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Abstract

An in-depth study of iridium catalysts for the borylation of alkyl C—H bonds is reported. Although
the borylation of aryl C—H bonds can be catalyzed by iridium complexes containing phen or bpy
ligands at mild temperatures and with limiting arene, the borylation of alkyl C—H bonds remains
underdeveloped. We prepared a library of phenanthrolines that contain varying substitution
patterns. The corresponding phen—Ir trisboryl carbon monoxide complexes were synthesized to
determine the electron-donating ability of these ligands, and the initial rates for the borylation of
the C-H bonds in THF and diethoxyethane Sto oxygen catalyzed by Ir complexes containing
these ligands were measured. For some subsets of these ligands, the donor ability correlated
positively with the rate of C—H borylation catalyzed by the complexes containing ligands within a
given subset. However, across subsets, ligands possessing similar donor properties to one another
form catalysts for the borylation of alkyl C—H bonds with widely varying activity. This
phenomenon was investigated computationally, and it was discovered that the stabilizing
interactions between the phenanthroline ligand and the boryl ligands attached to Ir in the transition
state for C—H oxidative addition could account for the differences in the activity of the catalysts
that possess similar electron densities at Ir. The effect of these interactions on the borylation of
secondary alkyl C—H bonds is larger than it is on the borylation of primary alkyl C-H bonds.
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INTRODUCTION

The functionalization of C—H bonds is a powerful and direct strategy in organic synthesis to
diversify molecules and to reduce the number of steps in a synthetic sequence.~3 Over the
last two decades, many catalytic methods have been developed that follow this strategy, and
these methods include those in which the C—H bond cleavage is guided by a directing group
contained within the substrate and those in which the C-H bond cleavage is undirected.*
Undirected C-H bond functionalizations are more difficult to achieve than directed
functionalizations, and the borylation of C—H bonds is arguably among the most useful. The
C-B bond of the organoboronate esters formed from this reaction can be transformed to a
variety of C—C and C-heteroatom bonds. Furthermore, the selectivity of C-H borylation is
often orthogonal to that of other C-H bond functionalizations.> However, while the
undirected borylation of aryl C-H bonds is a versatile, practical method now used on a
relatively large scale in industry,® the undirected borylation of alkyl C—H bonds remains
underdeveloped.

First reported in 2002 by Ishiyama, Miyaura, and Hartwig, the reaction of an arene with
B,pin, (bispinacolatodiboron) catalyzed by the combination of [Ir(COD)OMe], and 4,4"-di-
tert-butylbipyridine (dtbpy) forms arylboronate esters in high yield at room temperature and
without the need for excess arene (Scheme 1a).”:8 In stark contrast, the borylation of alkyl
C-H bonds catalyzed by Rh,% Ru,10 or Ir11:12 catalysts requires high temperatures and, with
few exceptions, 1314 a large excess of the alkane (Scheme 1b). While strategies for the
borylation of alkyl C—H bonds involving directing groups have been developed that
overcome these limitations,15-19 the requirement that a specific functional group be
contained in the substrate limits the generality of these methods. Thus, novel catalysts with
high activity for the undirected borylation of alkyl C—H bonds could create new capabilities
in organic synthesis.

In 2012, our group reported an Ir catalyst for the borylation of alkyl C—H bonds,! including
the secondary alkyl C—H bonds of amines and ethers.2% We found that the combination of an
Ir precursor and 3,4,7,8-tetramethylphenanthroline (tmphen) catalyzes the borylation of neat
alkanes with B,pin, at 100-120 °C, temperatures that are lower than those reported for the
borylation of alkanes catalyzed by Rh or Ru catalysts. Since this initial report, there have
been several examples of the C-H borylation of arenes and alkanes catalyzed by Ir bound to
various phenanthrolines.14.21-23 Given this broad utility of Ir-phenanthroline catalysts for
C—-H borylation and the potential diversity of phenanthroline derivatives that could be
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synthesized, we initiated a study to examine the effect of the substituents on the
phenanthroline ligands for various properties of phenanthroline-bound Ir catalysts, with the
goal of identifying structural features that can lead to highly active catalysts for the C-H
borylation of alkanes.

Here, we report a detailed study of the effect of the structure of phenanthroline ligands on
the rates of alkyl C—H borylation catalyzed by the corresponding Ir—phenanthroline
catalysts. We measured the rates of the reactions catalyzed by complexes containing a series
of ligands and prepared the corresponding phenanthroline-ligated iridium trisboryl
complexes bound by carbon monoxide. The C-O stretching frequency of these complexes
was correlated with the natural log of the rate constant for alkyl C—H borylation to ascertain
the effect of the electron density at the metal center on the rates of alkyl C—H borylation.
Lastly, we report computational and experimental studies that support the existence of weak
interactions in the transition state for turnover-limiting oxidative addition of alkyl C-H
bonds. These weak interactions have a large impact on the rate of the turnover-limiting
oxidative addition step.

RESULTS AND DISCUSSION
Ligand Design and Synthesis.

