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ABSTRACT: The utility of reactions using unsymmetrically substituted aryne intermediates is negatively impacted by issues with
regioselectivity. There have been numerous reports about how to enhance or reverse this regioselectivity in metal-free aryne reactions
by altering the electronics of the substrate. To the best of our knowledge, no such studies exist for systems with metal-bound aryne
intermediates, which often suffer from worse regioselectivities. Herein we report a means of achieving regioselectivity in a metal
catalyzed aryne difunctionalization via catalyst control. Through the use of an unsymmetrical ligand environment, selectivity can be
induced (up to 9:91 r.r.). Through Charton analysis the source of regioselectivity can be attributed to the interplay of ligand effects
and aryne sterics. These investigations demonstrate that catalyst design can influence selectivity in metal-catalyzed aryne reactions.

Arynes are highly reactive intermediates which have enabled
the synthesis of natural products, ligands, and conjugated
materials."”'” A substantial challenge is posed when using
unsymmetrically substituted arynes as they can produce
multiple regioisomeric.!''° This severely limits the potential
of arynes intermediates towards synthetic applications.®
Yoshida and coworkers synthesis of the synthesis of
phenoxathiins demonstrates this limitation as a 54:46 ratio of
regioisomers was observed when employing an o-methyl aryne
intermediate (Figure 1a).! In contrast, when using the
electronically activated methoxy substrate, only one
regioisomer was observed. A number of elegant computational
models have been developed to probe the origins of selectivity
for aryne reactions.”>?® For example, Garg and Houk have
developed the aryne distortion model which states that the
“nucleophile attacks the alkyne terminus that is more distorted
toward linearity” (Figure 1b).” This distortion can be induced
by electronically-activating functional groups ortho to one of
the positions on the triple bond.?**° Other studies have further
corroborated this electronic influence on aryne regioselectivity
(Figure 1b).3'37 This effect has been leveraged in the synthesis
of substituted 3,4-pyridines. Addition of functional groups in
both positions ortho to the triple bond allowed for both
enhanced and reversed selectivity compared to the parent
unsubstituted 3,4-pyridyne.>*® In all of these examples,
regioselectivity is substrate controlled.

To our knowledge, there are no studies reported to date that
attempt to systematically control the regioselectivity in metal-
catalyzed aryne reactions. Furthermore, selectivity-establishing
strategies employed in metal-free aryne reactions do not
translate. For example in a report by Hosoya and coworkers, a
metal-bound o-methoxy aryne (generated from an o-borylaryl
triflate precursor) shows no selectivity upon exposure to the
coupling partners (Figure 1c¢) despite complete inherent
regioselectivity of the o-methoxy aryne in a metal-free aryne
reaction (Figure 1a).%° This is corroborated by other groups as
well.**%? Sporadic reports using, for example,
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Figure 1. Inherent and induced regioselectivity in a,b) metal-free
arynes and c) metal-bound arynes, d.e) ligand impact on
regioselectivity
incidental directing groups results in a handful of examples
where selectivity is reported but this phenomenon is not
systematically studied or leveraged.**>®
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Inspired by reports in the allylic substitution literature, we
hypothesized that selectivity could be controlled by a metal
catalyst with an unsymmetrical ligand environment such as
those induced by phosphinooxazoline (PHOX) ligands (Figure
1d).*® If an unsymmetrical ligand environment could be
created, then selectivity could potentially be induced in aryne
reactions as well (Figure 1e) . Herein we report, to the best of
our knowledge, the first systematic study of ligand effects of
regioselectivity of a metal-catalyzed aryne reaction. These
results confirm that substrate steric control can be magnified by
catalyst control to increase regioselectivity in metal-catalyzed
aryne reactions
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Figure 2. a) Establishing baseline regioselectivity in a symmetrical
ligand environment; b) Screening bidentate, alkyl phosphines, and
Buchwald biaryl phosphines in a 1:1 molar ratio with Pd to induce
regioselectivity. Yields determined as a mixture of 3A + 3B by 'H
NMR spectroscopy with mesitylene as an internal standard. *As
PCy;PdG3

