmol Boron) was weighed into a

vial equipped with a stir bar. A stock solution of [Ir(OMe)cod], was measured by gas tight micro
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syringe and added into the vial (0.03 M cyclohexane solution, 100 uL, 1.5 x 10 mol, 1.5 mol%
based on 0.2 mmol Boron). A stock solution of dtbpy was measured by gas tight micro syringe
and added into the vial (0.06 M cyclohexane solution, 100 pL, 3.0 mol % based on 0.2 mmol
boron). Benzene (5 mmol, 444 pL), and d¢-benzene (5 mmol, 443 pL) were accurately measured
by gas tight syringe into a separate test tube and mixed well with a pasteur pipette. The mixture
was taken up by Pasteur pipette and added into the reaction vial all at once. The vial was closed

with a screw cap.

KIE studies of dtbpy and B,Pin,: The average Kx/Kp ratio obtained was 5.0 + 0.4

entry time (h) vessel *conversion KIE
1 0.5 vial *14% 5.0
2 1.0 vial-opened *45% 5.4
3 2.0 vial-opened *>50% 5.4
4 1.5 vial not opened *>50% 5.2
5 1.0 NMR 21% 4.7
6 9 vial not opened 90% 4.8
7 9 NMR 60% 4.6

*Based on disappearance of B,pin; in GCMS chromatograph. These trials were run before a
reliable method to judge conversion with an internal standard was developed. Un-starred
conversions were determined by dodecane internal standard after a suitable method was
found.

KIE studies of dtbpy and HBpin:

1.5 mol% [Ir(OMe)cod],
3.0 mol% dtbpy

S N 2.0 equiv HBpin NS Bp:_rl‘ e
Doy~ |+ Her = L T
= = dodecane rt

50 equiv 50 equiv

In the glove box, a stock solution of [Ir(OMe)cod], was measured by gas tight micro

syringe and added into the vial (0.03 M cyclohexane solution, 100 uL, 1.5 x 10 mol, 1.5 mol%
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based on 0.2 mmol Boron). A stock solution of dtbpy was measured by gas tight micro syringe
and added into the vial (0.06 M cyclohexane solution, 100 pL, 3.0 mol % ligand based on 0.2
mmol Boron). HBpin was added to the vial with gas tight micro syringe (29 pL, 0.2 mmol).
Benzene (5 mmol, 444 pL), and ds-benzene (5 mmol, 443 L) were accurately measured by gas
tight syringe into a separate test tube and mixed well with a pasteur pipette. The mixture was taken
up by Pasteur pipette and added into the reaction vial all at once.

KIE studies of dtbpy and HBpin: The average Kz/Kp ratio obtained was 5.0 £ 0.4

entry time (h) vessel conversion KIE
1 0.5 vial 10% 5.0
2 2 vial-opened 45% 52
3 5 vial not opened 53% 52
4 5 NMR tube 14% 52
5 2 NMR tube 4% 52
6 9 vial not opened 82% 4.6

KIE studies of dmadpm and B,pin,:

1.5 mol% [Ir(OMe)cod],
3.0 mol% dmadpm

@ @ 1.0 equiv Bopin, N Bpin _~_Bpin
D6I_ HG_I > De.— H s
N RN~ dodecane rt I P>

50 equiv 50 equiv
In the glove box, Bypin, (25 mg, 0.1 mmol B,pin; = 0.2 mmol Boron) was weighed into a

vial equipped with a stir bar. A stock solution of [Ir(OMe)cod], was measured by gas tight micro
syringe and added into the vial (0.03 M cyclohexane solution, 100 uL, 1.5 x 10 mol, 1.5 mol%
based on 0.2 mmol boron). A stock solution of dmadpm was measured by gas tight micro syringe
and added into the vial (0.02 M 2:1 cyclohexane : THF solution, 300 pL, 3.0 mol % based on 0.2

mmol boron). Benzene (5 mmol, 444 pl), and ds-benzene (5 mmol, 443 pL) were accurately
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measured by gas tight syringe into a separate test tube and mixed well with a pasteur pipette. The
mixture was taken up by Pasteur pipette and added into the reaction vial all at once. The vial was

closed with a screw cap.

KIE studies of dmadpm and B,pin,: The average Kx/Kp ratio obtained was 3.8 + 0.3

entry time (h) vessel conversion KIE
1 2 vial 9% 3.8
2 24 vial-opened *>50% 3.7
3 16 vial not opened *44% 3.7
4 24 NMR tube *>50% 3.8

*Based on disappearance of B,pin, in the GCMS chromatograph. These trials were run before
a reliable method to judge conversion with an internal standard was developed. Un-starred
conversions were determined by dodecane internal standard after a suitable method was
found.

KIE studies of dmadpm and HBpin:

1.5 mol% [Ir(OMe)cod],
3.0 mol% dmadpm

@ @ 2.0 equiv HBpin - BPin -~ _Bpin
Del— He—I > D He -
N dodecane rt ° ©/+ 5 ©/

50 equiv 50 equiv
In the glove box, a stock solution of [Ir(OMe)cod], was measured by gas tight micro

syringe and added into the vial (0.03 M cyclohexane solution, 100 pL, 1.5 x 10° mol, 1.5 mol%
based on 0.2 mmol Boron). A stock solution of dmadpm was measured by gas tight micro syringe
and added into the vial (0.02 M 2:1 cyclohexane : THF solution, 300 pL, 3.0 mol % ligand based
on 0.2 mmol Boron). HBpin was added to the vial with gas tight micro syringe (29 uL, 0.2 mmol).

Benzene (5 mmol, 444 pL), and ds-benzene (5 mmol, 443 L) were accurately measured by gas
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tight syringe into a separate test tube and mixed well with a pasteur pipette. The mixture was taken

up by Pasteur pipette and added into the reaction vial all at once.

KIE studies of dmadpm and HBpin: The average Kz/Kp ratio obtained was 4.2 + 0.

entry time (h) vessel conversion KIE
1 1 NMR tube 5% 4.1
2 5 NMR tube 10% 4.4
3 2 vial-unopened 10% 4.3
4 5 vial-unopened 40% 4.3
5 16 NMR tube 23% 4.1
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N-NH,

2,2'-(hydrazineylidenemethylene)bis(N, N-

dimethylpyridin-4-amine)
"H NMR 500 MHz CDCl3

7.4

8.2

ppm
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2,2'-(hydrazineylidenemethylene)bis(N, N-

157.497
154.757
154.730
145.448

\
N-NH,

dimethylpyridin-4-amine)

13C NMR 126 MHz CDCls

77.272
76.763

CDCls

39.221
39.107

ppm

T
200
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Table 2.4, Entry 1
F Cl

2a .
Bpin
2-(3-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

H, 500 MHz, CDCls

J w

1

210
o7

I—'—l
0.913 0.94
0.947
T T - - 1
ppm 7.5 74 73 71
o
8
(|
l L Ll
Y !
0.947 12
Yooy
0.913 0.94
f T T T T T T T T T T
10 9 8 7 6 S 4 2 1 0
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Table 2.4, Entry 1
F. Cl
2a .
Bpin
2-(3-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
13C 126 MHz CDCl3
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Table 2.4, Entry 1
F Cl