To reveal the effect of the electronic properties of phenanthroline-bound Ir catalysts on the
rate of the borylation of an alkyl C—H bond, we studied the C-H borylation of THF as a
model reaction. The borylation of tetrahydrofuran to form 3-boryl-tetrahydrofuran 1 (eq 1)
was chosen over the borylation of simple

8} " Bpin, Ir-phenanthroline cat. o)
1 equiv
neat, 100 °C
1 Bpin

)]

hydrocarbons as the model reaction because of the poor solubility of phenanthrolines in
alkanes. Furthermore, the yield of the borylation of THF catalyzed by Ir—phenanthroline
complexes is higher than that of the borylation of hydrocarbons catalyzed by similar
complexes.11:12

A series of phenanthrolines containing various substituents that would vary the electronic
properties of the ligand were synthesized, and the rates of the borylation of THF catalyzed
by complexes of these phenanthrolines were measured. The phenanthroline core has six
positions that can bear substituents (Figure 1a). Substituents at the 5 and 6 positions of the
backbone of the phenanthroline are synthetically difficult to vary. However, substituents at
the 3 and 8 positions (B to nitrogen) and the 4 and 7 positions (j to nitrogen) can be varied
easily and without changing the steric environment near the metal center. Thus, we
synthesized a library of symmetrical phenanthrolines that contain various substituents at
positions 3, 4, 7, and 8.
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The effect of substituents at the 4 and 7 positions of phenanthrolines bound to Ir on the
electron density at Ir is likely to be larger than that of substituents at the 3 and 8 positions
due to =z donation and r acceptance to and from the metal center. Thus, we synthesized
phenanthrolines containing a variety of substituents at the 4 and 7 positions.

Although the effect of the 3,8 substituents of phenanthrolines on the electron-donating
ability of these ligands is likely less significant than that of the 4,7 substituents, most
reported Ir—phenanthroline catalysts for C—H borylation contain substituents at the 3 and 8
positions, such as methyl! or mesityl,18 suggesting that these substituents have an influence
on the activity or stability of the corresponding catalysts. Thus, we synthesized three groups
of phenanthrolines: one containing no substituents at the 3 and 8 positions, one containing
methyl substituents at the 3 and 8 positions, and one containing mesityl substituents at the 3
and 8 positions (Figure 1b). Each of these groups comprised phenanthrolines containing
various 4,7 substituents including chloro, hydro, methyl, silylmethyl, and pyrrolidinyl.

The group of phenanthrolines lacking 3 and 8 substituents is shown in Scheme 2. This group
contains some previously reported phenanthrolines and some novel phenanthrolines.
Dichlorophenanthroline 2a was synthesized according to a known method,?* and
phenanthrolines 2b and 2c were purchased from commercial sources. The
disilylmethylphenanthroline 2d was synthesized from 2c¢ by deprotonation of the 4,7-
dimethyl motif, followed by quenching with triisopropylsilyl triflate (TIPSOT®). Lastly, 2e
was synthesized from 2a by nucleophilic aromatic substitution with pyrrolidine.

Phenanthrolines for the current study containing the 3,8-dimethyl motif are shown in
Scheme 3. The synthesis of 3a was conducted according to a known procedure.2?
Dimethylphenanthroline 3b is typically synthesized by a Skraup reaction,26 but the yield is
very low, and separation of 3b from the reaction mixture is difficult. We considered the
conversion of 3,8-dibromophenanthroline to 3b by Pdcatalyzed Negishi coupling. With
dimethylzinc as the nucleophile, 3b was formed in low yield, but with TMSCH,ZnCl as the
nucleophile, 3b formed in good yield following treatment of the crude mixture with
methanolic KOH. Tetramethylphenanthroline 3c was purchased from a commercial source.
The synthesis of 3,8-dimethyl-4,7-disilylmethyl-phenanthroline 3d from 3¢ was conducted
in analogy to the synthesis of 2d. The synthesis of 3,8-dimethyl-4,7-
dipyrrolidinylphenanthroline 3e from 3a was conducted in analogy to the synthesis of 2e.

To synthesize the group of phenanthrolines containing the 3,8-dimesityl motif (Scheme 4),
we developed an approach involving site-selective cross-coupling. From dihydroxyphen,24
3,8-dibromo-4,7-dichlorophen was synthesized by bromination followed by
deoxychlorination. The Negishi coupling of 3,8-dibromo-4,7-dichlorophenanthroline with
MesZnCl formed 4a, selectively. Phenanthroline 4b was synthesized according to a known
procedure.18 Negishi coupling of 4a with dimethylzinc afforded 4c in good yield, and 4c
underwent silylation to form 4d in analogy to the syntheses of 2d and 3d. Phenanthroline 4a
proved to be unreactive toward nucleophilic aromatic substitution with pyrrolidine, so a 4,7-
dipyrrolidinyl analogue of 3,8-dimesityl phenanthroline was not synthesized.

ACS Catal. Author manuscript; available in PMC 2020 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larsen et al. Page 5

Synthesis of Phenanthroline-Bound Ir-Trisboryl Carbon Monoxide Complexes.

To gain information on how the structure of phenanthrolines affects the electronic properties
of the intermediate of the catalytic process that cleaves the alkyl C—H bond, we synthesized
a series of phenanthroline-bound Ir-trisboryl carbon monoxide complexes containing
ligands 2—4. By methods analogous to those we previously reported,2” complexes 5a—e, 6a—
e, and 7a—d were synthesized. The C-O stretching frequencies of these complexes as a
solution in THF were measured by infrared spectroscopy, and the values are shown in Table
1. Within each group of phenanthroline-ligated boryl complexes, the C-O stretching
frequencies of the corresponding complexes decrease for various 4,7 substituents in the
order Cl > H > Me > CH,TIPS > pyrrolidinyl. In other words, the electron density at Ir
increases in the order Cl < H < Me < CH, TIPS < pyrrolidinyl. This ordering would be
predicted based on the corresponding Hammett parameters of these substituents.28

Varying the 3 and 8 substituents to H, Me, or Mesityl had little effect on the electron density
at Ir. However, based on the C-O stretching frequencies of complexes 5e and 6e (1963 and
1967 cm™1, respectively), pyrrolidinyl-substituted phen 2e contained in complex 5e is more
donating than the analogous phen 3e contained in complex 6e. This difference in electron-
donating ability is likely due to the steric hindrance of the methyl group ortho to the
pyrrolidinyl group in 3e; this group prevents the pyrrolidinyl group from adopting an ideal
conformation for the nitrogen lone pair to donate into the pi system of the phen ligand.

