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Iridium-Catalyzed ortho-Selective Borylation of Aromatic Amides
Enabled by 5-Trifluoromethylated Bipyridine Ligands

Daniel Marcos-Atanes, Cristian Vidal, Claudio D. Navo, Francesca Peccati,
Gonzalo Jiménez-Osés,* and José L. Mascarenas*

Abstract: Iridium-catalyzed borylations of aromatic
C—H bonds are highly attractive transformations be-
cause of the diversification possibilities offered by the
resulting boronates. These transformations are best
carried out using bidentate bipyridine or phenanthroline
ligands, and tend to be governed by steric factors,
therefore resulting in the competitive functionalization
of meta and/or para positions. We have now discovered
that a subtle change in the bipyridine ligand, namely, the
introduction of a CF; substituent at position 5, enables a
complete change of regioselectivity in the borylation of
aromatic amides, allowing the synthesis of a wide variety
of ortho-borylated derivatives. Importantly, thorough
computational studies suggest that the exquisite regio-
and chemoselectivity stems from unusual outer-sphere
interactions between the amide group of the substrate
and the CF;-substituted aryl ring of the bipyridine

ligand.
- J

Introduction

The catalytic functionalization of selected C—H bonds in
complex organic molecules is a formidable challenge.!!
Despite the impressive progress, the field is yet in its
infancy. Many of the efforts in this area have been focused
on the functionalization of aromatic C—H bonds owing to
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the synthetic relevance of the products, and the challenge of
distinguishing very similar C(sp*)—H bonds."!

Among the different type of aromatic C—H functionali-
zation reactions, borylations are particularly attractive
because of the versatility of the products.! A number of
rhodium and, particularly, iridium-catalyzed borylation re-
actions have been studied.’! These reactions are usually
carried out using bidentate 2,2"-bipyridine (bipy) or 1,10-
phenanthroline ligands, Ir' pre-catalysts, and
bis(pinacolato)diboron (B,pin,) or pinacolborane (HBpin)
as reactants. The accepted mechanism of the process
involves a catalytic cycle with Ir'"" and Ir" intermediates like
those showed in Figure 1a, and a rate determining oxidative
addition of the C—H bond to the metal.” The regioselectiv-
ity is usually controlled by steric effects, which tend to
favour the functionalization of meta and/or para positions in
benzene derivatives.!”

Ortho-selective borylation of arenes are more challeng-
ing, even in precursors featuring a directing group (DG),
because coordination of this substituent to complex A leads
to a fully saturated iridium complex (18 electrons) unable to
participate in the oxidative addition step. Some groups have
overcome this limitation by wusing monodentate
phosphines,® or hemilabile bidentate ligands.”! However,
these ligands are usually less efficient than bipyridines and
phenanthrolines in promoting the C—H activation, and tend
to favor the formation of off-cycle species.'”! Alternatively,
the reactions can be performed using specifically engineered
monoanionic bidentate L, X -type ligands, in which the
anionic part (X) replaces one of the boron groups in
intermediate A, and therefore coordination of the DG to
the iridium atom is now possible."!

Recently, some elegant strategies for the ortho boryla-
tion of electron rich aromatics based on non-covalent
interactions between the Ir reagent and the substituent of
the arene have been developed (Figure 1b).'"! These include
hydrogen bond contacts (Figure 1b, B),[” or electrostatic
interactions between the oxygen of an OBpin group and the
bipyridine ligand (C).'"! With some exceptions,['*” substrates
lacking substituents at the para position tend to give
mixtures of products, presumably because the weak outer-
sphere interactions do not fully override the intrinsic steri-
cally-driven regiocontrol.

Kuninobu and Kanai described the ortho borylation of
phenyl thioethers, proposing a Lewis acid-base interaction
between the S atom and either a boronate pendant, or the B
atom of one of the Bpin groups attached to the iridium
(Figure 1b, D, E).["]
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Figure 1. a) Accepted mechanistic profile for the iridium-catalyzed borylation reactions; b) Previous works on directed ortho-borylations controlled
by outer-sphere non-covalent interactions; c) H—bond directed, ortho-borylation of secondary benzamides; d) Strategy presented in this

manuscript.

A very attractive type of substrates for C—H bond
borylation are benzamides, as they form the core of many
compounds with valuable properties.'¥! However, robust
and versatile methods for the direct ortho borylation of
different types of benzamides are scarce. Reek and co-
workers described a tailored bipyridine derivative that is
capable of inducing the ortho borylation of N-methyl and N-
benzyl benzamides (Figure 1c)."” The strategy relies on an
engineered bipyridine—indole ligand, and the scope is
restricted to secondary amides.