We chose a Pd-catalyzed system originally studied by Larock
and coworkers for the generation of phenanthridinones to use
as a model reaction because Pd has predictable reactivity and
well-studied ligand effects (Figure 2).% Additionally,
substituted phenanthridinones have found use as PARP
inhibitors, thus are impactful targets to study.®® We initiated this
investigation by using an o-methyl aryne as our initial substrate
for optimization as it would be very challenging to induce
selectivity with such a small steric profile. o-Borylaryl triflates
were choosen as the aryne precursor due to the recent success
of these precursors in generating discrete metal-bound arynes in
stoichiometric studies (Figure 1¢).*° The formation of the aryne
at the metal center through oxidative addition followed up by
intramolecular transmetallation avoids side reactions such as
dimerization and trimerization that traditional Kobayashi o-
silylaryl triflate precursors suffer from.

To commence our studies, we established baseline selectivity
and reactivity. Since tricyclohexylphosphine (PCys3) is known
to ligate Pd twice, this ligand system will herein serve as our
model symmetrical ligand environment. As expected, very low
levels of regioselectivity (A:B = 52:48) were established with
the o-methyl aryne; however, we were pleased to see that
catalytic turnover was achieved using o-borylaryl triflates
(Figure 2a). Next, ligands were screened in a 1:1 molar ratio

with Pd by using an 11 mol % ligand loading (Figure 2b).
Beginning with P,N-bidentate ligands, a modest, yet promising
increase in regioselectivity was observed using a PHOX ligand,
L1, (64:36) but the yield decreased to 47%. Using another P,N-
bidentate ligand, L2, the yield plummeted to 4%. Through
further studies, bidentate ligands were ultimately deemed
detrimental to the overall yield. This is likely due to their
rigidity and lessened lability. We hypothesized that an
unsymmetrical ligand environment such as that imposed by the
different P versus N donors in the PHOX ligand could also be
established using monodentate phosphine ligands in a 1:1 molar
ratio with Pd. The N-donor on the benzamide substrate 1 or
coordinating MeCN would serve as the other donor ligand,
creating a "pseudo-PHOX” P,N-ligand environment (Figure
le, Ls = N, Lp = P). We tested this hypothesis by utilizing a
PCy; Pd G3 Buchwald precatalyst as the Pd source, effectively
lowering the loading of PCy; to 1:1 compared to Pd. This did,
in fact, increase the regioselectivity a modest amount (64:36)
compared to our baseline (52:48). We hypothesized that by
increasing the cone angle of the ligand, selectivity could be
further enhanced. Tris(1-adamantyl)phosphine (PAds) and tri-
tert-butylphosphine (P'Bus) were utilized.®**” We saw enhanced
regioselectivity with the greatest impact using P‘Bus (77:23).
Finally, a selection of Buchwald biaryl ligands (JohnPhos,
CylJohnPhos, BrettPhos, and XPhos) were screened due to their
bulky nature and tunability. As expected, these also led to
enhanced regioselectivities with regioisomeric ratios ranging
from 73:27 to 76:24. However, yields were somewhat
diminished compared to that of P'‘Bus, perhaps due to their
pseudo-bidentate nature. Due to P'Bus providing the best
combination of regioisomeric ratio and yield, this system was
carried forward. It should be noted that both 3A and 3B are
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Figure 3. Evidence for common metal-bound aryne intermediate
Yields determined by 'H NMR spectroscopy with mesitylene as
an internal standard.



a) o-Borylaryl Triflate Reaction Scheme
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b) Ligand = Symmetric PCy; (L:Pd = 2:1)

