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ABSTRACT: The synthetic potential of unsymmetrically substituted arynes is not yet fully realized due to regioselectivity issues.
Although many models exist to predict the regioselectivity of arynes, these models do not hold for metal-mediated reactions.
Previously, we reported a way to induce regioselectivity in a metal-catalyzed aryne annulation reaction by using bulky monodentate
phosphine ligands. Reported herein is a mechanistic investigation into the operative catalytic cycle within this transformation.
Additionally, the molecular parameters responsible for regioselectivity have been examined via LFERs and multivariate linear
regression. This model shows the interdependence on both the steric and electronic properties of the aryne and the size of the

phosphine ligand for regioselectivity.

Arynes are powerful building blocks for the synthesis of
decorated arenes!?. The highly reactive nature of arynes has
been leveraged to make many value-added species.®>’ Despite
their success, the full synthetic potential of arynes is not yet
realized due to regioselectivity limitations. Regioselectivity
challenges can arise when unsymmetrically substituted arynes
are utilized.®*> Additionally, these regioselectivity issues can
be amplified in metal-mediated aryne reactions as now
additional parameters contribute to regioinduction.®%°
Exploring regioselectivity within metal-bound arynes is crucial
to expanding their utility as some transformations can only
occur through metal-mediated processes.®” To enable access to
the full synthetic potential of arynes, we aim to systematically
explore the factors governing regioselectivity in metal-
catalyzed arynes reactions.

The regioselectivity of free arynes (non-metal bound arynes)
has been extensively studied which has resulted in the
development of many selectivity models®53°38, The Aryne
Distortion Model, developed by Garg and Houk, is the most
inclusive model as it accounts for the largest array of
regioselectivity trends within free arynes.® This model
correlates the level of distortion within the triple bond of the
aryne to regioselectivity; where the larger angle is favored for
nucleophilic attack. Utilizing this model has accounted for the
highly selective nature of the arynes shown in Figure 1a due to
their high degree of distortion.® Knowledge of the elements that
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Figure 2 a) General scheme of annulation b) possible reaction pathways; L, = solvent or bromide

influence selectivity has allowed for the successful
enhancement and reversal of regioselectivity. For example,
insight gained from the Aryne Distortion Model has allowed
regioselectivity to be induced within arynes that exhibit poor
inherent regioselectivity such as 3,4-pyridyne
intermediates. 13340

In contrast, the factors influencing regioselectivity within
metal-mediated aryne reactions are vastly understudied.®
Unlike free arynes, there are no models for regioselectivity of
arynes in the presence of metals. It is important to study metal -
bound arynes because they do not follow the same trends as free
arynes. In a report by Hosoya and coworkers, a o-methoxy
benzyne nickel complex ligated with two triethylphosphine
ligands reacts in an unselective manner (Figure 1b).¢ This is in
stark contrast to its free aryne counterpart which reacts in a
highly selective manner due to its highly distorted triple bond
(Figure 1a).® This suggests the same factors governing free
aryne selectivity do not influence metal-bound aryne
selectivity. A recent report from our lab disclosing the crystal
structure and reactivity of an o-methoxy benzyne nickel
complex ligated with an unsymmetric phosphinooxazoline
(PHOX) ligand suggests the ligand environment contributes to
regioinduction (Figure 1b).%° These stoichiometric studies are
in agreement with our previous catalytic studies."*!

Previously, we reported a means of achieving regioselectivity
in a palladium-catalyzed aryne annulation via catalyst-control.'”
By using an unsymmetrical ligand environment created by
bulky monodentate phosphine ligands, such as tri-tert-
butylphosphine (P'Bus), we were able to induce regioisomeric
ratios of up to 9:91. (Figure 1c) Additionally, we have shown
o-borylaryl triflates to be competent aryne precursors; however,
the formation of metal-bound arynes with these precursors
under catalytic conditions remains understudied. Thus, we seek
to understand the mechanism behind aryne generation and
functionalization within this palladium-catalyzed annulation.
(Figure 2a) Herein we have elucidated the mechanism of this

transformation through kinetic studies. Additionally, we aim to
explicate the factors governing metal-bound aryne selectivity
within our system. Linear free energy relationships (LFERS)
and multivariate linear regression are utilized to explore the
specific molecular parameters responsible for selectivity
(Figure 1c). This will allow for a more systematic approach to
be taken to improve regioselectivity as well as create a platform
for future metal-catalyzed aryne reactions.