Very recently, Chattopadhyay and co-workers reported
the use of monoanionic bidentate L,X-type ligands to
promote ortho-selective C—H bond borylation of a variety of
benzamides."'! This approach is also compatible with
substrates containing other directing groups. However, this
poses a limitation to performing chemoselective transforma-
tions in complex settings where numerous functional groups
are present. Indeed, in heteroaromatic substrates the
directing effect of the carboxamide is overridden by the
intrinsic electronics of the heterocycles.

As part of our research in C—H activation chemistry,
we have now discovered that introducing a CF; substituent
in position 5 of a 2,2’-bipyridine ligand induces a complete
change in regioselectivity in the borylation of aromatic
amides from meta/para- to ortho-selective. The change in
selectivity by such a subtle change in a L,L-type of ligand is
intriguing, and therefore we conducted a detailed exper-
imental and computational study to uncover the underlying
basis for the directing effect. Our results suggest that the
selectivity originates from unusual non-covalent attractions
between the benzamide group of the substrate and the bipy-
CF; ligand (Figure 1d).

[18]
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Results and Discussion
Influence of the Bipyridine Substituents in the Borylation

Our interest in this reaction was prompted by the observa-
tion that the borylation of N,N-dimethylbenzamide (1a)
under iridium catalysis led to a different result when moving
from the standard bipyridine ligand to one that contains a
phenyl substituent at the 5 position of one of the pyridines.
The reaction with the common ligands 4,4'-di-tert-butyl-2,2'-
bipyridine (dtbpy, L1) and 2,2'-bipyridine (bipy, L2) pro-
duced a mixture of meta and para mono- and diborylated
products (Table 1, entry 1, 2)."! However, using the phenyl
containing ligand L3, we observed a small amount of the
ortho-substituted product (entry 3), which further increased
when using L5 (entry 5).

Replacing the aryl by a methyl substituent in the
bipyridine (L6, entry 6) led to a similar result than with 2,2-
bipyridine, whereas with halogen substituted bipyridines (L7
and L8) we observed a slightly higher ortho-borylation
(entries 7, 8). Surprisingly, when a CF; substituent was
introduced (ligand L9), we observed the exclusive formation
of ortho mono- and diborylated products (entry 9). Ligands
with other electron-withdrawing substituents at position 5,
such as L10 (C,Fs) and L11 (CN), also afforded the ortho-
borylated compounds as the major products, but were less
selective than L9, and the detected diborylated products
consisted of mixtures of regioisomers (entries 10 and 11).

With L12 (entry 12), featuring a CHF, substituent, we
also observed mixtures, with partial ortho borylation. The
perfluorinated derivative (L13, entry 13) and the symmetric
ligand L14, with CF; substituents at the 5 positions of each
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Table 1: Ligand effects on regioselectivity.""

R
Bpin
szinz : /©}
R [IOMe)(COD)], @R 3a]  Bpin” g,
- 5 + Bpin
L, THF, 80 °C R

1a 2a = |
R= CONMe, Bpin ? Bpin
Entry L Conv[%] 2a[%] 3a[%] 4a[%] 5[%]
1 L1 100 0 18 30 52
2 L2 99 0 28 37 34
3 L3 99 14 28 11 53
4 L4 99 1 25 10 53
5 L5 98 42 1 3 42
6 L6 99 4 35 23 37
7 L7 99 4 31 19 45
8 L8 87 12 40 23 12
9 L9 100 20 0 0 80!
10 L10 100 49 3 1 47
11 L1199 46 4 2 47
12 L12 98 28 27 13 29
13 L13 100 62 0 0 38
14 L14 100 19 0 0 811
15 - 8 8 0 0 0
161 L9 97 90 (83) O 0 7
179 L15 58 58 0 0 0
R R
=N N= =N N= —N N=
L1,R="Bu L3,R=H L6, R =Me
L2 R=H L4, R = OMe L7,R=F
L5, R=CF; L8, R=Br
L9, R=CF
FﬁMCFa & L10, R = CeFs
- N= L11,R=CN
L12, R = CHF,
L14 FsC P L13,R=C4F,
s 0

Reaction conditions: [a] Ta (0.25 mmol), B,pin, (0.375 mmol,
1.5 equiv), [Ir(OMe)(COD)], (3 mol%), L (6 mol%), THF (0.2 M),
80°C, 3 h. [b] Diborylated product 5 consists of a mixture of isomers,
unless otherwise stated. [c] Exclusively the di-ortho-borylated re-
gioisomer. [d] 65 °C for 1.5 h, isolated yield of 2a in parenthesis. Note:
Conversion and % of products were determined by GC/MS analysis.
For more details about 5 isomers see the Supporting Information
(Table ST).