2a Bpin

2-(3-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

19F 240 MHz, CDCl3

111.946

! I
ppm 20 0 -20
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30.176

Table 2.4, Entry 1
F Cl

2a Bpin

2-(3-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1B 126 MHz CDCl3

30

-
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Table 2.4, Entry 1

inB
pinB”

b
2-(4-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

H, 500 MHz, CDCls

S

1 0.965

1. 222
T=oIT

1
"7 " 6 j B 72 7 70
teooy
i ne
" y
1 12.1
IT'
1 0.965
| ! | I | | | | | I | |
10 9 8 7 6 5 4 3 2 i 0
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66.031

138.494
_——— 138,406
137632

137,557

Table 2.4, Entry 1

inB
pinB”

b

—
NO
oo

"

;

2-(4-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

13C, 126 MHz, CDCl3

84.083
77.261

77.007
76.752

CDCls

24 202
[~ eav e
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Table 2.4, Entry 1
inB
P 2b
2-(4-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
19F, 240 MHz, CDCls
T T T T T T T T T T T T T T T T T
ppm 20 0 -20 -40 -60 80 -100 -120 -140 -160 -180 -20
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29.931

Table 2.4, Entry 1

inB
pinB”

b
2-(4-chloro-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

1B, 126 MHz, CDCls
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Table 2.4, Entry 2

F\©/ Br F. : Br
inB
3a P 3b

Bpin
2-(3-bromo-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

2-(4-bromo-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

H NMR, 500 MHz CDCl3

1.332
1.318

ppm
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3a CDCls
[ 3b (] 3b
1 6.92
666 b4 D
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, O
I |
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Y !
1.03 2.06
WO !
0.99 1.03 12.7
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Table 2.4, Entry 2

ooy

Bpin
2-(3-bromo-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

2-(4-bromo-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane cDel
3

3C NMR 126 MHz CDCls
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-100.292

Table 2.4, Entry 2
F Br F

I8
pinB

Bpin 3b
2-(3-bromo-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

3a

2-(4-bromo-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

9F NMR 240 MHz CDCls

—111.557

ppm
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29.966

Table 2.4, Entry 2
F Br F

o
pinB

Bpin 3b
2-(3-bromo-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

3a

2-(4-bromo-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
"B NMR 160 MHz CDCl3

ppm

60 40 20 -0
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Table 2.4, Entry 3
F I

7
7
7
7
7
7
7
7

4a  Bpin
2-(3-fluoro-5-iodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
H NMR, 500 MHz CDCls

ppm

[
0.948 1.09
1.03
79 7.5 7.4
|
| CDCI
Ll |
‘l L L..u
Yy {
1.03 12
hy Y
0.948 1.09
I ! I I | I
8 6 4 2 0
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Table 2.4, Entry 3
F ! I

—_
—_

4a  Bpin
2-(3-fluoro-5-iodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
19C NMR 125 MHz CDCl3

CDCls

ppm 150 100 50
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Table 2.4, Entry 3
F I
4a  Bpin
2-(3-fluoro-5-iodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
19F NMR 240 MHz CDCls
|
|
14.5

ppm
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29.946

Table 2.4, Entry 3
F I

4a  Bpin
2-(3-bromo-5-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1B NMR 160 MHz CDCls

ppm

60 40 20 -0
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Table 2.4, Entry 4

Bpin

5a
2-chloro-6-fluoro-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine

H, 500 MHz, CDCls

4207
Toz7

1
;'—I
1.07
7.I5 7I2
I oIl
8
| sl L
l.ll
1.07
y |
1 125
[ ! I ! I ' | ! | ! | N | ! |
10 9 8 7 6 5 4
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163.173
161.202
85.165
77.256
77.001
76.747

148.556
—— {4458
126.458
— {26422
112.835
— {12571

Table 2.4, Entry 4

Bpin

5a

2-chloro-6-fluoro-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine

13C 126 MHz CDCls

CDCls

24.816

00 180 160 140 120 100 80
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Table 2.4, Entry 4

Bpin

5a

2-chloro-6-fluoro-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine

19F 240 MHz, CDCl3

—67.378

ppm 20
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29.544

Table 2.4, Entry 4

Bpin

5a

2-chloro-6-fluoro-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)pyridine

"B 126 MHz CDCls

I ' | ' I ' I ' I ' | ' ! ' |
ppm 80 60 40 20 0 -20 -40 -60

209



o wm <o
0 o~ 0 M~ 0 wnwow [eo]
~N — ouwm <T o o
-~ ©m N NON @«
T ™M -— - " ~NNO <
- - —— 5] r\\r\‘/l\ o
Table 2.4, Entry 5
Bpin
NC CN
6a
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalonitrile
13C 126 MHz CDCls
CDCls
|
|
[ T T T T T T T T T T
00 180 160 140 120 100 80 60 40 20 0
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Table 2.4, Entry 5
Bpin
NC CN
6a
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalonitrile
H 500 MHz, CDCls
|
I_l_l
2.01
I_'_I
T T
ppm 8.25 7.95
I
|
l | CDCl4
A l.ﬂj
Y
1
! |
2.01 12.3
T T T T T T T T T T T T T T T T T T T T T
10 9 7 6 5 4 3 2 1 0 -1
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29.800

Table 2.4, Entry 5
Bpin

NC CN
6a

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isophthalonitrile
1B 160 MHz CDCl3

I T T
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Table 2.4, Entry 6
Cl \©:Bpin
F
7a
2-(5-chloro-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1H 500 MHz CDCls
I
i T o
0.92 —n
‘ i
74 '
CD|CI3
[ I
l A JWn i_h
Y |
1 12.7
0.92 1.02
[ T T T T
ppm 8 6



—166.504
———164.505

Table 2.4, Entry 6

CI\©:Bpin
F

7a

6.937
6.728

——
— ——

2-(5-chloro-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

13C 125 MHz CDCls

84.271

CDCls

24.802

ppm 200 150
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Table 2.4, Entry 6
Cl \©:Bpin
F
7a
2-(5-chloro-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
19F 240 MHz CDCl3
I
1 v Al
{
101
|
1
r T T T T T T T T T T T T T T T T T T
ppm -0 -50 -100 -150
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29.782

Table 2.4, Entry 6

CI\©:Bpin
F
7a

2-(5-chloro-2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1B 125 MHz CDCls

ppm

60 40 20 -0
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Table 2.4, Entry 7

Bpin
Pinng/Cl /@/CI
NC NC
8a 8b

4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile
H 500 MHz CDCls '

minor isomer
L J |
M

1.364
1.356

o o
13.1 14.1
L'.I
1 14.1
[ I [ I [ I
8.0 7.9 7.8 7.7 7.6 7.5 7.4
|
' F‘ CDCI
l 3
gy N
¥ i
1.08 13.6
¥ ¥ |
1 1.08 1.49
[ ' [ I N | T [ | 1 I | | |
10 9 8 7 6 5 4 2 1 0 -1
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Table 2.4, Entry 7 Bpin

pinBD/CI f Cl
NC NC
8a 8b
4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile

