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ABSTRACT. This paper presents a comprehensive study of the mechanism of dehydrogenative borylation
of terminal alkynes (DHBTA) by Ir complexes of the SINN pincer ligands. The study uses phenylacetylene
as the prototypical alkyne and pinacolborane (HBpin) as the boron source. The original report (J. Am.
Chem. Soc. 2013, 135, 3560) on this reactivity proposed, without any substantial evidence, a mechanism
similar to that usually ascribed to Ir catalysts for aromatic C-H borylation. However, this work has
uncovered a completely different mechanistic picture. Three interlinked mechanistic pathways have been
identified. The free energy barriers lie in the ca. 16-22 kcal/mol range, qualitatively compatible with the
experimentally observed turnover rate on the order of 0.1 s. The key element in all three pathways is the
facile migration of the Bpin group between Ir and the N(amido) of the ancillary SiNN ligand. In particular,
migration of Bpin onto N(amido) opens up the Ir center electronically and coordinatively for a more facile
C-H oxidative addition step. The Si-H moiety of the SiNN ligand is also non-innocent as its nature of the
interaction with the Ir center fluctuates between complete oxidative addition of the SiH bond and a o-
complex interaction. In addition to the identification of three different catalytic cycles with plausible overall
barriers, many transition states within each cycle possess similar energies. Thus, in this system it is not
possible to identify a dominant high-lying transition state with confidence, especially considering that the
relative energies of the closely spaced states is likely to vary depending on the nature of the alkyne substrate
and on the different reagent concentrations throughout the course of the reaction. Nonetheless, it is the
presence of the multiple possible low-energy pathways that must be responsible for the effective catalysis of
DHBTA by the (SiNN)Ir system.
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Introduction

Synthesis of organoboronic esters or organoboronic acids by catalytic borylation of C-H bonds
(Scheme 1) has developed into a burgeoning field over the last two decades.'® Organoboronic acids
and their derivatives are versatile and easily handled synthetic building blocks, whose use in a large
variety of carbon-carbon and carbon-heteroatom making reactions is well documented.” Catalysts based
on iridium and supported by neutral bidentate ligands such as bis(phosphines), bipyridines, and
phenanthrolines have emerged as arguably the most prolific catalytic system, in particular for the
borylation of aromatic C-H bonds.® The mechanism of the catalysis in these systems is believed to
proceed via boryl-substituted trivalent iridium intermediates.*®  This insight has allowed the
development of new designs aimed at further improving activity and selectivity.”!! Interestingly, our
own recent work on the catalysis of aromatic C-H borylation with pincer complexes of Ir suggested that
high activity with Ir can arise via mechanisms that do not rely on trivalent Ir boryl intermediates.'?
Other recent work reported on the C-H borylation mediated by Co,!*"!® Pt,!” Fe,!® heterobimetallic
Fe/Cu catalysts,!” as well as metal-free borylation.? Among the various types of C-H bonds, the
borylation of aromatic C(sp?)-H bonds has arguably seen the most attention and success, however,
borylation of other types of C(sp?)-H bonds and of C(sp*)-H bonds has also been accomplished.?!"* On
the other hand, catalytic dehydrogenative borylation of terminal alkynes (DHBTA) involving the C(sp)-
H bonds remained unknown until 2013. Alkynylboronates, the products of DHBTA, have been used in
C-C coupling,®® but their greater synthetic potential lies in the various reactions possible at the triple
bond, delivering more complex organic molecules with preserved organoboronate functionalities

suitable for further elaboration.?'-3*

In 2013, our group reported DHBTA utilizing an Ir catalyst
supported by a new SiNN-type pincer ligand that contains a hydrosilane, an amido and a quinoline set of
donors (1, Scheme 2).>° Turnover numbers on the order of 100 were achieved with a diverse range of
terminal alkynes, excluding sterically unencumbered propargyl-heteroatom derivatives. Our 2013

report was soon followed by the work of Tsuchimoto et al. on the catalysis of DHBTA by zinc triflate

with pyridine, which matched the alkyne scope of the (SiNN)Ir catalyst, but required the use of a