Results and Discussion

Possible Catalytic Cycles

To understand the mechanism of aryne formation and
functionalization, the elementary steps of the catalytic cycle
must be examined. This annulation was previously reported by
Larock and coworkers.*? In this report, two possible catalytic
pathways were proposed using Kobayashi aryne precursors.
Since we opted to utilize o-borylaryl triflates as aryne
precursors we proposed two similar pathways accounting for
the additional elementary steps required to generate an aryne
(Figure 2). In pathway A, oxidative addition into aryl triflate 2
occurs first to generate 1. This is then followed by
activation/transmetallation of the boronic ester to produce a
palladium-bound aryne intermediate 11. After aryne formation,
Il can then undergo oxidative addition into 1 to generate I11.
Next, migratory insertion generates common intermediate V.
Reductive elimination then follows after deprotanation of the
nitrogen to turn over the catalytic cycle and generate the
phenanthridinone products (Me-3A and Me-3B). Pathway B is
similar to pathway A, however, oxidative addition into the aryl
bromide 1 occurs first to generate V. This is then followed by
aryne formation via oxidative addition and transmetallation of
2 to generate VII. Next reductive elimination generates
common intermediate 1V. In pathway B, oxidative addition of
the aryl triflate 2 must occur with a Pd(l1) species to generate a
Pd(lV) intermediate. Based on the insufficient oxidative
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potential of 2 as well kinetic studies vide infra, we hypothesize
that pathway A is most likely operative to avoid a Pd(IV)
intermediate.

Kinetic Order of Substrates (1 and 2)

To elucidate which reaction pathway is operative, we
investigated the turnover-limiting step by probing the Kkinetic
order of both benzamide (1) and aryne precursor (2). From
initial rates analysis, we observe a first order dependence of 2
(Figure 3). This suggests that 2 is involved in the turnover-
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Figure 3 Initial rates analysis of aryne precursor (2) kobs
calculated based on method of initial rates measuring sum of
regioisomers ([Me-3A] and [Me-3B]) via 'H NMR
spectroscopy with mesitylene as internal standard. Each
point is an average of duplicated trials.

limiting step. Initial rates analysis reveals a zero-order
dependence of 1 (Figure S10). Since little correlation is
observed between a change in concentration of 1 and reaction
rate, we can conclude that 1 is not involved in the turnover-
limiting step. Overall, this supports pathway A being the
operative pathway since only 2 is involved the turnover-limiting
step. If pathway B were operative, we would likely to see an
increase in reaction rate at higher concentrations of 1 since
oxidative addition of 1 would occur prior to the turnover-
limiting step; however, this is not observed. This, in addition to
the unlikelihood of a Pd(IV) intermediate, provides further
support against pathway B. From these analyses, we
hypothesize pathway A as the operative pathway.

Kinetic Order of Catalyst

Initial rates studies were also conducted to obtain the kinetic
order of the catalyst. Surprisingly, a nonlinear correlation was
observed between catalyst loading and reaction rate (Figure 4).
The fastest reaction rate occurred at 10 mol % loading of
palladium which was also the optimal loading of catalyst
previously reported. At lower loadings of catalyst (2.5 to 10 mol
%) a positive linear correlation is observed (see Figure S24)
suggesting that there is a 1st order dependence on the catalyst
at lower palladium loadings. This is consistent with a
monomeric palladium species in the turnover-limiting step.
However, at higher concentrations of palladium (12.5 to 20 mol
%), the rate of reaction slows and thus does not follow the 1st
order dependence. Instead, a -2.3 order is obtained at higher
catalyst loading (see Figure S26) which suggest that an off-
cycle pathway is slowing the reaction. One possible explanation
for this is that the palladium-bound aryne intermediate (II)
could bind to another equivalent of catalyst (Figure 4).* This
equilibrium would produce a non-integer rate order and account
for the decreased rate. Overall, the study demonstrates a
necessary consideration for catalysis involving aryne
intermediates that has not previously been reported.
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Figure 4 a) Initial rates analysis of catalyst b) proposed
equilibrium at high catalyst loading. kevs calculated based on
method of initial rates measuring sum of regioisomers ([Me-3A]
and [Me-3B]) via 'H NMR spectroscopy with mesitylene as
internal standard. Each point is an average of duplicated trials
using 0.1 mmol (1) and 0.15 mmol (2).

Eyring Analysis

From initial rates analysis, 2 was determined to be involved
in the turnover-limiting step. This means that either oxidative
addition of the aryl triflate or transmetallation of the boronic
ester contain the highest energy barrier of the catalytic cycle.
To further elucidate the identity of the turnover-limiting step,
Eyring analysis was performed to obtain the activation barriers.
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Figure 5 Eyring plot. kobs calculated based on method of
initial rates measuring sum of regioisomers ([Me-3A] and
[Me-3B]) via 'HNMR spectroscopy with mesitylene as
internal standard. Each point is an average of duplicated
trials using 0.1 mmol (1) and 0.15 mmol (2).