13C 126 MHz CDCls

76.747

CDCls

.783

24

=4

I
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29.843

Table 2.4, Entry 7 Bpin

pinBD/CI f Cl
NC NC

8a 8b
4-chloro-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile

1B 160 MHz CDCls

! ’ I [ I T
30 70 60 50 40 30 20 10 0 10 20 30 40 50 -60 70
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8.285
7.856
7.240

8.769
— 5764

Table 2.4, Entry 8

Bpin
pinB | B | B
NC N/ NC N/
9a 9b

5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)picolinonitrile
1H 500 MHz CDCls

-
165
8.8 8.3
| | |
9a CDCls
| ! oeb
Y
1
Y
16.5
T T T T T T T T T T T T T
10 9 8 7 6 5 4
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153.567
145.756
136.098
124.392
116.644
85.689

77.254

Table 2.4, Entry 8
Bpin

pinBIﬁ/ Br N Br
I |
NCTONT NGTONT
9 9b
5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)picolinonitrile

13C 126 MHz CDCls

76.999
76.746

CDCl3

—24.771

T T

[ I I
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29.486

Table 2.4, Entry 8

Bpin
pinB | X Br | N Br
NCTONT NCTONT

9a 9b

5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)picolinonitrile
1B 160 MHz CDCls

-

I 1 I
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8.493
8.491
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7.783
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7.766
7.763
7.240
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Table 2.4, Entry 9

Bpin X F

|
N~ °Cl
10a
2-chloro-3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
H NMR 500 MHz CDCls

CDCls
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Table 2.4, Entry 9
Bpin X F
|
N” ~cl
10a
2-chloro-3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
13C NMR 126 MHz CDCl3 CDCls
I
o o aman e | 1 l ot e - s o Pt b
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Table 2.4, Entry 9
Bpin X F
|
N” ~cl
10a
2-chloro-3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
19F NMR 470 MHz CDCl3
f T T T T T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180
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30.106

Table 2.4, Entry 9

Bpin X F

|
N~ ~Cl
10a
2-chloro-3-fluoro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
1B NMR 160 MHz CDCls,
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Table 2.4, Entry 9

Bpin
F. | N
c” N
10b

2-chloro-3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
H NMR 500 MHz CDCls

1. 200
LT LAY

1
1.04
ppm 8.2 7.5
|
CDCl3
' |
L
1.04
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Table 2.4, Entry 9

Bpin
F. | N
clI” N
10b

2-chloro-3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
13C NMR 126 MHz CDCl3

I

b—.—

77.017
76.764

CDCls

24.769

' I ! | ' | ' | ' | '
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Table 2.4, Entry 9

Bpin
F. | N
c” N
10b

2-chloro-3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
19F NMR 240 MHz CDCls
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Table 2.4, Entry 9

Bpin
F. | N
c” N
10b

2-chloro-3-fluoro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
1B NMR 160 MHz CDCls,
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Table 2.5, Entry 1
NC— O~ _Me
o
inB
P 11a
5-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carbonitrile
"H NMR 500 MHz CDCl3
|
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Table 2.5, Entry 1
NC— O~ _Me
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5-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carbonitrile
13C NMR 126 MHz CDCls
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Table 2.5, Entry 1
NC O _Me
pig

inB
P 11a

5-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)furan-2-carbonitrile

"B NMR 160 MHz CDCls
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Table 2.5, Entry 2

S

NC Br
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5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbonitrile
H NMR, 500 MHz CDCl3
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Table 2.5, Entry 2

NC—_S<__Br
57

inB
PN 122
5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbonitrile
13C NMR 126 MHz CDCls

84.965
77.259
77.006
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CDCls

24.767
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Table 2.5, Entry 2

NC—S\_Br
1
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P 12a
5-bromo-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-2-carbonitrile
1B NMR 160 MHz CDCls
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Table 2.5, Entry 3
l\(le Me
NC— N\ Me NC N Me
\ \/
pinB  13a 13b Bpin
1,5-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrole-2-carbonitrile
1,5-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole-2-carbonitrile
H NMR 500 MHz CDCl3
I
|
13a | [
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CDCls3 | 13b | 13a |
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Table 2.5, Entry 3

l\(le Me
NC—N<_Me NC_N_Me
el
pinB  13a 13b Bpin

1,5-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole-2-carbonitrile
1,5-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole-2-carbonitrile

13C NMR 126 MHz CDCl3

CDCls
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Table 2.5, Entry 3

Me Me

NC—N_Me Nc_ N Me
\ /) N\ /

pinB  13a 13b  Bpin
1,5-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole-2-carbonitrile
1,5-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrrole-2-carbonitrile

"B NMR 160 MHz CDCl3
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Table 2.4, Entry 4

ClwS\ 1 Cl S\ i
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2-(2-chloro-5-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
2-(5-chloro-2-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

H, 500 MHz, CDCl3
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Table 2.4, Entry 4
Cle S\ 1 Clw S\ i
PEaavy
pinB 14a 14b Bpin

2-(2-chloro-5-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
2-(5-chloro-2-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

13C, 125 MHz, CDCl3

CDCls
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Table 2.4, Entry 4

ClwS< 1  Cl—_S_i

m/ U

pinB 14a 14b Bpin
2-(2-chloro-5-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

2-(5-chloro-2-iodothiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

B, 126 MHz, CDCl3

ppm 60 40 20 -0

-20

-40

-60



one— o
oo <
— ~N
0 ~

7.746
— 7744

Table 2.5, Entry 5

pinB S

15a CN

5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile
H NMR 500 MHz CDCls
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Table 2.5, Entry 5

pinB S
15a CN
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile
13C NMR, 126 MHz CDCls,
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Table 2.5, Entry 5

pinB S
15a CN
5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile
1B NMR 160 MHz CDCls
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Table 2.5, Entry 5

S Bpin
15b CN

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile
'H NMR 500 MHz CDCls
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Table 2.5, Entry 5

S Bpin

15p CN

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile

13C NMR, 126 MHz CDCls,

o

—m
[eelVp)
——
——

N OWO (2]
N O—O [aY)
- NoN N
wn NN <
0 I\\rl\/f\ o~
CDCls

' | ' | ' | ' |
20 200 180 160 140

I
120



28.169

Table 2.5, Entry 5

S Bpin
15b CN

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene-3-carbonitrile
1B NMR, 160 MHz CDCls,
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Table 2.5, Entry 6
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16aCl 16b C!
2-(4-chlorothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
H NMR 500 MHz CDCls
13:1 ratio 11a:11b
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Table 2.5, Entry 6
. S S .
pinB Bpin
v Vg
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2-(4-chlorothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
13C NMR 126 MHz CDCl3
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Table 2.5, Entry 6
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16aC! 16b Cl
2-(4-chlorothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
1B NMR 160 MHz CDCls
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Table 2.5, Entry 7