For one of these complexes 6d, crystals suitable for X-ray diffraction were obtained (Figure
2). This trisboryl-iridium carbon monoxide complex adopts a distorted octahedral geometry.
The carbon monoxide ligand is tilted away from the phenanthroline ligand, as evidenced by
the N1-Ir1-C1 and N2-Ir1-C1 angles of 106.51° and 100.79°, respectively. Furthermore,
the carbon monoxide ligand is bent; the Ir1-C1-01 angle is 171.60°. Perhaps surprisingly,
the two bulky silylmethyl substituents of the phenanthroline contained in this complex are
oriented toward the more hindered side of the complex. However, this conformation is likely
a result of crystal-packing effects. The Ir-B distances (2.052 and 2.061 A) of the two boryl
ligands that are trans to the N atoms of the phenanthroline are similar to those for the boryl
groups trans to the N atoms of a bipyridine ligand (2.027 and 2.057 A) in the COE-bound
dtbpy—Ir—trisboryl complex.” However, the Ir-B distance for the boryl ligand trans to CO
(2.118 A) in the structure of complex 6d is significantly longer than that for the boryl ligand
trans to COE (2.055 A) in the structure of a COE-bound dtbpy—Ir—trisboryl complex.’

Measurement of Rates of the Borylation of THF Catalyzed by Ir-Phenanthroline
Complexes.

We conducted a series of reactions of THF with B,pin, at 100 °C catalyzed by the
combination of the isolable trisboryl complex (7°-mes)Ir(Bpin)2°; and each of the
phenanthrolines 2—4 from our library of ligands. For specific reactions, this combination of
(78-mes)Ir(Bpin)3 and ligand will be referred to as Ir-ligand (e.g., Ir-2a for the combination
of (78-mes)Ir(Bpin)3 and phenanthroline 2a). The combination of (7°-mes)Ir(Bpin); and the
phenanthroline ligand forms the corresponding phenanthroline-bound iridium-trisboryl
complex (the proposed active catalyst) in >90% yield (see the Supporting Information, pp.
S33, for details). The initial rate of formation (<25% yield) of alkyl boronate 1 was
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measured for each reaction by gas chromatography, and the final yield of 1 was measured
after 48 h. Under the reaction conditions, no induction period was detected for the formation
of 1. From the initial rates of these reactions and the catalyst concentration, we determined
the observed first-order rate constants (4yps) and correlated the log of these rate constants
with the C-O stretching frequency of the corresponding trisboryl CO complexes 5-7. These
correlations are depicted graphically for phenanthrolines lacking 3 and 8 substituents (Figure
3a), phenanthrolines containing 3,8-dimethyl groups (Figure 3b), and phenanthrolines
containing 3,8-dimesityl groups (Figure 3c). A superimposition of all three sets of
correlations is provided in Figure 3d.

Because the oxidative addition of the C—H bond is presumed to be the turnover-limiting step
of the C—H borylation of THF,11.20 one might expect a positive correlation between the log
of Ky for this reaction catalyzed by Ir—(2—4) and the electron density at the metal center of
Ir—(2—4) indicated by a negative correlation between log(4ys) and the C-O stretching
frequency of the corresponding complexes 5-7. However, such a correlation was not
observed for the borylation of THF catalyzed by Ir catalysts containing ligands 2a—e, lacking
3 and 8 substituents (Figure 3a). For example, ligand 2e is much more electron-donating
than either ligands 2b or 2c, but the borylation of THF catalyzed by Ir—2e is slower than the
borylation catalyzed by Ir-2b and Ir-2c.

One origin of this perturbation of the order of reactivity results from the modification of the
ligand in the catalytic reaction. We discovered that the parent phenanthroline 2b undergoes a
rapid bisborylation at the 3 and 8 positions to form 3,8-diboryl phenanthroline 8 (eq 2) under
the conditions

Bopin, 2 equiv
(n®-mes)Ir(Bpin)z 5 mol%
</ ; 2 \> R Y Bpin 4 \ Bpin
— = THF, rt =N N=

N N
2b 8, 70%

@

of the borylation of THF catalyzed by Ir-2b, even at room temperature.3° The initial rate of
the borylation of THF conducted with 1r-8 as a catalyst was identical to that observed when
the reaction was conducted with the catalyst Ir-2b containing the unsubstituted
phenanthroline. This equal reactivity and rapid borylation of the parent phenanthroline
ligands implies that the active catalyst in the reactions conducted with 2b contains the
diborylated ligand 8.

The 1Ir—=CO complex 9 containing ligand 8 was prepared, and the C-O stretching frequency
of this complex was 1973 cm™L. This value is close to that for the C-O stretching frequency
of complex 5b (1974 cm™1) containing the parent phenanthroline ligand 2b. While this result
does not reconcile the lack of correlation depicted in Figure 3a, it does show that the
substituents at the 3 and 8 positions of a phenanthroline can affect the rate of the
corresponding reaction, even if they have little effect on the electron-donating ability of the
ligand. This effect of the 3 and 8 substituent on the rate of the reaction will be described in
detail later in this paper.
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For the reactions catalyzed by complexes containing phenanthrolines 3a—e, which contain
the 3,8-dimethyl motif, a positive correlation between the log of ;s and the electron
density at Ir was observed (Figure 3b), with one exception: the reaction catalyzed by
pyrrolidinyl-substituted Ir—3e was slower than that catalyzed by Ir-3d or Ir-3c, even though
3e is more donating than 3c or 3d. Similarly, for the borylation of THF catalyzed by the 3,8-
dimesityl-substituted series Ir-(4a—d), a positive correlation between the log of ks and the
electron density at Ir was observed (Figure 3c). However, the rate of the borylation of THF
catalyzed by Ir-4d containing silylmethyl groups at the 4 and 7 positions was slightly lower
than the rate of the analogous reaction with Ir—4c as the catalyst with methyl groups at the 4
and 7 positions, even though 4d is more donating than 4c.

