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Abstract

Para C—H borylations (CHB) of tetraalkylammonium sulfates and sulfamates have been achieved
using bipyridine-ligated Ir boryl catalysts. Selectivities can be modulated by both the length of the
alkyl groups in the tetraalkylammonium cations and the substituents on the bipyridine ligands. lon
pairing, where the alkyl groups of the cation shield the meta C—H bonds in the counter-anions, is
proposed to account for para selectivity. The 4,4”-dimethoxy-2,2”-bipyridine ligand gave superior
selectivities.

For two competing pathways, a difference in barrier heights of 2.5 kcal-mol~1 is sufficient
for 99% of the reactants to follow the favored pathway in a chemical reaction. This is
lower than the barrier for converting the anticonformer of butane to the gauche form.1 In
transition-metal mediated reactions, a classic mode for selectively functionalizing bonds
in a substrate relies on the coordination of an atom in a reactant functional group to

the metal center of a compound or catalytic intermediate. The magnitudes of the ligand—
metal interactions are at least an order of magnitude greater than the difference in barrier
heights necessary for 99:1 selectivity. Consequently, design of catalysts where selectivity
is conferred by weakly coordinating groups,2 as well as catalysts that leverage even
weaker interactions (e.g., hydrogen-bonding, ion-pairing, dipole-dipole, etc.) for selective
transformations,3# is attracting significant attention.

C-H functionalizations offer both atom and step economical means of converting ubiquitous
C—H bonds to a range of functional groups.>:6 C—H borylations (CHBs) convert C-H bonds
to C-B bonds and are mediated by both metal and metal-free catalysts.”® CHB reactions
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are valuable due to (i) facile substitution of the boron moiety by numerous functional groups
and (ii) functional group tolerance of CHB catalysts, particularly those containing Ir.

The first Ir CHB catalysts enabled C(sp2)-H functionalizations with high selectivity for

the most sterically accessible C—H bonds.19-12 |n substrates where multiple C-H bonds

are sterically accessible, early generation catalysts often give isomer mixtures, as well as
multiply borylated products. To overcome these limitations, more selective Ir catalysts have
been designed. The first examples were ortho-selective, relying on strongly coordinating
functional groups in the substrate,13.14 while later reports exploited weaker interactions for
ortho selectivity.1516

By comparison, meta and para CHBs pose different challenges because their C—H bonds are
farther from the functional group. One meta-selective CHB has been ascribed to a classical
chelate-directed mechanism, while others rely on Ir ligands bearing groups that engage in
noncovalent interactions with substrate functional groups to effect meta CHB.18-20

Figure 1 depicts approaches for para-selective CHB. The first CHBs with high para
selectivity involved electrophilic additions of borenium cations to arenes bearing ortho,
para-directors.?! Sterically directed CHBs rely on hindered phosphine ligands and substrates
with large substituents.22 More recently, para borylations of esters and amides have been
achieved through noncovalent interactions with K ions or coordination of the amide oxygen
to hindered Lewis acids.23:24

Our inspiration was based on the Phipps’ group ion-pair directed CHBs with one key
difference.1® Instead of using oppositely charged groups on the ligand and substrate,
combinations where groups on the ligand and substrate had the same charge were surveyed
with the expectation that para borylation would be favored because electrostatic repulsions
between the ligand and substrate would be minimized. However, a control experiment where
tetrabutylammonium 2-chlorophenyl sulfate (1a”) was subjected to standard borylation
conditions with a neutral bipyridine ligand (sealed tube with B,pin, as the boron source,
1.5 mol % [Ir(cod)-OMe]; as the precatalyst and 3 mol % dtbpy as the ligand, in THF at 80
°C) showed promising results with 6:1 para to meta regioselectivity (Table 1, entry 1). We
hypothesized that substrate ion-pairing interactions, where the 7-butyl groups of the cation
shield the meta C—H bonds of the counter-anions, accounted for the para selectivity.