ring also led to ortho products (entry 14). These results
suggest that the stereoelectronic characteristics of the CF;
group are especially effective in imparting the desired
regiocontrol. Ortho-borylation was also detected even when
no ligand was used (entry 15), but conversion was much
lower.['d]

The optimized conditions for the ortho borylation using
L9 as ligand consists of: 1 equiv benzamide, 1.5 equiv B,pin,,
3 mol % [Ir(OMe)(COD)], and 6 mol % L9 in THF (0.2 M)
at 65°C, and gave product 2a after 1.5 hours in 83 % yield,
with only 7 % yield of the diborylated byproduct (entry 16).

With the electron-deficient phosphine ligand L15, which
is known to favor ortho borylations by allowing a direct
coordination of the carbonyl group to the metal,™ product
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2a was also formed; however, the reaction was slower and
less efficient than with L9 (58 % yield after 1.5 h, entry 17).

As an initial hypothesis to explain the striking effect of
the CF; substituents at C-5, we considered that electron
deficient bipyridine ligands might favor the formation of Ir'
complexes, and therefore change the catalytic process from
the standard Ir"™/Ir" cycle to one involving Ir'/Ir™ intermedi-
ates, which might allow chelation of the amide. However,
when running the reaction with positional isomers L16 and
L17, we observed lower conversions and the formation of
meta and para-substituted products (Figure 2). This drastic
change in reactivity and regioselectivity by just moving the
CF; groups from the meta to the ortho or para positions in
the bipyridine is astonishing, and raised intriguing mecha-
nistic questions.

Kinetic Studies

To gain mechanistic insights, we performed comparative
kinetic studies using the standard bipyridine L2, and the
CF;-substituted derivatives L9 and L17. Ligand L9 leads to
almost full conversion after 1.5h at 65°C, generating the
ortho borylated product exclusively, while the borylations
with L2 and L17, which yielded a mixture of meta and para
borylated products, are faster and slower respectively (Fig-
ure 3a).

Monitoring the reactions kinetics at different temper-
atures revealed substantially different apparent activation
enthalpies (4H7,) and entropies (4S,.) for the reactions
carried out with L9, than for those involving L2 or L17
(Figures S1-S5). These dissimilar numbers in the activation
parameters depending on the ligand, are likely associated to

Bpin O
L9 N~
_’ |
0 2a (90%)
N~ O (0]
I |16 N, N~
1a | !
Bpin
Bpin
3a (3%) 4a (2%)
(0]
L17 N~
L—— 2a(2%) + | + 4a (28%)
Bpin
3a (44%)

F3C CF;
L9 L16 L17

Figure 2. Regioselectivity changes depending on the position of the CF;
substituents in the bipy ligand. Reaction conditions: 1a (0.25 mmol),
B,pin, (0.375 mmol, 1.5 equiv), [Ir(OMe) (COD)], (3 mol %), ligand L
(6 mol %), THF (0.2 M), 65°C, 1.5 h.
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Figure 3. a) Reaction monitoring using different ligands. Conversion of
substrate 1a with ligands L2 (green), L9 (dark purple) and L17
(orange), and formation of ortho-monoborylated product 2a with ligand
L9 (light purple) are shown. b) Kinetic isotope effect (KIE) determined
from parallel reactions of substrates Ta (dark purple) and 1a-d, (light

purple).

different stabilities of precatalytic iridium species formed in
the initial reaction mixture,’” but they are not necessarily
informative on the origin of the regioselectivity.

Importantly, parallel kinetic experiments using 1la and
its ds-deuterated analogue as substrates, and L9 as a ligand,
revealed a KIE of 4.5, similar to that obtained with bipy
(L2),"! and consistent with a canonical mechanism involving
a turnover-determining C—H activation (Figure 3b).

Solvent Effects

We also evaluated the effect of different solvents on the
reaction outcome (Table S2). Non-polar hydrocarbon sol-
vents like hexane or cyclohexane decreased reactivity, and,
remarkably, led to regioisomeric mixtures. Weakly polar
ethereal solvents such as dibutyl ether led to a different
result than the more polar THF, with formation of meta and
para borylated products as major products. Therefore, there
is an important influence of the solvent in the regioselectiv-
ity, which started to suggest the existence of non-covalent
interactions in the regio-determining step.