To construct the Eyring plot (Figure 5), initial rates were
measured at varying temperatures (70 -110 °C). From the slope
and intercept of the Eyring plot the following activation
parameters were obtained: AG* = 30.7 kcal/mol, AH* = 11.7
kecal/mol and AS* = —50.9 cal/(mol-K). The highest energetic
barrier to generate a metal-bound aryne in this system is 30.7
kcal/mol. This value is significantly larger than previously
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reported values for oxidative addition of an aryl triflate with
palladium.** This suggests that transmetallation is likely the
turnover-limiting step. Additionally, since the aryl triflate
outcompetes the aryl bromide to undergo oxidative addition
first in the catalytic cycle, transmetallation is further supported
as the turnover-limiting step.

Measuring Ligand Steric Contribution through Charton
Analysis

Previously, we performed Charton analysis by varying the size
of the aryne substituent (Me, Et, 'Pr, and ‘Bu) and observing
changes in regioselectivity.*464” From this, we discovered that
the aryne steric environment impacted selectivity. Additionally,
we found the slope (y) of the Charton plot differed greatly
between symmetric and unsymmetric ligand environments.®
This indicated to us that the ligand’s identity also impacts
regioselectivity. To systematically study the ligand’s
contribution to regioselectivity, we performed Charton analyses
using the same set of previously studied substituted aryne
precursors (Me, Et, 'Pr, and 'Bu) with a library of monodentate

a) O
0 @ Pd G3 (10 mol%) O
: NHBn CsF, K,CO4 NBn
(R)

Br MeCN/toluene
100°C, 18 hr

TfQ B(pin)
= PBuj,, CataCXium® A,
P(o-tol)3, PPhs, PCys,

“
PthMe, PEtS

R ) = Me, Et, Pr, Bu

b
) 120 | 4 pigy, 4= 207 "
0.90 | ® CataCXium®A, y=1.86 A
Z 060 ® P(o-tol)z, p = 1.38 "
o ® PPhg, y = 1.08 $
@ 030 | e PCys,y = 0.87
S’v 000 | ® PPh,Me, ¢ = 0.35.
® PEty, = 0.33 o
-0.30 "
-0.60
0 0.25 05 0.75 1 1.25
\’R
120 | PBU, .
0.90 | e CataCXium® A o
c) —~ v
) = o0g0 | ® Plotol)s P
i * PPhy ’
L ]
8 030 | o pey, i
8 000 | ®PPhMe A
L4 PEt3 .. "" o o
-0.30 ?.a..:.. R?=0.89
-0.60
25.00 75.00 125.00 175.00 225.00
B, x vy

Figure 6 a) Aryne annulation conditions using a series of
alkyl-substituted arynes and a variety of phosphine-ligated
Buchwald-style palladacycle precatalysts. b) Charton
analysis using each phosphine ligand individually. ¢) LFER
model relating the regioselectivity of the aryne annulation to
the product of the ligand’s cone angle and the Charton value
of the aryne substituent.

phosphine ligands that vary in their steric profile (PtBus, P(o-
tol)s, CataCXium® A, PCys, PPhs, PPh2Me, and PEts). For this
study, we implemented Buchwald-style palladacycle
precatalysts to rigorously ensure an unsymmetrical ligand
environment via a 1:1 ratio between palladium and the
monodentate phosphine ligand (Figure 6a). The Charton plot
of each ligand displayed high linearity (R? = 0.96 to 0.99), but
the slope or sensitivity (y) of each line was dependent on the
ligand (y = 0.35 to 2.07) (Figure 6b). This corroborates that the
identity of the ligand does influence regioselectivity. If the
ligand did not impact the regioselectivity, the slope of the
Charton plots should remain consistent across all ligands.

Using the Charton value (v) of the aryne substituent as a
singular molecular descriptor resulted in an “underfit” linear
relationship. This indicates that multiple reactions with the
same molecular descriptor gave rise to various selectivity
outcomes (Figure 6b). It was evident that incorporation of a
ligand molecular descriptor was necessary for a better fit. We
observed that the Charton relationships with the greatest
sensitivities (y) were generally correlated with bulkier ligands
measured by minimum cone angle (8).%® The changes in slope
indicated that the ligand descriptor should serve as a
multiplying factor, rather than additive. Therefore, the
logarithmic value of the regioisomeric ratio (log(3B/3A)) was
plotted against the ligand cone angle multiplied by the aryne
Charton value (0L x vr), resulting in high linearity (R? = 0.89)
(Figure 6c). The linear best fit of these data can be described
by the following equation:

3B @
log (371) = 0.01(0, x vg) — 1.06
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This demonstrates that ligand steric encumbrance amplifies
the steric effects of the aryne substituent on regioselectivity.
Thus, a combination of increased sterics of the aryne (measured
via v) and ligand (measured via ©) will lead to greater

regioselectivity for regioisomer B.
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Using multivariate linear regression to account for
regioselectivity trends

Having discovered the individual components of
regioselectivity (v, om, and 0) we next sought to combine them
together into one comprehensive linear equation to account for
regioselectivity (AAGY). We performed a multivariate linear
regression to calculate coefficients which measure the influence
of each molecular descriptor on regioselectivity (Figure 8a,b).
From our population of 43 observations, we selected a random

Average predicted AAG* error: 0.14 kcal/mol (2 3% r.r.)