In Nakao’s study, ligand geometry played a key role in enhancement of the para
selectivity.24 Similarly, we have observed that ligand choice can impact CHB regiochemistry
where there is little steric differentiation between different arene C—H bonds.2

Therefore, we tested commercially available substituted bipyridine and phenanthroline
ligands (Table 1) in CHB reactions run at 80 °C. The reactivity of the ligands is in
accordance with previously noted electronic effects,26 with electron-rich ligands affording

a more active system relative to electron-poor ligands. The borylation in THF with 4,4"-
dimethoxy-2,2”-bipyridine (L5) as the ligand went to 100% conversion and afforded the best
para selectivity (13:1). This observation is notable in that L5 is a nontraditional CHB ligand.
Switching the solvent to dioxane slightly increased the para selectivity, whereas other apolar
solvents worsened regioselectivity (see Supporting Information (SI) for details). Running the
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reactions at lower temperature (60 °C (entry 10) and 40 °C (entry 11)) further improved the
para selectivity while still allowing for full conversion. The reaction at room temperature
(entry 12) afforded 21:1 para selectivity, but starting material remained even after 50 h.

With the experiments in Table 1 establishing 4,4"-dimethoxy-2,2"-bipyridine and dioxane as
our ligand and solvent of choice, we next investigated the effect of the tetraalkylammonium
salt on para selectivity. DFT geometry optimization of 1a” (Figure 2), using the B3LYP
functional and 6-31G* basis set for all the atoms suggested to us that a slightly shorter

alkyl chain would still block the meta position but leave the para position more exposed,
thus potentially leading to improved para selectivity. As shown in Scheme 1, the CHB

of tetrapropylammonium 2-chlorophenyl sulfate (1a) validated this hypothesis, as running
the reaction with ligand L5 in dioxane at 40 °C pushed the para selectivity to 22:1. We

also examined tetraethylammonium 2-chloropheny! sulfate (1a’") as a substrate. In terms of
chain shortening, clearly diminishing returns had set in as the para selectivity decreased to
6:1.

Based on our results, we chose to test a series of phenol derived sulfates with 7-PryN* as the
counterion to determine substrate scope. As illustrated in Scheme 2, borylations of a series
of 2-substituted phenol derived sulfates produced the para regioisomer as the major isomer,
often with >20:1 selectivity. Most isolated yields were in the 70-80% range. Notably upon
isolation the para to meta isomer was enhanced, in some cases to >50:1.

Given that CHB ortho to small substituents is common,2’ borylation at the C-3 and C-5
meta CH bonds of 2-fluoro-(1e) and 2-cyanophenol sulfate (1i) are possible. Indeed, analysis
of the crude reaction mixture indicated that 1i gave a mixture of the para to 5-Bpin to
3,5-diBpin products in a ratio of approximately 7.5:1:0.4. For substrates 1e and 11, the
observed minor isomer was that with the Bpin ortho to the fluoro group and no diborylation
was observed. Given this preference, it was perhaps somewhat surprising that 3-fluorophenol
sulfate (1d) produced a relatively large amount of the meta regioisomer.

Not surprising was that the CHB of 3-substituted phenol sulfates (1n—p) gave the meta
isomer as the major product, showing that such ion-pair interactions are limited in their
ability to overcome steric crowding of the para CH position. Last, we borylated the sulfate
of phenol and observed the para, meta, and 3,5-dimeta borylated products in a ratio of
4.4:1:1.8, or a para/meta ratio of 1.6:1. This result is consistent with the assumption that
the ion pairing can only block one meta site and thus the reactions need a 2-substituent to
sterically block the second meta CH bond.

Turning to anilines (Scheme 3), we subjected tetrapropylammonium 2-
chlorophenylsulfamate (3a) to our now standard conditions. The para selectivity (40:1)

was even better than that observed for 1a. Questioning if the chain length of the
tetraalkylammonium salt would also impact the para selectivity for aniline derivatives, we
prepared and reacted the tetrabutylammonium salt (3a”). In contrast to the phenol sulfates,
employing this counterion met with 43:1 para selectivity and a higher isolated yield. Owing
to this result and that the tetrabutylammonium salts are somewhat easier to prepare and
isolate, we chose 7-BusN* as the counterion for CHBs of a series of aniline sulfamates.
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The para selectivities for 3b” and 3d” were excellent, while again selectivity for a 3-fluoro
substrate (3c”) suffered, giving only a 2.4:1 para/meta ratio. Isolation of the hydrolyzed
aniline following borylation of 3¢” proved difficult. Therefore, the reaction was quenched
with acetyl chloride, facilitating the isolation of 4c”.