diaminoborane HBdan, was not effective with HBpin.*® Subsequently, our group disclosed’’ that Pd
complexes supported by the POCOP pincer ligands were modest DHBTA catalysts while Bertrand et al.
showed?® that copper carbene complexes can catalyze DHBTA with turnover numbers approaching
those of the (SINN)Ir system. Our group’s exploration of alternative pincer ligands for the iridium
DHBTA system resulted in the finding that Ir complexes of the diarylamido/bis(phosphine) PNP

ligands®** act as long-lived and active catalysts, capable of turnover numbers in the thousands.*!
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Scheme 1. Top: generic C-H borylation using HBpin or Bopinz reagents; bottom: dehydrogenative

borylation of terminal alkynes (DHBTA).



Scheme 2. DHBTA mechanism proposed in reference 35.
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In the 2013 report,®> a tentative mechanism was conjectured (Scheme 2), largely by analogy with the
mechanisms implicated in C-H borylation of arenes catalyzed by Ir complexes supported by bidentate
neutral ligands.> However, the mere fact that the bipyridine-based catalysts did not catalyze DHBTA
while the SINN complexes of Ir did not catalyze aromatic C-H borylation led us to suspect that the
mechanism for DHBTA with the SiNN-based catalyst might not parallel the mechanism accepted for the
Ir aromatic C-H borylation catalysts. We also reported on the analogous SiNN complexes of Rh.*?
While the Rh complexes did not catalyze DHBTA, they provided examples of reactivity that highlighted
the unusual dual non-innocence of the SiNN ligand with respect to the potential migration of boryl

groups from the metal to the amido nitrogen and the adaptability of the nature of the Si-H interaction®?



with the transition metal center. With these notions in mind, we set out to explore the mechanistic
picture in the DHBTA catalysis using DFT calculations. The present work describes our findings that
showcase the versatility of the SINN framework and demonstrate multiple competitive low-energy
pathways available in this system for DHBTA. The Ir DHBTA catalysts supported by
diarylamido/bis(phosphine) PNP ligands demonstrated*! much higher turnover numbers than the
original SiNN system. However, the limitation of the SiNN system is largely in the catalyst
decomposition, but the SINN system is comparable to the best PNP catalysts in terms of initial rates and
is slightly more chemoselective. Thus we thought the understanding of the function of the SiNN system

would bring valuable insight and focused on this system.



Results and Discussion.

Parameters of the study. The SiNN catalyst has shown itself capable of borylation of a variety of
terminal alkynes carrying aryl, alkyl, and silyl substituents. For this work, we decided to focus on
PhCCH as the prototypical alkyne substrate and its conversion to PhCCBpin and H: in a catalyzed
reaction with HBpin (i.e., R = Ph for DHBTA shown in Scheme 1). For this reaction, AG%x, was
calculated to be -8.2 kcal/mol. Our experimental work showed that 1 is the dominant compound formed
in the SINN system in the presence of excess HBpin. Therefore, our approach was to examine the

reaction profile starting from compound 1.

The Gaussian suite of programs* was used for the ab initio electronic structure calculations. All
structures were fully optimized by the M06* functional with the SDD/6-311G(d,p) basis set in the gas
phase, and harmonic vibrational frequency calculations were performed to ensure that either a minimum
(for intermediates) or a first-order saddle point (for transition states) was obtained. The solvation
energies in benzene at room temperature were calculated on the M06-optimized geometries via the PCM
model*® with the double hybrid dispersion-corrected functional, B2PLYP-D3.%’ The free energies in the
following discussion are given relative to the initial reactants (1 + PhCCH + HBpin), unless otherwise

specified.