Angew. Chem. Int. Ed. 2023, 62, €202214510 (4 of 10)

Research Articles

Angewandte

intemationaldition’y) Chemie

Reaction Scope

Before going into further mechanistic details, it was essential
to find out whether the ortho-borylation reaction can be
generalized. Gratifyingly, many other tertiary amides par-
ticipated in the process (Scheme 1). Ortho-monoborylated
products 2a-2g were obtained in high yields and excellent
regioselectivities, as no other mono-borylated side products
were detected when using L9 as a ligand. As expected, using
L2 instead of L9, we did not detect ortho-borylated
products, but only mixtures of other regioisomers (See
Supporting Information for more details, Figure S9).

The results obtained with amides featuring phenyl
substituent at the nitrogen atom (le, 1i), which pose a
chemoselectivity challenge (i.e. two aryl rings can be
functionalized), are remarkable. Using L2 we observed
mixtures of meta and para substituted products in the

o Baping (1.5 equiv.) Bpin O
[I(OMe)(COD)], (3 mol%) R
n-R L9 (6 mol%) N
|
R THF,65°C, 15h R
p 2
Bpin O Bpin O SR

e esoNeR e

2a, R' R2= Me, 93% (83%) 26, 79% (78%)° 2f, X=CH,, 96% (95%)
2b, R' R?= Cyhex, 100% (98%)° 2g, X=0, 97% (83%)
2¢, R",R?= Ph, 90% (85%)%"®

2d, R'=Ph R%=Me, 92% (74%)

Bpin O Bpin O Bpin O Q

\_O
57

N,R N/O\ N
H | |

2h, R=Me, 87% (87%)°° 2k, 83% (83%)°  2h 78% (75%)°
2i, R=Ph, 85% (83%)%¢

2j, R=C¢Fs, 1% (41%)%°
Bpln Bp[n (0] Bpin O

O

2n, 71% 57%de 20, R=OMe, 71% (64%)?"9
2p, R=Me, 84% (81%)f

2m 89% (73%)"

Bpin 9 Bpin O 0._,.0

S~
N il
)fjo ; @ﬁT @*w/
Bpin

2q, 100% (99%)®  5a, 100% (99%)3 6a, 100% (91%)°
Scheme 1. Borylation of benzamides and related precursors. Reaction
conditions: substrate (0.25 mmol), B,pin, (0.375 mmol, 1.5 equiv),
[Ir(OMe) (COD)], (3 mol%), L9 (6 mol %), THF (0.2 M), 65°C, 1.5 h.
"H NMR yield using CH,Br, as IS (mean value of 3 parallel reactions),
isolated yield described between parenthesis [a] Reaction time 1 h.

[b] Reaction time 2 h. [c] Reaction time 4 h. [d] Reaction time 24 h.

[e] Reaction temperature 80°C. [f] Reaction temperature 100°C. [g] Li-
igand L14 was used. Note: only traces of diborylated products were
detected.
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benzamide ring, and partial borylation of the phenyl
substituent attached to the N atom. However, with L9, the
reaction was completely chemoselective towards the benza-
mide phenyl ring (products 2¢ or 2d were obtained in
excellent yields).

We were pleased to find that the reaction also works
with secondary amides, affording ortho borylated products
2h-2j in good yields. As with tertiary benzamides, the
presence of additional phenyl rings in the substrates was
tolerated, if ligand L9 is used. Interestingly, a CgF;s
substituent at the nitrogen slowed down the reaction,
suggesting an important effect of the stereoelectronic
properties of the amide on the reaction rate. Other
heteroatom substituents at the nitrogen such as —OMe
(Weinreb amide) or —SO,—R, are also compatible, and
products 2k and 21 could be formed in good yields with no
other borylation products detected. The same chemoselec-
tivity was observed with a substrate featuring an indole
moiety (2m). The amino acid containing product 2n was
also produced with high selectivity, which suggests that the
method might be used for late-stage functionalization of
short peptides with benzamide substituents.

Overall, our results confirm that the ortho-borylation is
widely applicable. Control reactions with some of these
substrates using L2 instead of L9 as a ligand, failed to give
the ortho-borylated products (Figure S9). When B,pin, was
replaced with bis(hexyleneglycolato)diboron we obtained
the expected product 6a. As discussed before, the ortho-
diborylated product Sa can be obtained using L14 and an
excess of B,pin,.

The observed reactivity is not limited to benzamides;
methylbenzoate reacted to give the ortho borylation product
20, although the reaction required heating up to 100°C and
the use of ligand L14. Acetophenone also reacted to give
the expected product, with only traces of a secondary
hydroborylation. In addition, N-Me-tosylsulfonamide was an
effective substrate for the reaction, obtaining the expected
product 2q in excellent yield. When bipyridine (L2) was
used as a ligand no ortho borylation was observed.