Phosphine'ligatﬁgﬁllﬁl%”ﬁ}dﬁfy{féRﬁuﬁﬂﬁ?%‘i‘l%BPﬁﬁ@f@M%ing a series of phosphine-ligated Buchwald-style palladacycle precatalysts and
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regioselectivity Qg aexneneRtindRih s RARKE QIR using TrixiePhos ligand vs. the regioselectivity predicted by multivariate linear

ligand’s cone angle and the om parameter of the aryne
substituent.

Electronic influences of aryne substituent

In order to decouple steric and electronic effects on
regioselectivity, we performed similar analyses with a subset of
“isosteric” arynes with varied electronics (OMe-4, Me-4, Et-4,
and Ph-4) (Figure 7a). From these studies, we discovered a
linear relationship between regioselectivity and the ligand cone
angle multiplied by the Hammett parameter of the aryne
substituent (Ouxom) (Figure 7b).* The linear best fit of these
data can be described by the following equation:

log (%) = 0.04(8, X G,p) + 0.08 )

Using om allows us to directly probe the partial charge at one
terminus of the triple bond. It should be noted that plotting op
in the same manner does not result in a linear relationship (See
Figure S35). We believe this is because op incorporates
resonance effects that are unlikely to occur in an aryne system
as a strained cyclic allene would be produced. Additionally, cp
does not directly probe either terminus of the triple bond.
Overall, the linear relationship in Figure 7b and equation 2
indicates that more inductively withdrawing substituents
(measured via om) lead to greater regioselectivity for
regioisomer B.

sample of 22 to serve as our training set (See Figure S33) in the
linear regression, and the remaining 21 observations served as
the validation set for the calculated coefficients (See Figure
S34). Linear regression using normalized molecular parameters
yields the following equation:

AAG* = 4.8VR9L + Z.OO'mRQL

The calculated coefficient for the steric term (v) is greater than
that of the electronic term, which indicates that st€Ad
encumbrance has the greatest contribution to regioselectivity.

Upon plotting the training and validation sets we observed a
highly linear relationship (R? = 0.90) (Figure 8b). Additionally,
cross-validation methods like leave one ligand set out (LOLO),
5-fold cross-validation, and Q* display high linearity. This
indicates the reliability of the molecular parameters with their
calculated coefficients to account for regioselectivity.

With the goal of maximizing regioselectivity, we next sought
to exploit the limits of our linear equation. Based on the
equation we can enhance regioselectivity most by increasing the
cone angle of the ligand (0L) as it serves to amplify both steric
and electronic terms of the aryne. Based on this observation, we
identified TrixiePhos as the optimal ligand for regioinduction
due to its large cone angle (0 = 212.2°).*® In accordance with
our previous analyses, we observe highest regioselectivity with
our most sterically hindered aryne (‘Bu-4) and our most
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inductively withdrawing aryne (OMe-4) when TrixiePhos is
employed as the ligand.

As TrixiePhos was not included in the linear regression, we
sought to determine if it would follow the linear relationship as
described by equation 3. The average AAG* error between the
predicted and measured regioselectivity values using
TrixiePhos was 0.14 kcal/mol, which is associated with a small
3% average error in regioisomeric ratio (Figure 8c,d). This
indicates that our linear equation does account for
regioselectivity trends when using TrixiePhos.

Conclusion

In summary, we have elucidated the turnover-limiting step of
this metal-catalyzed aryne annulation through kinetic analysis.
Initial rate studies reveal that only aryne precursor and
palladium catalyst are involved in the turnover-limiting step.
Based on the AG! obtained from Eyring analysis, we
hypothesize that the turnover-limiting step is the
transmetallation of the aryne precursor. LFERs and multivariate
linear regression reveal the influence of steric and electronic
effects on the regioselectivity of this metal-bound aryne
annulation. Additionally, we have used these findings to
optimize regioinduction using TrixiePhos. Identifying the
individual contributors of aryne and ligand demystifies aryne
regioselectivity and will provide a platform for enhancing the
regioselectivity of other metal-catalyzed aryne reactions. We
are currently studying the regioselectivity of other metal-
mediated aryne reactions in a similar manner to gauge the
generality of these regioselectivity-determining parameters.
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