Note on the depictions of calculated (SiNN)Ir structures. The geometries obtained in this study are
quite diverse and do not easily fall along the lines of classical coordination geometries (e.g., octahedral
or square pyramidal). Full ball-and-stick representations of each structure, along with the coordinate
files can be found in the Supporting Information. Within this text’s graphics, we abbreviated the SINN
ligand with simple lines connecting Si-N-N. These abbreviated depictions should not be taken to
represent the true stereochemistry about the Ir center. For example, the Si atom is typically not in the
same plane as the two nitrogens and the iridium center. To simplify the drawings, we did not separately
show bonding between Ir and the H derived from the SiH in the SiNN ligand. Instead, we used “SiH”

connected to Ir via a single line. The nature of the actual Ir/Si/H interactions differs significantly



among the presented compounds and the details are discussed separately for selected compounds. In
our drawings, the star symbol added to SiH (i.e., SiH*) is meant to indicate that the closest Si-H contact

exceeds 2.00 A.

Initial reaction of 1 with PhCCH via direct OA or 1,2-addition. We first endeavored to analyze
the possible outcomes of the reaction of 1 with PhCCH that would lead to the cleavage of the alkynyl C-
H bond, which we saw as the requisite initial step in the catalytic cycle. We first examined a
conventional oxidative addition (OA) of the C-H bond to the Ir center in 1; two diastereomeric products
could be envisaged (Scheme 3). However, optimizations of the ground state geometries of the products
of direct C-H OA to Ir in 1 resulted in structures 4a and 4b of unreasonably high energy (+24.9 and
+26.5 kecal/mol). Since the transition states leading to 4a/4b would have to be of even higher energy,

this pathway overall appeared unlikely and further pursuit along this route was abandoned.

We then contemplated the 1,2-addition of a C-H bond across the Ir-Namidzo bond*® (Scheme 3). This
notion is based on the previously studied 1,2-additions of C-H bonds in alkynes and arenes Pd-Namido or
Pt-Namido bonds in the cationic PNP complexes of Pd and Pt.**° The C-H bonds in those reactions were
split with addition of H to N and C to the metal, similarly to Sa in Scheme 3. The product (5a) of the
1,2-addition of the C-H bond of PhCCH to 1 was calculated to lie only 8.3 kcal/mol higher in energy
than 1. We also briefly contemplated the inverse case of 2,1-addition with C connecting to N, but were

unable to locate a minimum corresponding to the putative product 5b of such 2,1-addition.



Scheme 3. Conceivable initial reactions of PhCCH with 1 by C-H OA to Ir or 1,2-addition across Ir-

Namido .
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C-B RE from 5a would result in PhCCBpin and complex 6, which lies higher in energy, at 15.6
kcal/mol (Chart 1). We have not calculated the TS for this RE process, but assuming it lies yet higher
than 15.6 kcal/mol, it may already be non-competitive vs the mechanisms we discuss later. Our
calculations, however, indicated that even greater difficulty exists for the subsequent reaction of 6 with
HBpin to release H> and regenerate 1; this is needed to complete catalytic turnover. 6 may (Chart 1) be
converted to 1 either via addition of HBpin to the Ir center to give 7 followed by loss of Ha, or via
isomerization into 3a, followed by reaction of the latter with HBpin. For the former, addition of HBpin
to 6 is exergonic, however TS7-1 for the 1,2-elimination of H» from the resultant compound 7 lies quite
high in energy at 26.6 kcal/mol. Ostensibly, part of the reason for the relatively high barrier is that the
hydride to be combined with the NH proton in the structure of 7 is not a classical hydride but decidedly
a part of a 6-HBpin complex substructure (calculated B-H distance of 1.330 A).>'* On the other hand,
the calculated barrier for the migration of H from N to Ir (TS6-3a) was also calculated to be surprisingly
high at 30.8 kcal/mol. The reaction of 3a with HBpin is analyzed later in the text, but the 30.8 kcal/mol

barrier in Chart 1 to reach 3a is clearly prohibitive.
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Chart 1. Reaction pathways starting from 1,2-addition of PhCCH across the N-Ir bond in 1.

It is interesting to point out that direct transfers of a Bpin group between N and Ir appear to proceed
with much lower barriers than the analogous migrations of H. It is likely that the presence of an empty
n-orbital in N-Bpin or Ir-Bpin and the larger size of B vs H allow for a lower-energy trajectory for the
1,2-migration. However, some caution®* must be exercised here against the possibility of an alternative
mechanism for the net 1,2-migration of H that we have not explicitly analyzed in our calculations.