Ortho-borylation is effective on benzamides exhibiting
different types of substituents at the aryl ring. The reaction
is successful with substrates featuring both EDG (-Me or
—OMe) or EWG (—CF;) para to the amide, giving the
expected products (2aa-2ac) in good yields (Scheme 2).
Halogen groups such as —Cl and —Br, which might be
sensitive to the metal reagent, were also tolerated. Impor-
tantly, the reaction can also be performed in the presence of
unprotected alcohols or amines (products 2af and 2ag).
Meta-substituted precursors also react, to give products
borylated at the less hindered ortho position relative to the
amide group, as in 2ai and 2aj. Substrates bearing ortho
substituents, which have proven difficult to functionalize in
the past,'!?l reacted very efficiently to give the expected
products (2ak-2an) in excellent yields.

Disubstituted benzamides also gave the expected ortho
borylated products (2ao-2aq). It is important to note that
when using L2 as a ligand many of these functionalized
precursors underwent poor conversions (likely because of
steric hinderance) and gave mixtures of products (meta-
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/o) B,pin, (1.5 equiv.) Bpin O
[Ir(OMe)(COD)} (3 mol%) P
| X ONT L9 (6 mol%) z | N
(7 | THF, 65 °C, 1.5 h 4 !
R 1 R 2a
Bpin O
ITj/
R
2aa, R=Me, 82% (80%)° 2ae, R=Br, 83% (83%)¢
2ab, R=OMe, 82% (69%)° 2af, R=0OH, 91% (55%)%¢
2ac, R=CF3, 72% (60%)? 2ag, R=NH,, 87% (43%)°
2ad, R=Cl, 79% (54%)° 2ah, R=Ph, 86% (81%)
Bpin O Bpin O
N~ N~
| |
R
R 2ak, R=F, 95% (93%)®
= de
2ai, R=OMe, 91% (85%)° 2al, R=Me, 87% (79%)"
2aj, R=Ph, 98% (65%) 2am, R=Ph, 88% (70%)%"
2an, R=OMe, 80% (85%)%¢
Bpin O Bpin O Bpin O
_0O "ll/ ,i‘/ ’T‘/
o
O— Br O

2a0, 89% (88%)4 2ap, 86% (45%)4e

w/
B

pin
2ar, 95% (87%)°

2aq, 96% (93%)°

Bpin

2as, 0%

Scheme 2. Borylation of substituted benzamides. Reaction conditions:
substrate (0.25 mmol), B,pin, (0.375 mmol, 1.5 equiv), [Ir(OMe)-
(COD)], (3 mol%), L9 (6 mol96), THF (0.2 M), 65°C, 1.5 h. '"H NMR
yield using CH,Br, as IS (mean value of 3 parallel reactions), isolated
yield described between parenthesis. [a] Reaction time 1 h. [b] Reaction
time 1.25 h. [c] Reaction time 2 h. [d] Reaction time 24 h. [e] Reaction
temperature 80°C. Note: only traces of diborylated products were
detected.

substituted, see Figure S9). Therefore, 3,5-dimethoxy-N,N-
dimethylbenzamide failed to react using L2 as a ligand;
however, L9 led to good yields of the expected products
(2a0).

Interestingly, 2,6-dimethyl-N,N-dimethylbenzamide (or-
tho-disubstituted amide) led to no conversion (2as) under
standard conditions with L9; however, with L2 we observed
the para-borylated product with excellent conversions (See
Figure S9). Along the same lines, it is important to highlight
that substrates like anisole or toluene remained essentially
unchanged under standard conditions in the presence of L9.
However, they react in the presence of L2 (65°C, 1.5 h),!"!
to give meta/para borylation products (See Table S4). When
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the reaction with L9 is carried out at higher temperatures
(100°C) we start to see reactivity, to give the same
regioisomers than with L2.

All these results confirm that with L9 the reaction is
both chemo- (only substrates bearing a substituted carbonyl/
sulfonyl directing group work), and regioselective (ortho
orientation). Other substrates lacking a proper carbonyl-like
directing group failed to undergo the ortho-borylation (see
Supporting Information).

Interestingly, phthalimide and naphthalimide reacted in
presence of L9, but to give the meta and the para borylated
products, respectively, with no ortho-borylation. These
results may be explained by the rigid planar conformation of
the carbonyl group (see Supporting Information).

Precursors with extended aromatic systems were also
borylated only at the ortho position of the amide group.
Therefore, the ortho-borylated biphenyl amides 2ah, 2aj
and 2am were obtained in excellent yields when using L9,
whereas with L2 we observed mixture of products. Likewise,
a naphthalene amide substrate was borylated at the ortho
position of the amide (2ar).