In general, the turnover frequencies (TOF) of reactions catalyzed by Ir catalysts containing
phenanthrolines 4a—d bearing the 3,8-dimesityl groups were higher than those of reactions
catalyzed by analogous complexes containing phenanthrolines bearing either 3,8-dimethyl
groups (3a—e) or no groups at the 3 and 8 positions (2a—e) (Table 2). However, the turnover
number (TON) for reactions catalyzed by Ir-3c and Ir-3d (TON = 21 and 27, respectively)
containing the 3,8-dimethyl motif were higher than those for reactions catalyzed by Ir-4c
and Ir-4d (TON = 20 and 14, respectively) containing the 3,8-dimesityl groups. Thus,
among the three series of phenanthrolines 2a—e, 3a—e, and 4a—d, phenanthrolines containing
the 3,8-dimesityl groups typically form the most active catalysts for the borylation of THF,
and the phenanthrolines containing the 3,8-dimethyl motif typically generate catalysts that
form the product from the borylation of THF in the highest yield.

Investigation of the Trends in Catalyst Activity for the Borylation of THF Catalyzed by Ir—
Phen Complexes.

To reveal the origins of the correlations of the relationships between log(Agps) for the
borylation of THF catalyzed by the phenanthroline-ligated iridium complexes and the
electron density at the metal center of these catalysts, particularly the origin of the
accelerating effect of the 3 and 8 substituents on the phenanthroline, we conducted
experimental and computational studies.

The observation that phenanthrolines 4a—d containing the 3,8-dimesityl motif form some of
the most active catalysts for the borylation of THF suggested that a subtle effect unrelated to
the electron density at the Ir center is influencing the rate. Because the electron-donating
abilities of phenanthrolines containing either H, Me, or Mes at the 3 and 8 positions are
similar to each other, the higher rates for the borylation of THF catalyzed by Ir—(4a—d) over
those of reactions catalyzed by the analogous 3,8-unsubstituted or 3,8-methyl-substituted Ir—
(2a—d) and Ir—(3a—d) cannot be rationalized by the relative electron densities at the Ir
centers of these catalysts. Furthermore, the 3 and 8 substituents are too far from the metal
center to affect the steric environment around Ir. However, the 3,8 substituents could affect
the interligand interactions between the phenanthroline and the boryl groups of the Ir
catalyst because the electron density at Ir might not reflect such effects.

In 2014, our group reported a method for the borylation of alkylamines catalyzed by the
combination of (7f-mes)Ir(Bpin)z and ligand 3c that was selective for the borylation of
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primary C—H bonds A to nitrogen over the borylation of primary C—H bonds a to nitrogen.20
A natural bond orbital (NBO)3! analysis of the corresponding transition states for oxidative
addition of the C—H bond calculated by DFT strongly suggested that the selectivity is
derived from a set of weak interactions that are stronger in the transition state for the
cleavage of a C—H bond Sto nitrogen than in the transition state for the cleavage of a C-H
bond a to nitrogen. Of these interactions, C—H---O interactions between the C—H bonds at
the 2,9 positions of the phenanthroline and the oxygen atoms of the boryl groups in the plane
of the phenanthroline were the strongest. Because the 3 and 8 substituents on phenanthroline
are ortho to the C—H bonds at the 2 and 9 positions, these substituents could affect this
interligand C-H---O interaction, which could stabilize the transition state for oxidative
addition, relative to the ground state.