Migration of a proton may be assisted by adventitious bases or perhaps by some of the reactants or

products present in solution.
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Scheme 4. Isomerization of the diboryl complexes 1 and 1-Rh.

Mechanisms arising from reactions of 8. Having encountered prohibitively high energy
intermediates resulting from direct OA of PhCCH to 1 and prohibitively high energy transition states in
pathways derived from 1,2-addition of PhCCH across N-Ir in 1, we turned our attention to the
mechanistic possibilities emanating from the addition of PhCCH that follows isomerization of 1 into
complex 8. The notion of isomerization via boryl migration is based on the experimental observations
we made in the SiNN-ligated Rh system (Scheme 4).*> We recently demonstrated that Rh and Ir have
different isomeric preferences for the diboryl complexes — Rh prefers isomer 8-Rh with one of the
boryls on N, whereas Ir prefers a metal/diboryl isomer 1. However, the other isomer 8 was calculated
only slightly higher in energy for Ir and accessible via a modest barrier in the gas phase using the M06
functional. The application of the benzene solvation correction using B2PLYP-D3 (for consistency with
the other results in the present work) has resulted in only slight changes in the energies for TS1-8 (14.1
kcal/mol relative to 1), the analogous TS1-8Rh (11.6 kcal/mol relative to 1-Rh), compound 8 (2.9
kcal/mol), and compound 8-Rh (-6.5 kcal/mol relative to 1-Rh). The investigation of these possibilities
has revealed a complex web of interlinked reactions offering multiple mechanistic options with

comparably low barriers for achieving catalytic turnover. Scheme 5 presents this web as a composite
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graphic of sevral Parts for the discussion that follows. It contains three cycles (I, I, and III) each split

into two halves (denoted -a and -b) and three auxiliary transformations denoted X, Y, Z.
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HBpin

Hy HBpin

Scheme 5. Summary of reaction pathways derived from compound 8.

Parts X and I-a. Isomerization of 1 to 8 (Part X in Scheme 5) was discussed above (Scheme 4). For
Part I-a (Chart 2), OA of PhCCH to 8 was found to lead to compound 11a°’ at +8.9 kcal/mol relative to
1. The TS8-11a energy>® for this OA is modest at 12.1 kcal/mol vs 1, i.e., slightly lower than the TS for
the isomerization of 1 into 2. The relative favorability and facility of OA of PhCCH to 8 vs the direct
OA of PhCCH to 1 can be rationalized by considering that migration of the boryl ligand from Ir to N
(i.e., 1->8) is effectively B-N reductive elimination (RE). Although differentiation between 1 and 8 in
terms of formal oxidation states is obscured by the changes in the bonding within the Ir/Si-H triangle,*
it is nonetheless clear that boryl migration onto the lone pair at N leaves behind a lone pair at Ir. In
addition, boryl migration also decreases the coordination number at Ir. Thus, the Ir center in 8 is better

suited for undergoing OA compared to 1. The barrier to the migration of the boryl ligand from Ir to N is
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rather modest, which could be attributed to the orbital correlation between N and boryl ligand, as shown
in Chart 2 for the corresponding TS1-8. During the migration, N behaves as a Lewis base, with a lone
pair of electron in its 2p orbital, while B of the N-Bpin moiety is a typical Lewis acid, having an empty

p orbital. The Lewis base and Lewis acid interaction facilitates the formation of the new B-N ¢ bond

and the breaking of the existing B-Ir bond, meanwhile transforming the Namidgo-Ir bond in 1 into the
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Next, we turned our attention to the formation of the B-C bond of the alkynylboronate product,
starting from intermediate 11a (Chart 2). We found a rather unusual, low-energy pathway for B-C bond
formation via TS11a-12 resulting in intermediate 12. Intermediate 12 is merely a weak adduct of the
alkynylboronate product with the lone pair of the amido ligand and its dissociation is facile (via TS12-
3a), leading to the free alkynylboronate and complex 3a. TS11a-12 represents the carbon-boron bond-
forming step. This process is not at all an RE from the metal; it rather has to be viewed as a 1,2-
migration of the alkynyl anion (Lewis base) to the empty orbital of the nitrogen-bound Bpin group

(Lewis acid).