Me
N'N Bpin
e
17b

4.064

1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrazole

H NMR 500 MHz CDCls
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Table 2.5, Entry 7

Me
N'N Bpin
e
17b

1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrazole
13C NMR 126 MHz CDCl3
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Table 2.5, Entry 7

Me
N'N Bpin
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1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1 H-pyrazole
1B NMR 160 MHz CDCls
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Table 2.5, Entry 8
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18b

2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
H NMR 500 MHz CDCls
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Table 2.5, Entry 8

o)
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2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

13C NMR 125 MHz CDCl3
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Table 2.5, Entry 8

o)
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2-(benzofuran-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
"B NMR 160 MHz CDCl3
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I. General Methods:

Pinacol Borane (HBpin) (97% stabilized with 1% triethylamine) and Bispinacolatodiboron
(B2piny) were purchased commercially and used as received without further purification. The
iridium catalyst, bis(n4-1,5-cyclooctadiene)-di-u-methoxy-diiridium (D, [Ir(OMe)COD],, was
prepared by a literature procedure.'

The ligands were obtained from commercial sources and used as received except as
follows: Di-(pyridin-2-yl)methane, (also known as dipyridyl methane and abbreviated dpm) was
synthesized by a literature procedure.” Substituted bipyridine (bpy) ligands from Table 1,
N N N N '-tetramethyl-[2,2’-bipyridine]-4,4'-diamine3 and  4,4"-bis(trifluoromethyl)-2,2'-
bipyridine* were also synthesized by literature procedures.

The ligand, 2,2'-methylenebis (N,N-dimethyl pyridin-4-amine) (also known as dimethyl
amino dipyridyl methane, abbreviated dmadpm in this paper) was synthesized according to
modified literature procedures as detailed in the experimental section.™®

The substrates featured in Tables 2 and 3 were obtained commercially. Liquid substrates
were purified by distillation and solid substrates were purified by sublimation, except as noted. 5-
Bromo-2-cyanothiophene was prepared by a literature procedure.” 2-Chloro-3-fluoropyridine and
5-methylfuranonitrile were purchased in small quantities, so they were passed through a short plug
of activated alumina in the glove box in lieu of distillation. 2-Chloro-6-fluoropyridine was used as
received without further purification. To aid transfer, the low melting solid was stored in the
freezer and weighed cold into the reactions.

All reactions were carried out at ambient temperature in 20 mL vials equipped with stir
bars in a glove box under a nitrogen atmosphere. All solvents were obtained from wet stills

refluxing over sodium and benzophenone.
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Reactions were monitored by gas chromatography (GC) equipped with a 10 m x 180 pm
fused silica column. The GC method employed an initial temperature 50°C constant over 1 minute,
ramp 50°C/minute over 9 minutes, 270°C constant over 5 minutes (total time 15 min at flow rate
= 1 mL/min).

NMR spectra were recorded on a Varian 500 MHz DD2 Spectrometer equipped with a 1H-
19F/15N-31P 5mm Pulsed Field Gradient (PFG) Probe. Spectra were taken in CDCl; referenced
to 7.24 ppm in 'H NMR and 77.0 ppm in °C NMR. Spectra were processed for display by iNMR
software.

Single crystal analyses were performed by Michigan State University Center for
Crystallographic Research on a Charge Coupled Device (CCD diffractometer).

High-resolution mass spectra were obtained at the Michigan State University Mass
Spectrometry Core using quadrapole Time Of Flight instruments (q/TOF).

CHN analyses were performed on a CHNS/O analyzer at Michigan State University by
analytical department staff.

Silica used for purification of crude material was standard laboratory grade 230 - 400 mesh
designed for flash chromatography applications. Purification of crude materials on a 1 mmol scale
was achieved by standard flash chromatography methods employing 2-3 g silica plugs in small
chromatography columns of dimension approximately 2 x 30 cm. Larger scale reactions of 2.5 - 5
mmol were purified in a similar manner, using 10 - 20g silica. Concentrated crude material was
dissolved in a minimum amount of solvent, applied to the silica with a Pasteur pipette and eluted
into test tubes. Compounds that eluted were visualized by spotting on TLC plates and irradiating

with 254 nm UV light. Borylated compounds were additionally visualized by staining with alizarin
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stain in accordance with a literature procedure.® The stained compounds containing boron charred
orange and fluoresced brightly under long wave UV light of 366 nm.

II. Experimental:

Preparation of the ligands

Dpm was prepared by a literature procedure.' For preparation of dmadpm, see page 9 in the

supporting information for chapter 2.

Step 1: Preparation of the dipyridyl ketone:

The ketone was synthesized starting from a literature prep of 2-bromo-N,N-
dimethylpyridin-4-amine (2-bromo-DMAP).’ A literature prep for an analogous dipyridyl ketone,
referred to as compound 19 in the paper, was followed using 2-bromo-DMAP made by the
procedure in reference 5 as starting material.® The ketone was isolated by column chromatography
employing 25 g silica packed in 100% ethylacetate. The crude material was loaded onto the column
dissolved in a minimum amount dichloromethane. Ethyl acetate was added until unreacted starting
material and bi-products had eluted. The fractions were analyzed by TLC in 100% methanol. 2-
bromo-DMAP was seen as a spot with ry= 0.9, and byproducts were seen as faint spots ranging in
trrfrom 0.4 — 0.7. The product was seen as a spot that did not move off the baseline. A gradient of
10% - 30% methanol in ethyl acetate was applied and the ketone eluted with 30% methanol. On a

5 mmol scale, 330 mg pale yellow crystalline solid was isolated (49% yield, m.p. =175 - 178 °C).
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'H NMR (500 MHz; CDCl,): & 8.30 (d,J=5.9 Hz, 1H),7.22 (d,J = 2.7 Hz, 1H), 6.56 (dd, J =
5.9,2.7 Hz, 1H), 3.05 (s, 6H). "C NMR (126 MHz; CDCl,): 6 195.9, 155.3,154.7,149.2, 108.3,
108.0, 39.2. HRMS (ESI+) (m/z) caled for CysH;oN4O [M+H]" 271.1559, found 271.1566.

The ketone was recrystallized from dichloromethane and toluene to produce crystals
suitable for x-ray diffraction, which yielded a crystal structure that confirmed the identity of the
product. The CIF file is available for download from the Cambridge Crystallographic Data Centre

(CCDC) and may be referenced by CCDC deposition # 1436384.