To investigate the effect of the 3 and 8 substituents of phenanthrolines on the strength of the
C—-H---O interactions relevant to the borylation of alkyl C—H bonds catalyzed by Ir—
phenanthroline complexes, we computed by DFT the ground states and transition states for
the oxidative addition of THF by Ir-trisboryl complexes bound by ligands 2c, 3c, or 4c.
Each of these phenanthroline ligands contains the 4,7-dimethyl motif, but each has a
different set of 3,8 substituents (H, Me, or Mes, respectively). The electron-donating ability
of all three of the ligands is similar to each other. Computations of the ground states and
transition states of the reactions of complexes containing ligands 2c, 3c, and 4c revealed
some structural differences between the binding of the three ligands. The phenanthrolines
contained in Ir-2c and Ir—3c lay in the coordination plane (NN-Ir—B-B) while that in Ir-4c
is tilted away from this plane by 20-27° (see the Supporting Information for Cartesian
coordinates and structure images). A NBO analysis3! of these structures allowed us to
determine the energy of the C—H---O interactions (Engo) in the ground states and transition
states for the H-O contacts in which the H-O distance is less than the sum of the
corresponding van der Waals radii (<2.72 A) and the corresponding C-H-O angle is greater
than 90°. For all three reactions, the energy of the C—H---O interactions between the C-H
bonds at the 2,9 positions and the O atoms of the boryl ligands (see Figure 4a) in the
transition state were greater than those in the ground state (AEngo = negative). The H-O
distances of these interactions ranged from 2.13 to 2.59 A, and the corresponding C-H-O
angles ranged from 123 to 145°. Furthermore, an additional C-H---O interaction was
identified in the structures relevant to the reaction of THF and the Ir-trisboryl bound by 4c.
This interaction involves the benzylic C—H bond of the mesityl group contained in 4c and
the oxygen atoms of the boryl ligands (see Figure 4b). Although the H-O distances
corresponding to this interaction were long (2.45 to 2.55 A), the strength of the interaction
energies was significant due to the corresponding angles (158 to 174°) being close to the
ideal angle (180°) for C-H---O interactions. This interaction energy in the transition state
was also computed to be larger than this interaction in the ground state (AEngo = negative).
Additional C-H---O interactions between THF and one of the boryl ligands were revealed in
the NBO analysis for all three ligands. However, due to the similarities in structure for all
three transition states, the sums of these interactions for all these structures were nearly
identical to each other (1.53-1.63 kcal/mol, see Supporting Information pp. S38-548 for
details).
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The total AENgo for these reactions are provided in Table 3. In addition, Table 3 contains
values for the computed barriers (AGcomp*) of the reactions of THF with the phen-bound Ir-
trisboryl complexes and the experimental barriers (AGeXp*) of the corresponding catalytic
reactions. The computed and experimentally determined barriers appear to correlate with
AENBO, suggesting that these C—H---O interactions may be the origin of the difference in
rates for the borylation of THF catalyzed by the Ir catalysts containing ligands 2c, 3c, or 4c.
The NBO analysis of the structures involving ligand 4c containing the 3,8-dimesityl motif
shows that the stabilization of the transition state (AEngo = —1.62 kcal/mol) by C-H---O
interactions in 4c is greater than that of the structures corresponding to ligands 2¢ (AEngo =
-1.14 kcal/mol) and 3c (AEngo = —0.91 kcal/mol). Thus, the trend in stabilization of the
corresponding transition states containing each ligand follows the order 4c > 3¢ > 2¢, which
matches the trend in reactivity of the corresponding catalysts determined computationally
and experimentally. In general, the relative values of the computed barriers agree with those
of the experimentally determined barriers. However, our calculations slightly overestimate
the differences in reactivity of the corresponding catalysts.

The majority of the stabilization (0.92 kcal/mol out of 1.62 kcal/mol) of the transition state
containing ligand 4c by C-H---O interactions results from the interaction of benzylic C-H
bonds of the mesityl groups with the O atoms of boryl ligands. Thus, these unique
interactions make the Ir—4c catalyst more active than catalysts Ir-2c or Ir-3c. To test this
hypothesis and the ability to capitalize on this C—H---O interaction, we designed two ligands
in which the methyl groups on the 3,8-dimesityl motif are perturbed, and we sought to
compare the activity of catalysts containing these ligands to the one containing 3,8-
dimesitylphenanthroline 4b. One ligand 10a contains 2,4,6-trimethoxyphenyl groups at the 3
and 8 positions, and another ligand 10b contains 2,4,6-tri-(methoxymethyl)phenyl groups at
the 3 and 8 positions (Table 4). The corresponding CO complexes 11a and 11b, containing
ligands 10a and 10b, respectively, were synthesized, and the C-O stretching frequencies
were determined to be 1973 and 1974 cm™1, respectively. These values are similar to the C—
O stretching frequency of complex 6b (1974 cm™1) containing 3,8-dimesitylphenanthroline
4b.

If the benzylic C—H---O interaction contributes to the stabilization of transition states for the
oxidative addition of THF containing phenanthrolines with the 3,8-dimesityl motif then one
would expect that the activity of the catalyst containing ligand 10a for the borylation of THF
should be lower than that of the catalyst containing ligand 4b, which is due to a lack of
benzylic C-H bonds in ligand 10a. In contrast, one would expect that the activity of the
catalyst containing ligand 10b should be higher than that of the catalyst containing ligand 4b
due to the enhanced acidity of the benzylic C—H bonds of ligand 10b relative to those of
ligand 4b. This higher acidity should lead to stronger C—H---O interactions. Indeed, the
borylation of THF catalyzed by Ir-10a showed that the activity of this catalyst (TOF = 0.16
h=1) was much lower than that of Ir-4b (TOF = 1.3 h1). Furthermore, the activity of Ir-10b
(TOF = 1.7 h™1) for the borylation of THF was higher than that of Ir-4b. Thus, the activity
for the borylation of THF of the catalysts containing ligands 4b, 10a, or 10b span an order
of magnitude, even though the electron-donating ability and steric properties of the
corresponding three ligands are similar to each other.

ACS Catal. Author manuscript; available in PMC 2020 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larsen et al.

Page 10

Discussion of the Importance of C-H-:-O Interactions on the Borylation of THF and Other

Alkanes.

On the basis of our computational and experimental studies on the borylation of THF
catalyzed by Ir-phen complexes, interligand interactions between the C—H bonds of the
phenanthroline ligand and the O atoms of boryl ligands appear to be important stabilizing
interactions in the transition state for the turnover-limiting C-H oxidative addition of THF.
The strength of these interactions is independent of the ability of the ligand to donate
electron density to Ir. Thus, these interactions may explain the lack of a strong correlation
between the electron density at Ir and the log of the rate constant for the borylation of THF.

Because these C—H---O interactions are stronger in the transition state for oxidative addition
of the C—H bond than in the ground state, the addition of THF to Ir-trisboryl to form the
transition state for oxidative addition must perturb the coordination sphere of the transition
state, relative to that of the ground state, in such a way that the boryl ligands are properly
oriented to interact with C—H bonds of the phenanthroline. Such a perturbation could be
explained by the steric penalty of adding a bulky secondary alkyl group to Ir in this
transition state, forcing the coordination sphere to be more crowded. Thus, this steric penalty
might be paid for, in part, by the attractive interactions between the boryl ligands and the
phenanthroline. However, the corresponding transition state for oxidative addition of a
substrate containing primary alkyl C—H bonds will be less crowded than that for the
borylation of THF. As a result, changes in the C—H---O interactions during the borylation of
primary alkyl C—H bonds could be less than those during the borylation of secondary alkyl
C-H bonds.