The structure of the product of addition of PhCCH to the Ir center in 8 with the formation of a n*-
PhCCH mn-complex was also calculated (compound 13; it lies -8.7 kcal/mol below the reactants. This
suggests that 13 might be the resting state of the catalyst. Furthermore, the existence of 13 adds a
significant 8.7 kcal/mol to the effective overall barrier for the transformation. Thus, a barrier of merely
10.7 kcal/mol (TS11a-12 vs 8)°7 becomes a barrier of 22.3 kcal/mol relative to 13. Experimental studies
to rigorously determine the experimental energy of activation have not been carried out, but considering
that 100 turnovers were observed to be completed in 10 min or less,* an apparent activation energy of
17-19 kcal/mol can be estimated. However, it should be noted that the formation of n-adduct analogs of
13 with "BuCCH and Me3SiCCH was calculated to be less favorable (-4.7 and -5.4 kcal/mol,
respectively)®® and it is possible that the calculations overestimate the stability of 13 due to the
competition of various n-w stacking interactions between SiNN, PhCCH, and benzene solvent.

Part I-b. Part I-a described the conversion of compound 8 and PhCCH into the PhCCBpin product
and compound 3a. To complete the catalytic cycle, compound 3a must then react with free HBpin to
regenerate complex 8 and produce free Ho. The calculated pathway for this transformation is depicted
in Chart 3 and proceeds with a modest barrier corresponding to the TS3a-14 of the initial addition of
HBpin to the N lone pair in 3a. The transfer of hydride from the B-H moiety in 14 to the Ir center

results in the formation of 15. Subsequent loss of Hz from 15 via a dihydrogen complex 16 also appears
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to be very facile. The energy of TS3a-14 is 9.5 kcal/mol relative to 1+PhCCH+HBpin (or 10.2
kcal/mol relative to 3a + HBpin or 18.2 kcal/mol relative to 13), and thus below the highest TS in Part

I-a and the overall barrier for Cycle I thus remains 22.3 kcal/mol.
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Chart 3. Part I-b: reaction of 3a with HBpin to produce free H> and 8.

Parts Y, Z, and II-a. If Part I-a represents a viable pathway, then compound 3a is available in the
reaction mixture as an intermediate in the catalytic cycle. As such an intermediate, 3a is produced as a
result of a favorable reaction. In addition, Part I-b in reverse (i.e., 8 + H2 = 3a) provides an alternative
reaction, albeit unfavorable, to access compound 3a in the reaction mixture once some H is generated
as a result of the DHBTA catalysis via Cycle I. By this route, 3a would lie 4.6 kcal/mol above 8 + Hoa,
and thus 7.5 kcal/mol above 1 + Hz with the barrier of 14.8 kcal/mol (TS3a-14) relative to 8 + Ha,

which is higher than the barrier for compound 8 to proceed in the forward direction of Cycle 1.
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The realization of the inevitable presence or accesibility of 3a in the reaction mixture led us to
consider whether a “monoboryl” pathway may also be viable analogously to the “diboryl” Cycle I. In
the formation of PhCCBpin in Part I-a, the Bpin ligand attached to Ir is not engaged in the product bond
formation. Thus it was envisaged that an Ir-bound hydride in 3a may support similar transformations

via Cycle I1.

Si WH 'SI
f | \H TS3a-3b ﬁ,ll B
N—Ir'§ = = —Ir
\ | ¥s 11.5 \ | H
3a N y 3p N
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Chart 4. Part Y: the 3a/3b isomerization and the geometry of the TS3a-3b. AG values are given

relative to compound 3b at 0 kcal/mol.