Entry R Charton Value (v) yield (%) rr(A:B) Log([BV[A])
1 Me 0.52 83% 51:49 -0.03
2 Et 0.56 86% 43:57 0.10
3 Pr 0.76 81% 34:66 0.27
4 By 1.24 37% 18:82 0.67

¢) Ligand = Unsymmetric PBug (L:Pd = 1:1)

Entry R Charton Value (v) yield (%) rr(A:B) Log([BVA])
1 Me 0.52 87% (78%)  77:23 -0.51
2 Et 0.56 82% (73%)  73:27 -0.43
3 pr 0.76 91% (75%)  57:43 -0.10
4 Bu 1.24 60% (59%)  9:91 1.00

d) o-Borylaryl Triflate Charton Plot
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Figure 4. a) General reaction scheme with o-borylaryl triflates; b) Symmetrical ligand environment; ¢) Unsymmetric ligand
environment; d) Charton analysis; *Yields determined by '"H NMR spectroscopy with mesitylene as an internal standard as an average

of 3 runs; isolated yields in parentheses

separable by chromatography for characterization, but yields
are reported as the combined yield of both regioisomers.

Having achieved catalytic turnover and regioselectivity, we
next wanted to support the presence of a metal-bound aryne
intermediate. The o-borylaryl triflate substrates have the
potential to undergo iterative Suzuki-Miyaura aryl-aryl cross-
coupling followed by aryl-N Buchwald-Hartwig amidation.
Thinking retrosynthetically, if an aryne intermediate was
occurring, there are two possible isomers of the o-borylaryl
triflate precursor (2 and 4) that would lead to the same o-methyl
metal-bound aryne intermediate. If the iterative cross-coupling
processes were occurring, the major regioisomer using 2 and 4
would generate opposite regioisomeric products upon
annulation. Additionally, if both the regioisomers of the well-
established Kobayashi aryne precursors (5 and 6) give the same
major isomer upon annulation as both 2 and 4 this provides
further support for an aryne intermediate. When using the
optimized conditions with each of the o-borylaryl triflates 2 and
4 and Kobayashi precursors S and 6 the same regioisomer is
favored to a similar magnitude in all cases (Figure 3 entries 1-
4); however, a lower yield is observed for both Kobayashi
precursors perhaps due to off catalytic cycle formation resulting
in side reactions away from the metal center. This is likely due
to their difference in mechanism of aryne formation. Overall,
this set of results supports a common aryne intermediate and
strongly ~ suggests  against an  iterative  Suzuki-
Miyura/Buchwald-Hartwig cross-coupling pathway. A single
example exists for these o-borylaryl triflates being used in
catalysis, presumably through an aryne intermediate, but this is
the first time that o-borylaryl triflates have been conclusively
demonstrated as aryne intermediates in catalysis.*®

Next, we wanted to systematically probe the interplay of
sterics on the aryne intermediate with the impact of the ligand.
Our studies were inspired by recent reports correlating steric
encumbrance to enantioselectivity in asymmetric catalysis via

the use of Charton (v) plots.®””* Charton plots are linear free
energy relationships that can be used to establish quantitative
structure-selectivity relationships using values derived from
Van der Waals radii to gauge steric influence of a key
substituent on selectivity.®>7* Thus, a series of substrates with
increasing steric demand (R = Me, Et, 'Pr, ‘Bu) in the o-position
to the aryne was screened (Figure 4a). To gain further insight
on whether the ligand was still influencing the regioselectivity
with this series, both the symmetrical and unsymmetrical ligand
environments were studied (Figure 4b/c).