To explore the effect of the size of the substrate (primary vs secondary alkyl) on the relative
activity of catalysts for the borylation of alkanes, we extended our experimental and
computational studies to the borylation of the primary alkyl C—H bonds in diethoxyethane.
Like THF, diethoxyethane has C-H bonds S to oxygen that are particularly reactive toward
borylation. We conducted the borylation of diethoxyethane catalyzed by Ir-2c, Ir-3c, or Ir—
4c and measured the initial rates of formation of primary alkyl boronate ester 12 (Table 5).
The turnover frequencies for the borylation of diethoxyethane catalyzed by Ir-2c, Ir-3c, or
Ir—4c were nearly identical to each other (TOF = 17 h™1, 16 h™1, and 20 h™1, respectively). In
contrast, the turnover frequencies for the borylation of THF catalyzed by the same set of
catalysts varied measurably (TOF = 0.82 h™1, 0.86 h™1, and 2.3 h™1, respectively). Thus, C—
H:---O interactions could be a less important set of stabilizing interactions in the transition
state for the borylation of substrates containing primary C—H bonds than for the borylation
of substrates containing secondary C-H bonds.

To compare the changes in C-H---O interactions during the borylation of diethoxyethane to
those during the borylation of THF, we computed the oxidative addition of the C—H bond of
a truncated, but representative, substrate ethyl methyl ether to the Ir-trisboryl complex
bound by ligand 3c. We compared the C—H---O distances in the ground state (Figure 5a, GS)
and the transition state for the oxidative addition of THF (Figure 5b, TS-I) to those of the
analogous transition state and ground state for the oxidative addition of diethoxyethane
(Figure 5¢c, TS-I1). In the ground state GS, the distance between H2 and 02 (2.133 A) is the

ACS Catal. Author manuscript; available in PMC 2020 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larsen et al.

Page 11

only H---O distance that is less than the sum of the van der Waals radii, and the
corresponding C-H--- O interaction energy is quite large (Engo = 4.87 kcal/mol). In the
transition state for oxidative addition of THF, the H2—-O2 distance is only slightly longer
(changing from 2.133 to 2.149A), but the H1-O1 distance is dramatically shorter (changing
from 2.977 to 2.344 A), forming a second C-H---O interaction and leading to an overall
stabilization of the transition state (AEngo = —1.14 kcal/mol). In contrast, in the transition
state for the oxidative addition of ethyl methyl ether, the H2—O2 is significantly longer
(changing from 2.133 to 2.279 A) and the H1-O1 distance is shorter (changing from 2.977
to 2.341 A) and is similar to that observed for the oxidative addition of THF. Overall, for the
oxidative addition of ethyl methyl ether, the C—H---O interaction energies are larger in the
ground state than in the transition state (AEngo = +0.69 kcal/mol) due to the significantly
longer H2—02 distance in the transition state than in the ground state.

Thus, our calculations predict that the C—H---O interactions between the phenanthroline and
the boryl ligands do not stabilize the transition state for oxidative addition of the C—H bond
of diethoxyethane, relative to the ground state. In this case, catalysts that have similar
electron-densities at Ir to one another should catalyze the borylation of diethoxyethane at
similar rates. This prediction is consistent with our experimental results (see Table 5). Both
our calculations and our experimental results suggest that the effect of the C-H---O
interactions between the phenanthroline and the boryl ligands on the borylation of secondary
alkyl C—H bonds is larger than it is on the rate of borylation of primary alkyl C-H bonds.
This difference is likely due to the greater crowding of the transition state for oxidative
addition of a secondary alkyl C—H bond relative to that of the transition state for the
oxidative addition of a primary alkyl C—H bond, and this greater crowding leads to stronger
interligand interactions between the phenanthroline and the boryl ligands.

During the course of this work, Sakaki published a computational study about the origins of
the selectivity for functionalization of the C-H bond Sto oxygen in THF over the C-H bond
a to oxygen.32 This study suggested that the selectivity results from reversible oxidative
addition of the C—H bond a to oxygen due to a high barrier for reductive elimination from
the resulting alkyl complex with the a carbon bound to iridium. These calculations also
suggested that the oxidative addition of the C—H bond S to oxygen is reversible, but the
primary, albeit relatively small, kinetic isotope effect of 2.6 we have measured for the
borylation of THF clearly shows that the energy of the transition state for oxidative addition
of the C—H bond Sto oxygen is higher or nearly equal to that of the transition state for
reductive elimination. Thus, the studies we report here show how the electronic properties of
the ancillary ligand and nonbonded attractive secondary interactions involving substituents
on the ligand influence the rates of the oxidative addition step of the catalytic cycle, rather
than steps occurring after the oxidative addition.