At first, we analyzed the isomerization of 3a into 3b, which would be the necessary diastereromer for
facile Bpin migration from Ir to N. The isomerization (Part Y, Chart 4) is nearly isoergic, favoring 3b
by merely 0.7 kcal/mol, and proceeds with a low barrier of 10.8 kcal/mol relative to 3a. Thus, if 3a is
kinetically accessible in this system, 3b should be accessible, as well. In 3a and 3b, the IrNN plane
bisects the Si-H vector, as well as the B-H vector. The difference between these two isomers is in that in
3a the two H’s lie to the same side of the ['NN plane, while they are on the opposite sides in 3b. The

isomerization proceeds via movement of the SiH hydrogen across the I'NN plane with the TS3a-3b
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possessing the metrics of an Si-H o-complex with a shorter Si-H distance (1.69 A) than in 3a or 3b

(Figure 2).

The examination of the Bpin migration from Ir in 3b to N (Part Z, Chart 5), to give a new complex 9,
revealed that it is slightly less endergonic (1.1 kcal/mol for 9 vs 3b) and more facile (10.6 kcal/mol
barrier, TS3b-9) than the analogous Bpin migration in the conversion of 1 to 8. The subsequent steps
(Part IT-a) of OA of PhCCH to the Ir center to give 17 and the migration of the alkynyl onto the N-
bound boron to give 18 with subsequent release of free PhCCBpin and generation of intermediate 10
were also found to proceed similarly to the “diboryl” pathway in Part I-a, but with slightly lower

barriers. The n-complex 19 here was calculated to be less favorable of an adduct than in the case of 13.
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Table 1. Selected distances (in A) in the calculated structures of 1, 3a, 3b, and 10.

Q&Prz Q$iipr2 $iiPr2
) ) v H

N—Ir- --Bpln —Ir - I,-I N—Ir:-‘--ll-l
< é N Bpln < 2 N Bpln
\ \
3aor3b 10

Bond/Compound 1 3a 3b 10
Si-H 1.889 1.956 1.966 1.999
Ir-Si 2.452 2.423 2.383 2.381
Ir-Hsi 1.609 1.606 1.599 1.601

B-B 2.196 - - -

B-H - 1.551 1.538 -
H-H - - - 1.503

Ir-B 2.064 2.058 2.072 -

2.055

Ir-Hp/m - 1.645 1.644 1.599

1.582

It is interesting to contemplate the similarity among the structures of 1, 3a, 3b, and 10. All four of
them possess the SiNN ligand in addition to a pair of X/Y donors where X and Y are H or Bpin, with a
very similar disposition of these ligands relative to each other about Ir. The binding of the Si-H from
the SiNN ligand on one hand, and of the H-H/H-B/B-B on the other can in principle be analyzed either
as a o-complex or as product of OA, with two classical X-type ligands. Inspection of the calculated
interatomic distances (Table 1) in the two corresponding triangles (Ir/Si/H and Ir/X/Y were X, Y = B or
H) in these four molecules reveals that, broadly speaking, both triangles are close to the divide between
a o-complex and an OA structure. The Si-H distances are in the 1.9-2.0 A range, which is essentially
where the divide is often postulated, perhaps slightly inside the o-complex range.* The H-H distance

of 1.503 A in 10 is at the edge of range of distances that has been posited the so-called compressed
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dihydrides.***** The B-H distances in 3a and 3b and the especially the B-B distance in 1 are more firmly
in the range expected for neighboring classical boryls and hydrides.’!"* The Si-H distance decreases
upon successively replacing the H-H partner with B-H and then with B-B. This can be interpreted as
OA of B-B being “more complete” than that of H-H, resulting in less back-donation into the Si-H bond
in 1 vs 10, with 3a/3b presenting an intermediate situation. Dovetailing a previously published
discussion,* this illustrates the subtle adaptability of the SiNN ligand in response to various changes at

the metal center.