Interestingly, with both ligand systems, we observed a trend
towards regioisomer B as steric demand on the aryne was
increased. By plotting the log of the regioisomeric ratio (B:A)
as a function of the Charton value, v, (derived from Van der
Waals radii) we observe highly linear relationships for both
PBu; and PCy; (R* = 0.995 and 0.982, respectively). The
observed linear relationships indicate regioselectivity does
depend on sterics of the aryne substituent. The sensitivity value
(y), obtained from the slope of the Charton plot, indicates how
influenced the system is by steric effects. The observed
sensitivity value for P'Bu; (y = 2.11) is significantly larger in
magnitude than that of the symmetric PCy; system (y = 0.91).
This suggests the regioselectivity not only depends on the steric
contribution from the aryne itself, but it also is impacted by the
ligand environment; thus indicating the synergistic effects of
the ligand and substrate. Overall, this observation is a direct
example of catalyst control and is the most definitive evidence
that catalysts can be used to intentionally control the
regioselectivity of aryne reactions.

The highly linear relationship observed in Figure 4d implies
a similar transition state is maintained between all substrates,
further supporting that a metal-bound aryne intermediate is
operative. We hypothesize the Curtin-Hammett Principle may
explain the regioselectivity observed in our system. Since
rotation about the metal-aryne bond is likely possible, two



a) Kobayashi Reaction Scheme
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Entry R Charton Value (v) vyield (%)® rr(A:B) Log([BIA])
1 Me 0.52 26% 67:33 -0.29
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4 Bu 1.24 23% 12:88 0.85
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Figure 5. a) General reaction scheme with o-silylaryl triflates; b) Symmetrical ligand environment; ¢) Unsymmetric ligand environment;
d) Charton analysis; “Yields determined by "H NMR spectroscopy with mesitylene as an internal standard as an average of 3 runs

conformers of the metal-bound aryne can exist and interconvert.
Thus, the regioisomeric ratio of products will depend both on
the difference in energy between the two aryne conformers and
the energy barriers from each of the aryne conformers to their
respective products. Increasing the steric interaction between
ligand and aryne is bound to have both stabilizing and
destabilizing effects on the two aryne conformers as well as
other intermediates and transition states throughout the reaction
process. Overall, the steric effects of the aryne and ligand can
work synergistically to provide an enhanced regioisomeric ratio
as when R = Me or ‘Bu; however, it is also possible these factors
may oppose one another to give reversed selectivity as when
R =Etor Pr.

Due to potential differences in the mechanism of aryne
formation and metalation, we also examined Kobayashi
precursors by Charton analysis. While the o-borylaryl triflate
precursors are recognized to form solely at the metal center,
Kobayashi precursors can form through an elimination pathway
independently of the metal center. To study this effect on
regioselectivity, we screened the same ortho-substituent series
(R = Me, Et, 'Pr, ‘Bu) using Kobayashi precursors (Figure 5a).
Interestingly in both ligand systems (Figure Sb-c), we observed
the same trend with an increase in preference for regioisomer B
when steric demand was increased. Again with Charton
analysis, a linear correlation is observed for both the symmetric
PCy; (R* = 0.982) and the unsymmetric P'Bu; ligand
environment (R? = 0.958) (Figure 5d). In the symmetric ligand
environment, a comparable sensitivity value is observed
between Kobayashi precursors and o-borylaryl triflates.
However, we observe disparate sensitivity values in the
unsymmetric ligand environment with P‘Bus for the Kobayashi
precursors (¢ = 1.59) compared to the o-borylaryl triflate
precursors (y = 2.11). This may be a consequence of their
differing mechanisms of aryne metalation which is also
supported by the decreased yields compared to the o-borylaryl
triflates (Figure 4c¢ vs. 5c¢). Overall, this suggests that both

mechanism of aryne formation as well as the steric interactions
at the metal center contribute to regioselectivity.