Next, we assessed whether the ortho borylations could
be extended to challenging heterocyclic systems containing
amide functionalities. As shown in Scheme 3a, the reaction
proceeds with excellent yields on different heterocycles such
as indoles (2r), pyrroles (2s and 2t), furans (2u), and even
thiophenes (2v). Importantly, in all the cases, the regiose-
lectivity of the reaction is governed by the amide directing
group, which contrasts with related borylations using other
ligands."

The data presented above supports a highly regio- and
chemoselective transformation, with the substituted amide
playing a key role as reaction-promoting and ortho-directing
group, when combined with ligand L9. In agreement with
the prevalent directing effect of the amide, we observed that
disubstituted precursors containing other potential directing
groups, gave exclusively mono-borylated products ortho to
the amide (2at-2aw). A substrate exhibiting competing
dimethyl and diphenyl amides gave the product borylated
ortho to the dimethyl amide (2 ax).

More complex substrates like indomethacine (7), benzo-
caine (9), or the insect repellent 11, can also be borylated
with excellent selectivity using L9, while the reaction with
L2 affords a mixture of products borylated at multiple
positions (Scheme 4). Overall, the chemo and regiodirecting
effect of CF;-containing ligand L9 is very robust and covers
a wide variety of substrates.

Synthetic Application

Finally, the synthetic potential of the method is underscored
by its application to a straightforward synthesis of fungicide
14 (43 % overall, only two synthetic operations, (Scheme 5)),
while the patented process involves 5 different steps, and it
is less efficient.”!
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a) Heterocycles
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2r, 94%° 2s, 54%"® 2t, 72%def
0 0
\
/ Br S N/
Bpin N \
0 Bpin
2u, 84%*2 2\,, 30%d,e
b) Competing DG
Bpin O
Bpin O Bpin O
N/
N/ N/ I
0 I ve I o
o) o) O%W<
2at, 96%° 2au, 82% 2av, 93%
Bpin O Bpin O

-
| V"
o |
-

O

2aw, 81% 2ax, 75%°

Scheme 3. Borylation of heterocycles, and of substrates with competing
DGs (directing group). Reaction conditions: substrate (0.25 mmol),
B,pin, (0.375 mmol, 1.5 equiv), [Ir(OMe) (COD)], (3 mol %), L9

(6 mol %), THF (0.2 M), 65°C, 1.5 h. Isolated yields. [a] Reaction time
15 min. [b] Reaction time 1 h. [c] Reaction time 2 h. [d] Reaction time
24 h. [e] Reaction temperature 80°C. [f] Ligand L14 was used a) Bor-
rylation of heterocyclic substrates. b) Chemo- and regioselective
borylations demonstrate the selectivity of the amide moiety over
competing DG.

Computational Assessment of the C—H Activation Step

The clean selectivity outcomes of the above borylations
suggest a key role for the amide group in the C—H activation
step. However, a direct interaction of this group with the Ir™
reagent (complex A in scheme 1) saturates the metal center,
and would hamper the C—H activation.

To gain further insights into the origins of the observed
ortho regioselectivity with L9 we performed a thorough
quantum mechanical study on the C—H activation step (see
computational details in the Supporting Information).

First, the possibilities that an electron deficient bipy
ligand such as L9 could enable an Ir'/Ir'™ mechanistic
pathway (Figures S11 and S12), or act as an hemilabile
ligand allowing direct coordination of the amide to the
metal,”! were discarded due to the very high activation
barriers calculated for the C—H activation (AG™,,,,,=43-
51 kcalmol !, Figure S13). Importantly, the barriers when
decoordinating the pyridine ring in L9 are similar to those
calculated with L2.

We therefore focused our attention on a canonical C—H
activation mechanism, with bipyridines acting as bidentate
ligands (Figure 1a). Off-cycle Ir'™ and IrV complexes with
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Cl Cl
Bpin
Bopin, (1.5 eq.)
[Ir(OMe)(COD)], (3 mol%)
L9 (6 mol%
THF 65°C,1.5h
8, 90%
Indomethacine derlvatlve
(anti-inflammatory drug)
Bopin, (1.5 eq.) .
2 [I(OMe)(COD)J, (3 mol%) 2P @
O/\ L14 (6 mol%) O/\
THF, 100 °C, 1 h
HoN HoN
9 10, 53%
Benzocaine
(local anesthetic)
Bopin, (1.5 eq.) .
Q [I(OMe)(COD)], (3 mol%) 5PN Q
N~ L14 (6 mol%) N
k THF, 100 °C, 2 h k
1 12, 73%
DEET
(insect repellent)

Scheme 4. Borylation of biologically-relevant molecules.