Step 2: Synthesis of the Dimethylamino dipyridyl hydrazones:

For 1 mmol of ketone 28, 15 mL ethanol are put in a schlenk tube or side arm flask, and 1
mmol (1 equiv) glacial acetic acid was added to the ethanol. The ketone was weighed on a weigh
paper and added into the ethanol-acid solution. 2 mmol (2 equiv) hydrazine monohydrate (or
methylhydrazine or dimethylhydrazine, depending on which hydrazone is desired) was added by
syringe and the mixture was allowed to stir under N, for 2 - 6 hours. When the ketone was gone
by TLC or GC-FID, the flask was put under vacuum with stirring to pull off ethanol until a white
solid precipitated. Three quarters of the volume of ethanol was pulled off, and the white solid
was collected by filtration in glass fritted funnel in air, dried under vacuum and stored in a

desiccator or a glove box.
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Other Ligands:

MesN
tBu tBu - . — Bn
— — N\ 4 N2\
NI T/ Me N32N - o o4 bn
N\ 7N\
31 N N—-N
33 Bn

Ligand 31 is widely commercially available. Ligands 32°°, 33*' and 34** were synthesized by

literature preparations.

Preparation of Pyridyl-imine Ligands
Ligands 35, 36 and 37 can be made starting from 4-dimethylamino pyridine (4-DMAP)

1)

1.2 equiv. BF;0Et,

THF RT 30 min
\N/
SN 2) 1.0 equiv. nBulLi
-78°C THF 1h N
N . | _ H
| 3) 2.5 equiv. DMF N
N -78°C, 1.5 hr o)

2-Pyridyl lithiation can also be achieved by use of dimethylamino ethanol (DMAE) as a

metalation directing group.” >

To make ligand 38, (methyl imine substituted) make a methyl pyridyl ketone instead of an
aldehyde. Instead of DMF, add acetyl chloride in step 3.

R

RoNNH,

<

N O

MeOH, rt2-24 h

35, R = 4-NMe,, R'= H
36, R = 4-NMe,, R’ = H
37, R = 4-NMe,, R'=H

38,R=H, R’ =Me

39,R=H,R'=H

40,R = 4-Me, R’ =

H

41,R=4-Br,R'=H
42,R=3-Br, R’ =H

For N substituent R; and/or R,

# H, add 1 equiv glacial acetic acid
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PART B: Supplemental Information for Germanium Coupling
Equipment and Procedures:

Reactions were monitored by GC-FID with WCOT fused silica 30 m x 0.25 mm ID coating
CP-SIL 8CD. GC-FID method: 70°C 2min.; ramp 20 °C / min, 9 min; 250 °C hold 10 or 20 min.
NMR were taken on 500 MHz spectrometer equipped with 'H-""F/"°N-*'P 5 mm Pulsed Field
Gradient (PFG) probe, Z-axis PFG module, protune accessory for autotune and match; and
autosampler. Spectra were taken in deuterated chloroform, CDCl;, and referenced to 7.24 ppm
residual proton in 'H NMR and 77.0 ppm for °C NMR. NMR spectra were transformed for display
from the original FID data files by iNMR software and no data or image files of spectra have been
altered or edited in any way. All unprocessed FID files are available upon request.

Palladium acetate (Pd(OAc),), tetrakis(triphenylphosphine))palladium (0) (Pd(PPhs)s),
bis(triphenylphosphine)palladium(Il)dichloride, ([Pd(PPh3),Cl],), triphenyl phosphine (TTP or
PPh;), and tetrabutylammonium bromide (TBAB or BusNBr), Potassium carbonate (K,COs),
iodobenzene (Phl), 2-methylbut-3-yn-2-ol, 2-methyl-3-butyn-1-yl, tributyl germanium chloride
(BuszGeCl), and tributyl germanium hydride (BusGeH), were purchased from commercial sources
and used as received. Acetonitrile (MeCN) and dichloromethane (DCM) were collected from a dry
still of activated aluminum oxide, and tetrohydrofuran, (THF) was refluxed in a wet still over

sodium and benzophenone and collected just prior to use.
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Preparation of Vinyl Germanes:
A modified procedure was developed based on literature preparations of vinyl germanes.*

(E)-2-Methyl-4-(tributylgermyl)but-3-en-2-ol

BuSGe/\)(OH

Into a 50 mL oven-dried round bottom flask equipped with stir bar was weighed Bu;GeH
(1.025 g, 4 mmol, 1 equiv) and 2-methylbut-2-methyl-3-butyn-1-yl (0.325 g 4 mmol, 1.0 equiv),
and the mixture was dissolved in 20 mL dry THF. Palladium caltalyst [Pd((Ph3),Cl], (44 mg, 1.5
mol%) was weighed on a weigh paper and addd as a solid into the stirring mixture. The clear, pale
yellow reaction mixture was degassed by sparging Argon gas for 5 minutes. The flask was closed
with a septum and stirred at ambient temperature under positive pressure of Ar for 2 h. After 15
minutes the reaction turned a root beer brown color. Complete conversion to product was seen by
GC-FID after 2 h. The reaction was concentrated by rotary evaportation and isolated by 50 g silica
column eluting in 5% ethyl acetate in hexane. The product was isolated as 1.03 g clear oil, 85%
yield.

'H NMR (CDCls, 500 MHz) & 0.75 (m, 6 H, 3 x CH,); 0.86 (m, 9 H, 3 x CH3); 1.28 (s, 6
H, 2 x CH3) overlapped with 1.3 (m, 12 H, 6 x CH,); 1.44 (br. s, 1 H, OH); 5.85 (d, 1 H, J =19
Hz); 6.01 (d, 1 H, J = 19 Hz). °C NMR (CDCls, 125 MHz) § 12.8, 13.8, 26.4, 27.3, 29.5, 72.1,
122.8, 152.4. MS(EI) m/z 273 (M+ minus butyl radical (C4Hs"), i.e. 329 - 56) (25); 255 (35); 217

(82); 199 (100); 157 (25); 143 (75); 115 (10), 89 (5), 69 (5).

265



(E)-Tributyl(3,3-dimethylbut-1-en-1-yl)germane

Bu;;Ge/\)<

Into a 50 mL oven-dried round bottom flask equipped with stir bar was weighed Bu;GeH
(0.245 g, 1 mmol, 1 equiv) 2-methyl-3-butyn-1-yl (0.08 g 4 mmol, 1 equiv), and the mixture was
dissolved in 10 mL dry THF. Palladium caltalyst [Pd((Ph;3),Cl], (11 mg, 1.5 mol%) was weighed
on a weigh paper and added as a solid into the stirring solution. The clear, pale yellow reaction
mixture was degassed by sparging Argon gas for 5 minutes. The flask was closed with a septum
and stirred at ambient temperature under positive pressure of Ar for 8 h. Complete conversion to
product was seen by GC-FID. The reaction was concentrated by rotary evaporation and isolated
by 10 g silica column eluting in hexane. The product was isolated as 0.185 g clear oil, 77 % yield.