Since the degree of catalyst control appears to be dependent
on the mechanism of aryne formation, we sought to explore
whether altering oxidative addition rates of the benzamide
coupling partner would lead to changes in regioselectivity
and/or yield.”> We approached this study by varying the halide
on the benzamide coupling partner which competitively
undergoes oxidative addition with the o-borylaryl triflate aryne
precursor (Figure 6). When the benzamide halide is less
susceptible to oxidative addition as with chloride 1-Cl,
regioselectivity is comparable to that of the Br (1) using both
regioisomers of the o-methyl aryne precursor (2 and 4). This is
likely due to the oxidative addition of the aryl triflate before

O
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O @ 58% yield 89% yield (84%)  46% yield

Figure 6. Influence of o-halobenzamide identity. Yields
determined by 'H NMR spectroscopy with a mesitylene as an
internal standard, isolated yields in parentheses



either 1 or 1-Cl. Unsurprisingly, the overall yield decreases
when using 1-Cl. This decrease in yield is presumably due to
the slower rate of aryl chlorides to undergo oxidative addition
compared to aryl bromides. In contrast, when oxidative addition
of the aryl halide outcompetes that of the aryne precursor as in
the iodide example using 1-1, regioselectivity and yield suffers.
This result is likely due to 1-I undergoing oxidative addition
prior to the o-borylaryl triflate and either sequestering the Pd
catalyst or changing the mechanism of the reaction. Therefore,
it is critical that the aryne precursor react before the benzamide
coupling partner.
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Figure 7. Influence of electronics on aryne regioselectivity

Knowing that the rates of oxidative addition impact the yields
and regioselectivities of the products, we next turned to
evaluating the electronics of the aryne. o-Methoxy benzyne is
the ideal substrate to study as the two precursors 7 and 8
represent a methoxy group in the meta and ortho positions to
the triflate, respectively. This renders 7 as electron withdrawing
to triflate and 8 as electron donating (Figure 7). Baseline
selectivity and reactivity in a symmetric environment was again
established using PCys in a 2:1 molar ratio with Pd (Entries 1
and 2). Both isomers of the o-borylaryl triflate precursor 7 and
8 gave comparable yields of regioisomers (19% and 14%,
respectively) and were selective for product regioisomer 9B,
though to significantly different degrees (9A:9B = 30:70 and
18:82, respectively). The particular placement of the
inductively withdrawing methoxy substituent could have an
impact on a number of elementary steps throughout the reaction
process including the rate of oxidative addition, which we have
shown in Figure 6 to be crucial to both regioselectivity as well
as yield. This could explain the difference in selectivity between
the 7 and 8 precursors in the symmetric ligand system despite
sharing a common metal-bound aryne intermediate.

When the ligand system was replaced with a 1:1 molar ratio
of P'Bu; and Pd, both 7 and 8 became more selective for
regioisomer 9B in a 12:88 regioisomeric ratio of 9A:9B and
with comparable yields (Entries 3 and 4). Interestingly, when
the logs of these regioisomeric ratios are plotted on the
corresponding Charton plot against the Charton value of
methoxy (v = 0.36) there is no correlation with the previous
linear trends observed for alkyl substituents (See Figure S3).7
This indicates that sterics are not the only factor governing
regioselectivity in metal-mediated reactions of electronically
influenced arynes. It is clear that the introduction of
electronically biased substituents to the aryne increases the

complexity of the system exponentially, and thus requires an
independent investigation which is currently underway.

This report represents, to the best of our knowledge, the first
example of a study that evaluates the impact of ligand
environments on selectivity of metal-catalyzed aryne reactions.
Through this study we have also shown o-borylaryl triflates to
be competent aryne precursors for use in transition metal
catalysis. Charton analysis shows greater ligand-aryne steric
interaction amplifies baseline regioselectivity. However,
interesting differences are observed as a consequence of the
aryne precursor employed, presumably due to differences in the
aryne-binding mechanism. Further studies involving electronic
perturbations to key oxidative addition steps throughout the
reaction sequence reveal that electronics also play an important
role in the regioselectivity of the reaction. This exciting finding
is being followed up to demonstrate the applicability of this
manifold to other metal-catalyzed aryne reactions as well as to
determine the regioselectivity determining step.

The Supporting Information is available free of charge on the ACS
Publications website.
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