O
Jope
Br 13

b) \ 48%

/©/COOH a)
Br 90%

~o

_O
Br O
(ref. 21)
/©)J\ o™ 5 steps Q
O,N

Scheme 5. Three step-synthesis of fungicide 14. a) (COCI), (1.5 equiv),
DMF, CH,Cl,, 0°C to r.t., 2 h; then pyrrolidine 0°C to r.t., 16 h; b) B,pin,
(1.5 equiv), [Ir(OMe) (COD)], (3 mol %), L9 (6 mol %), THF, 65°C,

1.5 h; then H,0, degassed and Pd(PPh;),, K,CO;, 3,4(dimeth-
oxy)iodobenzene, 100°C, 16 h.

either three Bpin and one THF molecule (L2_THF and L9_
THF) or five Bpin units (L2_IrV and L9_IrV) coordinated
to Ir, were calculated to be energetically feasible (Fig-
ure S15). These 18 electron species in equilibrium could be
considered as catalyst resting state(s) before the TOF-
determining C—H activation step, affecting the effective
concentration of the reactive catalyst and thus the global
reaction rate.” The calculations indicate that complexes
with ligand L9 are systematically more stable than those
with L2. This might be the reason behind the relatively large
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activation enthalpy and more favorable activation entropy
observed for L9. More stable saturated species could impose
an enthalpic penalty to the C—H activation, while their
necessary dissociation of some ligand to form the active
catalyst might provide an entropic driving force.

We then analyzed the C—H activation step in detail by
considering all possible regioisomers (ortho, meta and para),
and conformers of relevant stationary points at each
potential energy surface (Figures S13 to S17). Importantly,
the Ir'(bipy)(Bpin); complexes entering the catalytic cycle
are considerably more stable (>4 kcalmol ™) when bound to
the substrate via agostic C—H--Ir interactions (L2_RC and
L9 RC), than when coordinated to the amide carbonyl
(L2_RCpg and L9_RCyy).

Regarding the regioselectivity-determining transition
states, the computed activation energies (<30 kcalmol™)
and ’D/'H KIEs with ligand L9 (Figure S8), agree with the
observed reactivity. Most importantly, only ligand L9
showed a clear preference for oxidative addition at ortho vs.
meta or para positions (calculated o:m:p ratio=81:15:4,
Figure 4). On the contrary, for the isomeric triflurometh-
ylated ligands L16 (calculated o:m:p ratio=31:67:2) and
L17 (calculated o:m:p ratio=26:73:0), the meta-borylation
was preferred. This was also the case with unsubstituted
bipyridine L2 (calculated o:m:p ratio=6:94:0). Overall,
these trends are in consonance with the observed selectiv-
ities.

The Role of Non-Covalent Interactions on the Regioselectivity of
the C—H Activation

A close inspection of the calculated structures reveals that
although the geometry of the lowest energy ortho and meta
TS with ligands L2 and L9 are almost identical (Figure 4),
their relative energies are significantly different, leading to
an inversion of regioselectivity. This strongly suggests that
outer-sphere substrate-ligand non-covalent interactions in
the ortho oxidative addition transition states drive the
regioselectivity. Exhaustive non-covalent interaction analy-
ses (Figures5, S24-S28 and Tables S6-S9) unveiled an
extended network of attractive interactions between the
carbonyl group of the benzamide and the CF;-pyridine ring
of ligand L9 in the ortho TS; these interactions are weaker
for the unsubstituted bipyridine ligand L2 (Figure 5).
NBO®! analysis suggests that dispersion contacts be-
tween the amide carbonyl group and the CF;-pyridine ring
of L9 (especially the interaction ne_o—mn*c ) are predom-
inant (Figure S25), resulting in a shorter CO--CC distance
and a more stable transition structure (L9_TS_o) than with
L2 (L2_TS_o, Figure 5). The polarizing (i.e. electron with-
drawing) effect of the CF; substituent in L9 (Figure S29),
exacerbates the intensity of outer-sphere substrate-ligand
attractions, which seems key for the preferred ortho
orientation. This was confirmed by an energy decomposition
analysis of these interactions (EDA, Figure S26), which
suggests that both polar, but especially dispersion contribu-
tions increase with ligand L9. The calculated non-covalent
interactions appear to involve also contacts between the
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L9_TS_p-1
AAGy, = +18

L9_TS_o-1
AAGYy, = 0.0

L9_TS_m-5
AAGHy, =+1.7

L16_TS_p-1
AAGH, = +1.8

L16_TS_o-2
AAGHq, = 0.0 (0.0)