Part II-b. To complete the “monoboryl” catalytic Cycle II, the generation of H> from the reaction of
10 with HBpin was approached next (Part II-b, Chart 6). The energies along the pathway of Part II-b
were found to be lower relative to 10 than were the analogous energies in Pathway I-b relative to
compound 3a. On the other hand, compound 20 turned out to be lower in energy than 10 (+ HBpin),
whereas the analogous compound 15 in Part I-b is higher in energy than 3a + HBpin. Therefore, 20 is
the lowest energy compound in the “monoboryl” Cycle II relative to [3a + HCCPh + HBpin].
However, the barrier to go from 20 over TS9-17 in the forward direction of Cycle Il is 11.2 — (-6.1) —
8.2 = 9.1 kcal/mol because of the intervening favorable product formation. Thus the effective barrier
for Cycle II is determined by the difference in energy between TS9-17 and 19, resulting in 16.1
kcal/mol. This is markedly smaller than the difference between TS11a-12 and 13 of 22.3 kcal/mol and

more in line with the observed experimental rates.

The whole situation is rather complex. As mentioned previously, 3a can be favorably produced in the
natural course of Part I-a or unfavorably and with a relatively high barrier from 8 + H>. The barrier for
3a to proceed along Part II-b (Chart 3) to react with HBpin and produce 8 is 10.2 kcal/mol. On the
other hand, the barrier for 3a to isomerize into 3b is 10.8 kcal/mol and the subsequent TS energies along
Parts Z, and then II-a and II-b are lower. If these small differences in numbers are taken at face value,
Cycle II does possess a lower barrier for catalytic turnover, but 3a needs Cycle I to be favorably

generated and is more likely to complete Cycle I than to “switch” to Cycle II.
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Chart 6. Part II-b: the “monoboryl” pathway for H> generation.

Parts III-a and III-b. Having examined the pathways (Parts I-a and II-a) in which the C-B bond
formation proceeded via migration of alkynyl from Ir onto an N-bound boron, we decided to delve more
closely into the possibility of a more conventional C-B RE from Ir following OA of the C-H bond of
PhCCH to 8 (Chart 7). In Part I-a, we considered complex 11a as the product of that OA. However,
there are at least a few distinct diastereomers of 11a. Some of these may be formed as immediate
products of PhCCH OA, while others may be accessible by subsequent isomerization. The isomeric
structures 11a-d can be viewed as possessing very similar mutual dispositions of the alkynyl and the
two nitrogenous donors (C, N, N’ in Figure 1) and differing in the arrangement of the Si, B, and the two
H atoms about Ir. Based on the corresponding interatomic distances (Table 2), the structures of 11b-d
are best analyzed as approximately octahedral, with one site being occupied by an H-H (11b) or Si-H

(11c and 11d) o-complex. The H-H distance in 11b positions it among the “normal”, not “stretched”

20



dihydrogen complexes.’>®® The Si-H distances of slightly over 1.8 A in 11¢ and 11d fall within the
range of silane c-complexes.* Structure 11a is best viewed as a pentagonal bipyramid with an Ir(V)
formulation. The closest candidate for a o-complex assignment is the B-H contact, but at 1.603 A this
is generally longer than is typically treated within the -complex formalism.>!>® It is possible that there
are other isomeric minima in this system that we have not considered. However, given that the barriers
that we have calculated among 11a-d are all very small (and 11b—>11c¢ is barrierless), any other isomer

is likely to also be accessible via an insignificant barrier.

With respect to the catalytic process at hand (Chart 7), the key finding is that isomer 11d is readily
available via low-barrier transformations following OA of PhCCH to 8. Compared to 11a, isomer 11d
positions the alkynyl PhCC ligand next to the Ir-bound BPin ligand and RE of PhCCBpin from 11d is

very facile with the TS11d-9 lying only 3.6 kcal/mol above 11d.

Table 2. Selected interatomic distances (in A) in the calculated structures of 11a-d.

Bond/Compound 11a 11b 11c 11d
Si--H* 2.837 2.459 1.823 1.817
B--HP 1.603 2.445 2.326 2.100
H---H 2.058 0.914 1.696 2.306

% The distance for the closest Si-*H contact given. ° The distance for the closest B---H contact given.
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Figure 1. Structures showing the immediate coordination environment about Ir in compounds 11a-d.

N’ indicates the nitrogen attached to one of the Bpin groups.
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Chart 7. Part IlI-a: the “diboryl” pathway with C-B RE from Ir.