Finally, we surveyed benzyl alcohol derived sulfates (Scheme 4). Generally, these substrates
reacted with somewhat diminished para selectivity relative to their phenol and aniline
counterparts. Products 6b and 6d were generated in lower yields owing in part to lower
conversions and, for 6d, loss of the meta isomer upon isolation. Again, borylation of a
substrate with fluorine in the 2-position (5g) afforded a significant amount of product with
the Bpin ortho to the fluorine. By applying the CHB conditions to the /~BusN* counterion,
5a-5c revealed that the counterion has a similar influence on the regioselectivity as observed
for the phenols.

In summary, ion-pair electrostatic interactions can be used to direct Ir-catalyzed borylation
to the para position of sulfates and sulfamates derived from phenols, anilines, and benzyl
alcohols. We hypothesize that the source of the para selectivity is a steric block created

by the carbon chain of the tetrabutylammonium counterion. For sulfates derived from
phenols and benzyl alcohols, 7-PryN* salts gave better selectivity than their 7~BusN*
counterparts. The chain length of tetralkylammonium salt was not as influential on the
borylation of the sulfamates derived from anilines. Notably, optimal results were observed
with the nontraditional CHB ligand 4,4"-dimethoxy-2,2"-bipyridine. This serves to remind
the community to look beyond dtbpy or tmphen when optimizing CHB reactions.28
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Figure 2.
Lowest energy conformation geometry of 1a’.
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g o 1.5 equiv Bopin, 'C') =
0" 1.5 mol % [Ir(cod)OMel, 0’9%0
oy m
Cl R4N* 3 mol % ligand L5 _ Cl X RyN*
ol
R =Et (1a") ’ R = Et (2a") para/meta 6:1
n-Pr (1a) n-Pr (2a) para/meta 22:1
n-Bu (1a") n-Bu (2a') para/meta 17:1
Scheme 1.

Effect of Alkyl Chain Length on Regioselectivity
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9 B 1. 1.25 equiv B,pins OH
O’S\‘_O 1.5 mol % [Ir(cod)OMel,
O 3 mol % ligand L5 X
s o R‘_
R NPre dioxane (0.33 M) A
= 40°C, 10-36 h .
2.12M HCl, pH=1-2,1h Bpin
1a-q 2a-q
OH OH OH OH
Cl Br Me
F
Bpin Bpin Bpin Bpin

2a,pm=22:1 2b,pm=23:1 2¢c,pm=11:1 2d, p:m= 2:1
60% (>50:1) 74% (>50:1) 57% (39:1) 73% (3:1)

OH OH OH OH
F\[l/i F | J\ﬁ)
=
pinB/ F
Bpin Bpin Bpin

2e,pm=21  2f, ppm=23:1 2g,pm=22:1 2h, pm = 25:1
56% (11:1) 78% (30:1) 76% (>50:1)  65% (>23:1)

OH OH OH OH
NC\© FsC F300\© K@/Br
~
pinB
Bpin Bpin Bpin
2i, p:m = 6:1 2j, pm=11:1 2k, pm=23:1 2I, pom=8:1
93% (6:1) 81% (46:1) 77% (>50:1) 76% (35:1)
OH OH OH OH
MeO t i
NC Bpin R Bpin
Bpin Bpin

2m,pm=39:1 2n,pm=17 20,R=0Me 2q,p:m=1.6:1
98% (39:1) 83% (1:9) p:m=1:12 98% (1.6:1)
2p,R=Cl
p:m < 1:20