Also during the course of this investigation, Sawamura and co-workers reported an
enantioselective, directed borylation of alkyl C-H bonds.33 Computational studies implied
that a series of noncovalent interactions, including C—H---O interactions, contributed to the
observed selectivity. These findings corroborate our proposal that the sum of these weak
interactions can lead to significant differences in reactivity.
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CONCLUSIONS

In summary, we have conducted a detailed study of the effect of the electronic properties of
phenanthroline ligands on the electron-donating ability of these ligands and on the rates for
cleavage of C—H bonds by iridium—trisboryl complexes that catalyze the borylation of C-H
bonds. Our data reveal several factors that control the rates of the catalytic reaction and that
could direct the design of future catalysts:

1. Variations of the 4,7 substituent of phenanthrolines can significantly alter the
electron-donating property of phenanthrolines. In general, for phenanthrolines
containing the same 3 and 8 substituents, the rates of the borylation of THF
catalyzed by more electron-rich Ir catalysts are faster than those catalyzed by
more electron-poor Ir catalysts.

2. The effect of varying the 3 and 8 substituents from H to Me or Mes on the
electron-donating ability of the ligand is small, but these substituents can have a
large effect on the rate of the borylation of THF catalyzed by the corresponding
Ir-phen complex. Among ligands 2—4, phenanthrolines containing the 3,8-
dimesityl motif form the most active catalysts for the borylation of THF.

3. Computational and experimental studies suggest that C—H---O interactions
between the phenanthroline and boryl ligands stabilize the transition state for
oxidative addition of the secondary C—H bonds of THF to Ir-trisboryl complexes
relative to the ground state. In contrast, these interactions do not stabilize the
transition state for the oxidative addition of the primary C—H bonds of EtOMe
relative to the ground state.

Our computational and experimental results suggest that the structure of phenanthrolines can
be modified to increase the strength of these C-H---O interactions, which may affect the
rates of the borylation of secondary alkyl C—H bonds catalyzed by Ir-phen complexes
differently from the way they affect the rates of the borylation of primary alkyl C—H bonds.
Although synthetic chemists typically consider the electronic and steric properties of the
metal center when designing new catalysts, the present study underscores how weak
interactions within the coordination sphere should be considered as part of catalyst design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Difficult to vary

pi donation/
acceptance

B. Library of Phenanthrolines

R, = H, Me, Mes
R, = Cl, H, Me, CHJIPS,%—N@

Figure 1.
(A) Properties and synthetic variability of the different positions for substitution on the

phenanthroline core. (B) Overall design of a library of phenanthrolines.
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Figure 2.
Structure of complex 6d determined by single crystal X-ray diffraction. Hydrogen atoms

have been omitted for clarity.
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Figure 3.
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Effect of electron-donating ability (measured as a C-O stretching frequency) of
phenanthroline ligands on the rates of the following reactions: (A) borylation of THF with
Bopin, catalyzed by Ir—(2a—¢), (B) borylation of THF with B,pin, catalyzed by Ir—(3a—e),

ACS Catal. Author manuscript; available in PMC 2020 November 10.

Page 17

and (C) borylation of THF with B,pin, catalyzed by Ir—(4a—d). (D) Superimposition of
Figure 3a—c.?Phenanthroline 2b undergoes borylation to form ligand 8. See below.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Larsen et al.

Figure 4.
(A) Interactions between the C—H bonds at the 2,9 positions of phenanthrolines and the

oxygen atoms of boryl ligands in the ground state, and oxidative addition transition states for
the reaction of THF with phen-bound Ir—trisboryl complexes. (B) Interaction of the benzylic
C-H bonds of a mesityl group and the oxygen atoms of boryl ligands.
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GS

Figure 5.
Frequency calculations (at 7= 373 K), optimization, and NBO analysis of ground states and

transition states were conducted with the 6-31g(d,p)/lanl2dz basis set and the B3LYP-D3
functional. Single-point energy calculations were conducted with the 6-311++g**/lanl2tz
basis set and the M06 functional. (A) Ground state of Irtrisboryl bound by 3c. (B)
Oxidative addition of THF to the Ir—trisboryl bound by 3c. (C) Oxidative addition of EtOMe
to the Ir—trisboryl bound by 3c.
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d(H1-01) 2977 A 2.344 A 2341 A
d(H2-02) 2.133A 2149 A 2279 A
C1-H1--O1 Engo - 1.79 keal/mol  1.91 kcal/mol

C2-H2:-02 Engo  4.87 keal/mol ~ 4.24 kcal/mol  2.27 kcal/mol
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A. Bopin,
_ [Ir(COD)OMe], cat. )
R +  Boping dtbpy cat. Bpin
1 equiv > R
1 equiv solvent, rt-80 °C
B. szinz
_ Rh, Ru, or Ir cat. _
A~ + Bopino > R BPin
R 1 equiv

neat, 100-150 °C

Scheme 1.
Comparison of Aryl C—H Borylation to Alkyl C-H Borylation
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2a; R = ClI; synthesized by known method
2b; R = H; commercial

2¢; R = Me; commercial

2d; R = CH,TIPS; see sythesis below

2¢; R =§_Nij ; see synthesis below

TIP TIP
Me | iHMDS 3 equiv = S
then TIPSOTf 5 equiv
»
THF, -78 °C
CNH 4 equivo
»
NMP, 120 °C

2e, 80%

Scheme 2.
Synthesis of 4,7-Disubstituted Phenanthrolines
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3a; R = ClI; synthesized by known method
3b; R = H; see synthesis below

3c; R = Me; commercial

3d; R = CH,TIPS; see sythesis below

3e; R =§_N(j ; see synthesis below

— TMSCH,ZnClI 3 equiv

- Pd(PPhg), 4 mol% =
Br‘<\;>_(/:\>78r (PPhg), L C A

N N THF, Toluene,120 °C N N=
then KOH, MeOH 3b. 64%
TIPS TIPS

Me LiHMDS 3.8 equiv
then TIPSOTf 3.8 equiv
/ \ > Me 7 N\"_Me
THF, -78 °C N—

3d 70%

Ci CNH 6 equiv

7\ > Me
Me \MP, 160 °C

Scheme 3.
Synthesis of 3,8-Dimethylphenanthrolines
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R 4a; R = Cl; see synthesis below