To close Cycle III, compound 9 has to be converted to 8 and H> in a reaction with HBpin. Chart 8
details this pathway (Part I1I-b), which possesses a very smooth reaction coordinate. Overall, Cycle 111
possesses a barrier of 20.8 kcal/mol (the difference between TS8-11a and compound 13). This 1s 1.5
kcal/mol lower than for Cycle I because Cycle III avoids having to go via TS11a-12, which lies 1.5
kcal/mol higher than the highest point of Cycle III (TS8-11a). And although the 20.8 kcal barrier for
Cycle III is higher than the barrier in the “monoboryl” Cycle II, it does not rely on 3a “avoiding” the

slightly more facile Part I-b in order to engage in Cycle II.
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Although Part III-b can be viewed as isomeric to Part I-b, it is not the same process since Part I-b
starts with complex 3a (boron on Ir), whereas Part III-b starts with its isomer 9 (boron on N).
Compounds 3a and 9 can of course interconvert via 3b (Parts Y and Z). In addition, since 8 is an
intermediate in Part I-a and 9 is an intermediate in Part II-a, this illustrates that all three catalytic cycles

we have examined have points of intersection.
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Chart 8. Part III-b: Reaction of 9 with HBpin to release Ho.
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Figure 2. Simplified representation of the three intersecting catalytic cycles with the intra-cycle free

energy barriers shown.

Judging each of the three catalytic cycles individually (Figure 2), Cycle II appears to have the lowest
barrier as judged by the smallest difference between the lowest energy participating compound and the
highest energy TS. However, this cycle can only be accessed starting with compounds 3a/3b/9, which
require either endoergic formation from 1 or 8 and H> (thus rendering Cycle II higher in energy) or
formation via execution of Part I-a or Part III-a, which are exoergic processes. Both Part I-a and Part
III-a rely on the same C-H OA step (TS8-11a) but Part IIl-a provides a lower-barrier route for C-B
bond formation via RE from Ir as opposed to the unusual alkynyl migration from Ir to B in Part I-a (and
in Part II-a). However, the differences among the barriers in different cycles do not amount to more
than a few kcal/mol and the differences among multiple TS within each cycle are similarly small. The
fact that the various cycles have common intermediates and the system can thus “jump” from one cycle
to another further complicates the picture. It would be naive to think that DFT calculations can resolve

and provide confident relative ranking of so many possibilities with such a narrow range of energies.
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Furthermore, the experimental system would be complicated by the evolving concentrations of the
reagents (HBpin and PhCCH) and products (PhCCBpin and Hy) in the course of the reaction, since these
may influence the relative concentrations of the various intermediates. Lastly, given the small
calculated differences here with PhCCH as the model substrate, it is certainly possible that different

cycles prevail for different alkynes.

Nonetheless, it is clear that the uncertainty in this system stems precisely from the fact that multiple
pathways are available at similarly low energies. Providing low-energy pathways is precisely the intent
of catalyst design and the process may only benefit from the availability of multiple pathways that can
plausibly accomplish the same net reaction goal. In the case under study here, it is the two “non-
innocent” features of the SINN supporting ligand that are responsible for the great variety of options.
Firstly, the availability of the amido ligand and its lone pair provides for facile migration of the boryl
ligand between Ir and N. Secondly, the adaptability of the mode of interaction of the Si-H unit with Ir,
varying from a moderately perturbed Si-H o-complex to full Si-H oxidative addition to Ir provides

significant flexibility in accommodating changes at the Ir center in the progression of the various cycles.

The more recently reported PNP-based Ir catalysts for DHBTA do not possess an adaptable Si-H
moiety, so clearly the presence of Si-H is not a necessary feature of DHBTA catalyst design with Ir.
Although the present work has identified several plausibly competitive mechanisms, they all utilize the
amido nitrogen in the SiNN ligand for boryl group migration, whereas the changes in the Si-H/Ir
bonding are not pronounced in each mechanistic option. This may support the notion that the presence
of an amido ligand is a more important design element and that the SiH moiety may be adequately

replaced by other ligand functionalities.
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