L16_TS_m-31
AAGHy, =+0.1

L17_TS_o0-3
AAGH, =0.0

L17_TS_m-8
ADGH, =0.0

L17_TS_p-
AAGHy, = +3.8

Figure 4. Low energy outer-sphere transition states (TS) calculated for the oxidative addition step between N,N-dimethylbenzamide (1a) and
Ir'"(ligand) (Bpin); (ligand=L2 (a), L9 (b), L6 (c) and L17 (d); o=ortho, m=meta, p=para). Relative activation free energies (AAG" ) calculated
with SMDy4¢/M06/6-311G(2d,p) +SDD(Ir)//M06/6-31G(d) + LANL2DZ(Ir) are given in kcal mol™'. Metal-ligand and breaking/forming C—H, Ir—C
and Ir—H bonds are represented as blue dashed lines, respectively. Non-reactive hydrogens have been omitted for clarity.

amide substituents and the CF; group at position5
(Figures 5, S24 and S28). On the contrary, in the other CF;-
containing ligands, the more distal location of the CF; group
in L17 or the deplanarization of the bipy-Ir chelate in L16,
reduce the intensity of substrate-ligand interactions in the
TS, and thus the ortho-selectivity vanishes, as observed
experimentally.

Importantly, our model is fully consistent with the
absence of ortho-borylation in phthalimide and naphthali-
mide, due to the inability of their carbonyls to adopt the
required conformation for such non-covalent contacts with
the ligand (Figures S20-S22).

Calculations also predicted that borylation of toluene
would occur at the meta position, with both ligands L2 and
L9 (Figure S18). The absence of the benzamide group
destabilizes the ortho borylation TS with L9 by ca.
5 kcalmol ™', These predictions are in consonance with the
experimental observations (Table S4), and further demon-
strate the crucial role of outer-sphere interactions in both
reactivity and ortho-regioselectivity. Loss of regioselectivity
was also predicted and experimentally verified for the
borylation of benzonitrile, whose cyano group cannot
engage in the non-covalent interactions described for the
benzamide group (Figures S19, S27 and S28).

Besides these unusual substrate-bipyridine interactions,
calculations revealed an intriguing trend: in all cases entropy
opposes and sometimes even supersedes enthalpy as the
regioselectivity determining factor. Hence, relative activa-
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tion enthalpies (AAH) always favor the ortho pathways,
while the meta orientation is driven by entropy (—TAAS¥)
(Figure S23).

Conclusion

In summary, we have discovered that the introduction of
CF; groups at position 5 of bipyridine ligands (Ligand L9),
triggers a complete change in regioselectivity in the iridium-
catalyzed borylations of benzamides, from meta/para to
ortho. Importantly, the presence of the amide directing
group is critical to observe reactivity, which provides
exquisite selectivity in polysubstituted and heteroaromatic
substrates. This represents a substantial advantage with
respect to other methods based on different ligand types.
Experimental data together with DFT calculations on
the CF; and non-CF; containing ligands support a canonical
Ir"/IrY mechanism with a rate-determining C—H activation.
Calculations suggest that the regioselectivity of the reactions
stems from a subtle interplay of enthalpic and entropic
contributions. While the ortho orientation tends to be
penalized by steric and entropic factors, with 5-CF; sub-
stituted ligand L9, a significant enthalpic stabilization arises
from unusual non-covalent interactions between the sub-
strate’s benzamide group and the polarized ring(s) of the
bipyridine. This type of dispersion, non-covalent interactions
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- d{0-C)=2.99 A

L2_TS_o-1
AGhy, =27 3 (22 8)

=

L2_TS_m-3
AGHy, = 26.0 (22 2)

d(O-N}=3.03 A
 d(0-C)=2.87 A

LoV
L9_TS_o-1
AGHg, =24.9(19.3)

L9_TS_m-5
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Figure 5. Substrate-ligand non-covalent interactions (NCI) occurring in
low energy outer-sphere transition states (TS) calculated for the
oxidative addition step between N,N-dimethylbenzamide (1a) and

I (ligand) (Bpin), (ligand =L2 and L9; 0 =ortho, m=meta). Activation
free energies (AG™y) calculated with SMDqe and IEF-PCMye (in
parentheses) and M06/6-311G(2d,p) +SDD(Ir)//M06/6-31G(d) -
+LANL2DZ(Ir) are given in kcal mol™". Metal-ligand and breaking/
forming C—H, Ir—C and Ir—H bonds are represented as pale red and
yellow lines, respectively. Contacts between the substrate carbonyl O
and bipyridine N and C atoms are represented as red dashed lines.
Note the larger extension of non-covalent interactions® in the ortho
transition states, especially with ligand L9.

has rarely been invoked and should be taken into account in
the future for other types of chemical reactions.
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