'H NMR (CDCls, 500 MHz) & 0.73 (m, 6 H, 3 x CH,); 0.86 (m, 9 H, 3 x CH3); 0.97 (s, 9
H, t-butyl) overlapped with 1.30 (m, 12 H, 3 x CH3); 5.53 (d, 1 H,J =18.5 Hz); 5.86 (d, 1 H, J =
18.5 Hz). >C NMR (CDCl3, 125 MHz) § 12.8, 13.8, 26.4, 27.3,29.2, 35.2, 120.1, 156.5. MS(EI)
m/z 271 (M+ minus butyl radical; (C4Hs"), i.e. 327 — 56) (25); 255 (35); 217 (82); 199 (100); 157

(25); 143 (75); 115 (10), 89 (5), 69 (5).
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Modified Heck Coupling of Aryl Halides with Tributylvinylgermanes:

A modified procedure was adapted from the published procedure of Torres, Lavis and Maleczka®

which was based on conditions published by Jefferey.***’

(Z)-2-methyl-4-phenylbut-3-en-2-ol

Into an oven dried 3 neck round bottom flask equipped with a stir bar was weighed (E)-

tributyl (3,3-dimethylbut-1-en-1-yl) germane (0.125 mmol, 41 mg, 1 equiv). Solid reagents were
weighed on weigh papers and added into the flask as follows; K,CO; (0.32 mmol, 43 mg 2.5
equiv), TBAB (0.125 mmol, 40 mg, 1 equiv), PPhs (40 mol %, 13 mg, 0.05 mmol). The mixture
was stirred in 1 mL water until most inorganic solids were dissolved, then 2 mL MeCN was added.
The resulting mixture was two phases with most solids dissolved. Phl was measured by pipettor
(0.25 mmol, 150 mg, 105 pL, 2 equiv) and added into the flask. This mixture was stirred for 5 —
10 minutes. Pd(OAc), was weighed onto a weigh paper (20 mol%, 5.6 mg, 0.025 mmol), and
added last. Additional MeCN was added to wash down the sides of the flask for a total of 4 mL of
solvent that was a ratio of 3:1 MeCN:H,O. A condenser with Ar inlet was attached and the flask
was closed with septa. The assembly was put into a 70 °C oil bath and heated 24 h.

After 24 h, the reaction was stopped and conversion was assessed by GC-FID. The reaction
was concentrated by rotary evaporation to remove MeCN. To the concentrated reaction, 2 mL

saturated aqueous ammonium chloride and 10 mL diethyl ether was added. The layers were
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separated and the organic layer was dried over sodium sulfate. The drying reagent was removed
and the concentrated organic layer was subjected to a 10 g silica column eluting in DCM.

Crude NMR and GC-FID indicated 78% conversion with 22% starting material remaining.
The ratio of products was 88:8:4 Z:E:internal. Products are known literature compounds and were
verified by matching reported NMR and mass spec data.”® TLC eluting in DCM showed starting
material as a spot with rf = 0.6, and the Z-product with rf = 0.4 and the E-product rf = 0.35. The
spots charred dark blue with phosphomolybdic acid (PMA) stain. The extracted material was
applied to 10g silica column eluting in DCM. Fractions were analyzed by TLC and 10mg pure
product was isolated for 56% yield of Z-isomer. Later fractions were combined and concentrated
to 3 mg of a mix of E and Z isomers, for a total isolated yield of 65 %. Smg starting material was

recovered.

Modified Stille Coupling of Tributylvinylgermanes lacking an
alcohol group at a tertiary allylic carbon.

(E)-(3,3-Dimethylbut-1-en-1-yl)benzene

Ph/\)<

Analogous hindered vinyl germanes lacking an allylic alcohol did not undergo coupling
reactions with iodoarenes. A modified protocol based on literature procedure® was adapted to
probe the function of the allylic alcohol in order to test whether inversion involved O atom
participation or was induced by steric crowding.

The vinyl germane was weighed into a 3-neck 50 mL round bottom flask equipped with a

stir bar and fitted with a reflux condenser. 3.0 mL toluene was added and Ar was bubbled through
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the solution. Tetrabutylammonimfluoride (TBAF) solution (1 mmol, 7 equiv, 1.0 mL 1M TBAF
in THF) was taken up by syringe and added next. It formed a layer on the bottom that was not
miscible with toluene. Phenyl iodide was weighed into a gc vial, dissolved in 0.5mL toluene, and
the solution was added to the mixture of starting material and TBAF in the reaction flask while the
sparging continued. Pdxdbas (12 mg, 10 mol%) was weighed on a weigh paper and added last, and
the sparge was continued for about 5 min.

The sparging was stopped and the flask was closed with septa, and an Ar inlet was added
through the top of the condenser. The flask was put into a 100°C oil bath and heated with stirring
overnight for 16 h. 20% conversion was seen by NMR and coupling product verified by mass spec.
Only (E)-(3,3-Dimethylbut-1-en-1-yl)benzene coupling product was formed, and matched the

NMR of the known compound.’’ No Z product was observed.

Preparation of Allylic Germanes by Grignard Reaction
by modified literature procedure.’’

Tributyl(cinnamyl)germane

Mg turnings (0.25 g, 10 mmol, 2.3 equiv) were washed in dilute HCI and rinsed with water

then acetone in a fritted funnel. The turnings were transferred into a 100 mL side arm Schlenk tube
equipped with a stir bar and dried under vacuum with heating. The dried turnings were stirred
vigorously under Ar overnight, resulting in fine gray powdered Mg with some larger pieces

remaining.
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Dry THF (10 mL) was added by syringe onto the dried, pulverized Mg turnings, and the
mixture was stirred. Chlorotributylgermane (1.2 g, 4.4 mmol, 1 equiv) was weighed into an oven
dried flask and dissolved in 10 mL dry THF. The mixture added by syringe into the stirring
solution. (E)-3-bromoprop-1-ene-1-yl)benzene (0.88 g, 4.4 mmol, 1 equiv) was weighed as a
frozen, low-melting solid into a beaker, and added into the flask as a solid under positive pressure
of Ar. The beaker was rinsed with 10 mL dry THF. The reaction flask was degassed by 3 x vacuum
-Ar purge. The reaction was heated gently with a heat gun on low setting to facilitate the start of
the reaction. The mixture began to reflux and was allowed to react without further heating. The
reaction stirred overnight open to the Ar manifold. The next day the reaction was transferred by
filter cannula to a round bottom flask and 10 mL water was added. The mixture was poured into a
sep funnel and the layers were separated. The aqueous layer was extracted with 2 x 10 mL DCM
and the organic layers were combined and dried over sodium sulfate. The drying agent was
removed by gravity filtration and the filtrate was concentrated. The extract was applied to a 20 g
silica column eluting in pentane to yield 1.28g of a clear oil, for a 81% isolated yield.

'H NMR (CDCls, 500 MHz) & 0.78 (9H, m, 3-butyl CHs); 0.87 (18 H, m, 9 butyl CH,);
1.83 (2H, d J = 7.5 Hz, alkyl CH,); 6.21 — 6.30 (2H, m, 2 vinyl H overlapped) 7.13 — 7.24 (5H, m,
aromatic). °C NMR (CDCls, 125 MHz,) § 12.5, 13.6, 19.6, 26.5, 27.4, 125.9, 127.3, 127.7, 128.9,
136.6. MS(EI) m/z = 305 (M+ minus butyl radical, 361 — 56), 245 (32), 189 (100), 133 (72), 91
(17), 55 (10).