4b; R = H; synthesized by known method
7\ Mes 4c; R = Me; see synthesis belowl
N N= 4d; R = CH,TIPS; see sythesis below

HO OH 1 Br, AcOH
— reflux
\ a8 2. POCI >
N N= - 3
80 °C

MesZnCl 4 equiv
Pd(PPhg), 4 mol%
THF, Toluene 120 °C

Me Me  MeyZn3.5equiv Cl Cl
— Pd(PPh3)4 5 mol% — VY
Mes / 7 N Mes <— Mes \ 4 Mes
\ N N= THF, Toluene N N=

4c, 85% 120 °C 4a, 69%
TIPS TIPS
LIHMDS 9 equiv
then TIPSOTf 9 equiv — 72\
» Mes \ 7 Mes
THF, -78 °C N N=
4d, 56%
Scheme 4.

Synthesis of 3,8-Dimesitylphenanthrolines
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Table 1.

Page 24

C-O0 Stretching Frequencies for a Series of Phenanthroline-Bound Ir-Trisboryl Carbon Monoxide Complexes

R . R;
R, /1 COE xs, HBpin xs Ro~ =~ CO
~ _N then CO 1 atm ~-N,, '..\\Bpin
+1/2 [I(COD)OMe], ————> '\
—~ .
=N Cy-H, THF N | TBpin
— R — ;
R2 2 g Bpin
2-4 5-7
C-O stretch (complex) R,=Cl H Me ch,Tips g_ N
Ri=H 1978 cm~(5a) 1974 cm~1(5b) 1972 cm~Y(5c) 1971 cm~1(5d) 1963 cm~1(5e)
Me 1976 cm~(6a) 1973 cm~(6b) 1971 cm™(6c) 1969 cm~(6d) 1967 cm™(6e)
Mes 1977 cm™(7a) 1974 cm™(7b) 1971 cm™(7¢) 1969 cm™(7d)
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Table 2.

C-H Borylation of THF Catalyzed By Various Ir-Phenanthroline Catalystsa

Page 25

N N=" 5 mol%

O ’ 6. i o
" B,pin, (m®-mes)Ir(Bpin); 5 mol%
1 equiv
0 -
q neat, 100 °C 1 Bpin

Ligand Ry Ry Yield® TON TOF (h™Y)
2a H Cl 15% 3.0 0.28
2b (8) H (Bpin) H 42% (50%) 8.0 (9.5) 1.7 (1.5)
2c H Me 23% 4.5 0.82

2d H CH,TIPS 55% 11 0.38

2e H 3 N 33% 6.6 0.53
3a Me Cl 23% 4.6 0.23
3b Me H 100% 20 0.63

3c Me Me 103% 21 0.86
3d Me CH,TIPS 137% 27 1.2

3e Me g N 89% 18 0.74
4a Mes Cl 28% 5.6 1.0

4b Mes H 97% 20 1.3

4c Mes Me 99% 20 2.3

4d Mes CH,TIPS 70% 14 2.1

a .
Reactions conducted on a 0.170 mmol scale.

ineIds were determined by gas chromatography and are based on moles of B2pin2.
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Table 3.

Comparisons of C—H---O Interactions Calculated by DFT?

© t 1N = Me
N Boi Q N A R
1. Bpin TH !
Nf'{\Bpin + 0] N;‘;Irl.; pl’l"l ! Me N/
Bpin N l|3 _Bpln i | \
n i -~
__________________________________ P RTE
C-H---0
interactions kcaE,nCOI
dENB_O 4 AG comp:b AG\exp¢G
Ligand R (relative) (relative) (relative)
2c H -0.91 (0.0) 33.4 (0.0) 30.0 (0.0)
3c Me -1.14 (-0.23) 324(-1.0) 29.9(-0.1)
4c Mes -1.62 (-0.71) 30.7(-2.3) 29.2(-0.8)

aFrequency calculations (at 7= 373 K), optimization, and NBO analysis of ground states and transition states were conducted with the 6-31g(d,p)/
lanl2dz basis set and the B3LYP-D3 functional. Single-point energy calculations were conducted with the 6-311++g**/lanl2tz basis set and the
MO06 functional.

b . A . .
Computed barrier to oxidative addition of THF to phen-bound Ir-trisboryl complexes.

cExperimentaIIy determined barrier for the borylation of THF catalyzed by Ir-phen complexes.
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Table 4.

a

Borylation of THF Catalyzed by Ir Complexes Containing Phenanthrolines with 3,8-Diaryl Motifs

R~ ) / _\ R R o
N N=" 5 mol% : =

Bopiny o | =N, l .Bpin

O (n%-mes)Ir(Bpin)s 5 mol% : “‘N,.;Ir'\
E) - ! (- 1 Bpin

neat, 100 °C 1 Bpini Bpin

é C-O stretching

Ligand R TOF (h') | complex frequency

MeO OMe

10a 0.16 11a 1973 cm™!

OMe

aReactions conducted on a 0.170 mmol scale.
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Table 5.

C-H Borylation of Diethoxyethane Catalyzed By Various Ir-Phenanthroline Catalystsa

Rz R2
e R 2 R
.\ N N=" 5 mol%
(n8-mes)Ir(Bpin); 5 mol% 0 Boi
> YU -PPin
O neat, 100 °C 12
ligand Ry R TOF (h™) TON
2 H Me 17 27
3c Me Me 16 33
4c Me Mes 20 34

a .
Reactions conducted on a 0.170 mmol scale.
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