Scheme 2. Borylation of Phenol Derived Sulfates?
4Para/meta ratios were measured by 1H NMR on crude reaction mixtures of the borylated

sulfates. Yields refer to isolated material with the para/meta ratio of the isolated material
given in parentheses (20 and 2p were not isolated). See the Sl for experimental details,
including preparations of the starting sulfates.
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o) . .
o 1. 1.25 equiv Bypin, NH
HN- SO 3.0 mol % [Ir(cod)OMel; 2
O 6.0 mol % ligand L5 X
Xy n-BugN* ~ Ry~
R— P dioxane (0.33 M) Z
60 °C, 10-36 h Boin
3a"-e 2.12M HCl,pH =1-2, 1 h
4a'-e
NH, NHAc
Cl Br< i i 0. i \©
PinB
Bpin Bpin Bpin Bpin
4a', p:m = 43:1 4b' 4c' 4d' 4e

95% (>50:1) p:m=>50:1 pm=241 pm=201 pm=2:1
4a, p:m = 40:1 72% (>50:1) 76% (2.1:1)° 59% (>20:1) 53% (10:1)P

76% (>50:1)°

Scheme 3. Borylation of Aniline Derived Sulfamates? )
apara/meta ratios were measured by IH NMR (or 19F NMR for 4¢') on crude reaction

mixtures of the borylated sulfamates. Yields refer to isolated material with the para/meta
ratio of the isolated material given in parentheses. See the SI for experimental details,
including preparations of the starting sulfamates. “Run with the /+PrsN* counterion.
Product isolated as the acetamide.
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0. S 1.1.25 equiv Bopin, OH
"S- 1.5 mol % [Ir(cod)OMe],
g © 3 mol % ligand L5 XN
R N  N'n-Pry - | 7R
> dioxane (0.33 M),
40 °C, 14-20 h Bpin
5a-h 2.12M HCIl,pH=1-2,1h 6a-h
OH OH OH OH
Cl Br F;;Cé H3C\(é
Bpin Bpin Bpin Bpin
6a, p:m = 18:1 6b, p:m = 30:1 6c,pm=9:1 6d, pem = 5:1
69% (>50:1) 41% (>35:1) 77% (9:1) 26% (35:1)
(6a’, p:m =15:1)° (6b', pm =23:1)° (6¢', p:m = 8:1)°
OH H;C._ _OH OH OH
Fgco\(é Br\(\é F | S
Z
pinB/ F
Bpin Bpin Bpin
6e, p:m = 22:1 6f, pm = 11:1 6g, pm=1.4:1 6h, p:m = 2:1
79% (24:1) 79% (13:1) 69% (5:1) 63% (2:1)

Scheme 4. Borylation of Benzyl Alcohol Derived Sulfates?
4para/meta ratios were measured by IH NMR on crude reaction mixtures of the borylated

sulfates. Yields refer to isolated material with the para/meta ratio of the isolated material
given in parentheses. See the Sl for experimental details, including preparations of the
starting sulfates. “Run with the 7~BusN* counterion.
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Table 1.
Ligand Effect on Para CHB of 1a’
9 _ 1.5 equiv B,pin, 9 _
o0 1.5 mol % [Ir(cod)OMe], oS0
cl e ®NBU3 cl 0 .
R 3mol% R | =, n-BugN
o ¢ 7 2: Bpin
bockmasm OB SO 0220
entry ligand (R =) solvent T (°C) conv@ p/ma
1 +Bu (L1) THF 80 100 6:1
2 CN (L2) THF 80 0 ND
3 H (L3) THF 80 89 711
4 Me (L4) THF 80 96 10:1
5 OMe (L5) THF 80 100 13:1
6 tmphen (L6) THF 80 100 6:1
7 phen (L7) THF 80 45 9:1
8 NMe, (L8) dioxane 80 100 12:1
9 OMe (L5) dioxane 80 100 14:1
10 OMe (L5) dioxane 60 100 16:1
11 OMe (L5) dioxane 40 100 17:1
129 OMe (L5) dioxane rt 83 21:1

aDetermined by 14 NMR analysis.

bReaction carried out for 50

h
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