Allyltributylgermane

\/\GGBU?,
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Mg turnings (0.18 g, 7 mmol, 2.5 equiv) were washed in dilute HCI and rinsed with water
then acetone in a fritted funnel. The turnings were transferred into a 100 mL side arm Schlenk tube
equipped with a stir bar and dried under vacuum with heating. The dried turnings were stirred
vigorously under Ar overnight, resulting in fine gray powdered Mg with some larger pieces
remaining.

Dry THF (10 mL) was added by syringe onto the dried, pulverized Mg turnings, and the
mixture was stirred. Chlorotributylgermane (0.837g, 3 mmol, 1 equiv) was weighed into an oven
dried flask and dissolved in 10 mL dry THF. The mixture added by syringe into the stirring
solution. Allyl bromide (0.387 g, 3.6 mmol, 1.2 equiv) was weighed into an oven dried flask and
dissolved in 10 mL dry THF. The mixture added by syringe into the stirring solution. The reaction
flask was degassed by 3 x vacuum - Ar purge. The reaction was heated gently with a heat gun on
low setting to facilitate the start of the reaction. The mixture began to reflux and was allowed to
react without further heating. The reaction stirred overnight open to the Ar manifold. The next day
the reaction was transferred by filter cannula to a round bottom flask and 10 mL water was added.
The mixture was poured into a sep funnel and the layers were separated. The aqueous layer was
extracted with 2 x 10 mL DCM and the organic layers were combined and dried over sodium
sulfate. The drying agent was removed by gravity filtration and the filtrate was concentrated

0.692¢ clear oil. The NMR of the extract indicated pure allyltributylgermane for 81% yield.

Preparation of Allylic Germanium epoxides:
A modified procedure for acid sensitive epoxides was followed.’*

Tributyl((3-phenyloxiran-2-yl)methyl)germane
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Allylic germane (0.09 g, 0.25 mmol, 1 equiv) was weighed into a 25 mL oven dried round

bottom flask equipped with a stir bar, and dissolved in 3 mL dry DCM. Three mL 0.5 M aqueous
NaHCOj3; was added by syringe and the biphasic mixture was stirred while bubbling Ar through it.
Nerta-chloroperoxybenzoic acid (mCPBA) was weighed on a weigh paper (0.056 g, 0.32 mmol,
2.5 equiv) and added to the flask as a solid after stopping the sparge. The flask was closed and the
mixture was allowed to stir 1 hour. TLC indicated the reaction was complete at 1 h. The reaction
was poured into a sep funnel and the organic layer was separated. The aqueous layer was extracted
with 2 x 3mL DCM. The organic phase was not dried, and was concentrated to 321 mg clear oil.
The NMR contained residual benzoic acid and was wet showing a water peak.

'H NMR (CDCl;, 500 MHz); d 0.80 (6H, m, 3 CH,); 0.87 (9H, m 3 CH3); 1.33 (m, 12H, 6
CH,); 1.40 (2H, dd, J; = 13.5 Hz, J, = 5 Hz, vinyl proton); 3.00 -3.03 (1H, m vinyl proton); 3.55
(1H, d, J = 2 Hz); 7.25 — 7.36 (5H, m, aromatic). °C NMR (CDCLs;, 125 MHz) § 12.3, 13.8, 20.1,
26.5, 27.3, 111.5, 136.6. MS(EI) m/z = 305 (10) (M+ minus butyl radical and O atom, 377 —

[56+16]), 245 (37), 189 (100), 133 (75), 91 (20), 55 (10).

Tributyl(oxiran-2-ylmethyl)germane

?/\GGBUS
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Allyltributylgermane (0.05 g, 0.175 mmol, 1 equiv) was weighed into a 25 mL oven dried
round bottom flask equipped with a stir bar, and dissolved in 3 mL dry DCM. Three mL 0.5 M
aqueous NaHCO; was added by syringe and the biphasic mixture was stirred while bubbling Ar
through it. mCPBA was weighed on a weigh paper (0.045 g, 0.26 mmol, 1.5 equiv) and added to
the flask as a solid after stopping the sparge. The flask was closed and the mixture was allowed to
stir 1 hour. TLC indicated the reaction was complete at 1 h. The reaction was poured into a sep
funnel and the organic layer was separated. The aqueous layer was extracted with 2 x 3mL DCM.
The organic phase was not dried. Crude NMR was taken and the material contained residual
benzoic acid and a water peak.

'H NMR (CDCls, 500 MHz) & 0.74 — 0.77 (m, 6H, overlapped CH, butyl peaks), 1.86 (m,
9H, butyl end methyls), 1.13-1.16 (m, 12H, overlapped CH, butyl peaks), 3.69 (m, 1H), 3.80-3.83
(m, 1H), 5.33-5.35 (m, 1H). °C NMR (CDCl; 125 MHz) § 13.7, 16.3, 25.9, 26.0, 26.1, 30, 66.
Extra peaks are present in the aromatic region from residual benzoic acid from mCPBA. MS(EI)

m/z = 245 (10) (M+ minus butyl radical, 301 - 56), 189 (100), 133 (75), 98 (20), 55 (10).

Addition of an Epoxide Probe to a Coupling Reaction in Progress:

The Heck coupling reaction between vinyl germanes and aryl halides was carried out on a
0.12 mmol scale between (E)-2-methyl-(4-tributylgermyl)but-3-en-2-ol and iodoarene as
previously described. The reaction was allowed to progress 4 hours. A GC sample was removed
at 4 hours to ensure coupling product was being formed. The crude allylic germyl epoxide was
synthesized and isolated as described above. The crude epoxide was dissolved in ImL MeCN and
added to the coupling reaction in progress by syringe. The reaction was allowed to progress for 16

more hours, (total time = 24 h). The reaction was worked up in the usual way, and the crude NMR
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and mass were taken to look for a coupling side product or a free allylic alcohol in case of
degermylation with out coupling. The crude reaction extract was passed through a silica plug in

dichloromethane to isolate coupling products and side coupling products.

1,3-diphenylpropan-1-one

A coupling reaction of (E)-2-methyl-(4-tributylgermyl)but-3-en-2-ol and iodobenzene was
started as described above. The epoxide tributyl((3-phenyloxiran-2-yl)methyl)germane was
synthesized and the crude epoxide was dissolved in MeCN and added into the coupling reaction.
The coupling product and 1,3-diphenyl propanone was found in the reaction mixture among
residual epoxide, starting material and iodobenzene. The alcohol that would result from
degermylation, 1-phenylprop-2-en-1-ol, was not seen in the NMR or mass spec. A TLC of the
crude reaction eluting in dichloromethane showed iodobenzene traveling with solvent front, 1,3-
diphenyl-propanone at ry= 0.8, vinyl germane starting material at ry = 0.5, and the expected
coupling product with r, = 0.3. The coupling side product was isolated by an extraction and
subjecting the organic residue to silica gel chromatography eluting in dichloromethane. The spots
charred dark blue with PMA stain. The side product is a known literature compound® and its

identity was confirmed by and '"H NMR and mass spec.
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spacH

1-Phenyl-3-(p-tolyl)propan-1-one

The above reaction was repeated with iodotoluene as the coupling partner in order to verify
the coupling reaction between the epoxide and the iodoarene and also to rule out phenyl transfer
from PPh;. lodotoluene is a slower coupling partner, so the epoxide was added after 8 hours instead
of 4. The side product was seen in crude NMRs and mass spec. This product eluted with the
residual germyl starting material. The side product is a known compound® and its identity was

confirmed by NMR and mass spec.

Sadeas

3-Phenyl propanal and cinnamaldehyde

A coupling reaction of (E)-2-methyl-(4-tributylgermyl)but-3-en-2-ol and iodobenzene was
started as described above. The unhindered epoxide, tributyl(oxiran-2-ylmethyl)germane was
synthesized after 4 hours. The crude epoxide (2 equiv) was dissolved in MeCN and added into the
coupling reaction. The reaction progressed a total of 24 h. The crude reaction smelled strongly of
cinnamon. Phenylpropanal and trans Cinnamaldehyde were found in the reaction mixture, and

their identities were confirmed by comparison to commercial samples in the lab.
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NMR SPECTRA
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crude reaction mixture 1) 20 moi% Pd(OAc),
40moi% PPhy
1.0 equiv. BuyNBr

OH 2.5 equiv K OH HO
&»,Go/\* +20 ©/ ' s PR\ Ph\=)L

2:1 CH4CN / HZO, 70°C, 24 hr
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o
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cinnamaldehyde purchased commercially
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Optimization: Base

20 mol% Pd(OAc),
40mol% PHsP
1.0 equiv. BuyNBr
2.5 equiv base

Bu3GeMOH +2.0 Ph—I

2:1 MeCN /H,0, 70°C, 24 hr

P

OH
h OH
\:>L Ph/\/k Ph
z E

JOH

int.

Entry Base NMR Z:E:internal
conversion

1 K,CO; 80 % 15:1:0.4
2 KHCO; 36 % 12:1:1.5

3 -BuOK 0 % -

4 KOH 68 % 12:1:2

5 H,PO4/ HPO, 0 % -

6 Cs,COs 25% 36:1:5

Optimization: Concentration

20 mol% Pd(OAc),
40mol% PPhg
1.0 equiv. BuyNBr
2.5 equiv K,COj3

/\XOH +2.0 Ph—lI
Bus;Ge

2:1 CHZCN / H,0, 70°C, 23 hr

HO OH OH
Z E int.

Entry Volume of Concentration NMR Z:E:internal
solvent (mL) (mM) conversion
1 2.5 48 0 % -
2 5 24 80 % 15:1:0.4
3 10 12 37 % 1.5:1:0.02
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Optimization: MeCN/H,O Solvent Ratio

Table III. Conversion and selectivity of the cross coupling of E-2-methyl-4-(tributylgermyl)but-

3-en-2-o0l to 1odobenzene under varied solvent ratios.
20 mol% Pd(OAc),
40mol% PHsP
1.0 equiv. BuyNBr

v OH J
Bu3GeMOH +20 Ph—I 2.5 equiv K,CO3 N Ph\:>L Ph/\/kOH Ph
OH
z E i

MeCN / H,0, 70°C, 24 hr
int.

Entry Solvent ratio NMR Z:E:internal
MeCN:H,0 conversion
1 9:1 19 % 16:1:2
2 4:1 21 % 5:1:1
3 3:1 47 % 20:1:1
4 2:1 80 % 15:1:0.4
5 1:1 28 % 7:1:0.2

Repeat of Optimized Procedure

Table IV. Additional trials of the optimized cross coupling of E-2-methyl-4-(tributylgermyl)but-

3-en-2-ol to iodobenzene did not consistently reproduce the conversion and selectivity.

20 mol% Pd(OAc),
40 mol% PhgP

1.0 equiv. BuyNBr OH
AKOH 2.5 equiv. K,CO;4 Ph\_>¢ /\kOH
Bus;Ge + 2.0 Ph—I — Ph Ph
int OH

>

2:1 MeCN / H,0, 70°C 24 h z E
Trial NMR Z:E:internal
conversion
1 80 % 15:1:0.4
2 40 % -
3 60 % 9:1:1
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2.5 equiv. K,COg3
1.0 equiv. BuyNBr
20 mol % Pd(OAc),

40 mol % PhsP R
/\){OH R-X (1-5) ? > KKOH &\kOH RJ
BusGe + 2:1 MeCN/H,0, X + R + OH

70°C, 24 hr
Entry Coupling Partner NMR Yield Tol:Ph
conversion Product
1 2.0 PhH 0% 0% -
2 2.0 C10H6CISO3II’1’1 0% 0% -
3 2.0 Tol-1 >68 % 74 % 12:1
4 none 0% 0% -
5 2.0 Ph;P 3% 0% -
6 2.0 Ph-1, 40 mol % Ph;As, 0% 0% -

no Ph;P
C10H¢CISO;3Im = 4-chloronaphthalen-1-yl 1H-imidazole-1-sulfonate

Table VIII. Conversion and selectivity of the cross coupling of E-2-methyl-4-

(tributylgermyl)but-3-en-2-ol to iodobenzene under varied Pd-catalyst.

2.5 equiv. K,CO4
1.0 equiv. BuyNBr
40 mol % PhgP

Pd-Catalyst (1 - 4) Ph

OH . OH

/\k 2.0 equiv. Ph—I > OH /\/k

BusGe ~ + a R)( +prTY + Ph OH

2:1 MeCN/H,0, 70°C
24 hr, O, sparging

Entry Pd-Catalyst NMR Yield Z:E:internal
conversion
1 20 mol % Pd(OAc), 76 % 64 % 10:1:0.3
2 20 mol % PdCl,(PPhs), 3% - -
3 20 mol % Pd(PPh;)4 69 % 60 % 4:1:0.06
4 20 mol % Pd(dppf)Cl, 65 % 29 % 26:1:0.8
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Table VII. Conversion and selectivity of the cross coupling of E-2-methyl-4-(tributylgermyl)but-

3-en-2-ol to iodobenzene under stoichiometric Pd(OAc), in varied conditions.

2.5 equiv. K,CO4
1.0 equiv. BuyNBr
1.0 equiv. Pd(OAc),

Condition (1 - 6) Ph
OH . OH
2.0 equiv. Ph—1 > OH /\k
Bug,Ge/\)< + q K)( + Ph X + Ph OH

2:1 MeCN/H,,0,

70°C, 24 hr
Entry Condition NMR Yield Z:E:internal
conversion

1 O, atmosphere 95 % - 1.8:1

2 O, atmosphere 95 % - 5.7:1:0.5
3 O, atmosphere, 2 equiv. Ph;P 80 % - 17:1:2.5
4 O, atmosphere, 2 equiv. Ph;P 48 % - 23:1:3

5 N, sparging, 40 mol % Ph;PO >56 % 64 % 3:1:0.2

6 N, sparging, 40 mol % Ph;P 29 % 18 % 33:1:3
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