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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 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 91:9 r.r.). We also report the reversal of regioselectivity between ligand environments. These investigations demon-
strate that catalyst control can supersede substrate control in metal-catalyzed aryne reactions.

Arynes are highly reactive intermediates which have enabled 
the synthesis of natural products, ligands, and conjugated mate-
rials.1–10 One challenge is the use of unsymmetrically substi-
tuted arynes as multiple regioisomeric products are possible. 
6,11–20 As stated by Li and coworkers in a recent review on ar-
ynes, “Regioselectivity is a fundamental issue in aryne chemis-
try…the diminished reaction efficiency attributed by the for-
mation of an unwanted regioisomer in an aryne transformation 
will severely damage its synthetic application.”6 To illustrate 
this limitation, in a report by Yoshida and coworkers for the 
synthesis of phenoxathiins, a 54:46 ratio of regioisomers was 
observed when using a Kobayashi precursor to generate an o-
methyl aryne (Figure 1a).21 In contrast, when using the elec-
tronically activated methoxy substrate, only one regioisomer 
was observed. A number of elegant computational models have 
been developed to probe the origins of selectivity for free aryne 
reactions.22–28 For example, Garg and Houk have developed the 
aryne distortion model which states that the “nucleophile at-
tacks the alkyne terminus that is more distorted toward linear-
ity” (Figure 1b).22 This distortion can be induced by electroni-
cally-activating functional groups ortho to one of the positions 
on the triple bond.29,30 Other studies have further corroborated 
this electronic influence on aryne regioselectivity (Figure 
1b).31–37 This effect has been leveraged in the synthesis of sub-
stituted 3,4-pyridines. Addition of functional groups in both po-
sitions ortho to the triple bond allowed for both enhanced and 
reversed selectivity compared to the parent unsubstituted 3,4-
pyridyne.29,38  

While regioselectivity-enhancing strategies have been ex-
plored with free arynes, to our knowledge, there are no studies 
reported to date that attempt to influence the regioselectivity in 
metal-catalyzed aryne reactions. This is likely in part because 
using unsymmetrical aryne precursors often results in 50:50 re-
gioisomeric ratios (r.r.) when metals are present.39–52 For exam-
ple in a report by Hosoya and coworkers, a metal-bound o-
methoxy aryne shows no selectivity upon exposure to the cou-
pling partners (Figure 1c) despite complete inherent regioselectivity of the o-methoxy aryne in a free aryne reaction 

(Figure 1a).53 Sporadic reports using, for example, incidental 

Figure 1. Inherent and induced regioselectivity in a,b) free arynes 
and c,d) metal-bound arynes 

NN N
66:34 91:923:77

Br

O

Case study: Nucleophile = nitrone

Ni
Cy2P PCy2

Garg/Houk Aryne Distortion Model
● Nucleophile prefers attack on the 

carbon that is closer to 180°
G

site of 
attack

Br
+

1)

2) TMS–CN

CN CN

51        :        49

b) Altering Substrate-Controlled Selectivity

c) Inherent metal complex-controlled selectivity

● Selectivity is eroded through metal-aryne binding
d) This work: Altering metal complex-controlled selectivity

Br

NBn

O

+
TfO

B(pin)

OOO

R NBn

O

● Ligand environment induces selectivity

cat. Pd
cat. PtBu3

Up to 91:9 rr

SO2NMe2

Me Me Me

RH

OSOS

KF 
18-crown-6

54        :       46

R

RR
OSTs H

a) Inherent Substrate-Controlled Selectivity

100       :        0
Me

OMe
R =

3
4

o-aryne



 

directing groups results in a handful of examples where modest 
selectivity is reported but this phenomenon is not explored or 
leveraged.54–56  

Inspired by reports in the allylic substitution literature, we 
hypothesized that selectivity could be controlled by a metal cat-
alyst with an unsymmetrical ligand environment such as those 
induced by phosphinooxazoline (PHOX) ligands.57–61 If a C1 
symmetric ligand environment could be created, then selectivity 
could potentially be induced in aryne reactions as well. Herein 
we report a Pd-catalyzed annulation reaction with up to 91:9 r.r. 
being achieved through use of an unsymmetrical ligand envi-
ronment. We also report reversal of selectivity in some systems 
when different ligands are used. These results confirm that sub-
strate control can be replaced by catalyst control in increase re-
gioselectivity in metal-catalyzed aryne reactions. 

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.62 Additionally, substituted phenan-
thridinones have found use as PARP inhibitors, thus are impact-
ful targets to study.63 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. To generate this aryne, ortho substituted 
borylaryl triflates were used as aryne precursor due to the recent 
success of these precursors in generating discrete metal-bound 
arynes in stoichiometric studies.53 Yields and selectivity of 
these relatively unknown aryne precursors are compared to cur-
rent state-of-the-art Kobayashi silyl triflates as well. It should 
be noted that Kobayashi precursors can undergo off cycle 

dimerizations and trimerizations that can diminish yields which 
was also observed in our system.6  

We needed to optimize yields using borylaryl triflate aryne 
precursors rather than the originally used Kobayashi precursors. 
Additionally, in Larock’s original publication no examples of 
unsymmetrically substituted arynes were reported and thus we 
needed to establish a baseline selectivity. A variety of Pd cata-
lysts were screened using a 2:1 PCy3:Pd molar ratio (Figure 2 
entries 1-4). Since PCy3 (tricyclohexylphosphine) is known to 
ligate Pd twice, this ligand system will herein serve as our 
model symmetrical ligand environment to establish baseline se-
lectivity and reactivity. As expected, very low levels of regiose-
lectivity, ranging from 50:50 to 57:43 at the highest, were es-
tablished with the o-methyl aryne in a symmetrical ligand envi-
ronment; however, we were pleased to see that catalytic turno-
ver was achieved using borylaryl triflates. Pd(MeCN)4(BF4)2 
(entry 4) was selected due to the best yield (76%) and reproduc-
ibility using this catalyst. This catalyst was carried forward and 
tested with P,N-bidentate ligands L1 and L2 which are known 
to impart regio- and enantioselectivity in allylic substitution re-
actions through the difference in the P versus N donor atoms on 
the ligand (Figure 2 entries 5 & 6).57,60 A modest, yet promising 
increase in regioselectivity was observed using L1 (64:36) but 
the yield decreased to 47%. Using L2, the yield plummeted to 
4%. Bidentate ligands were ultimately deemed detrimental to 
the overall yield when using borylaryl triflates, likely due to 
their rigidity and lessened lability. We hypothesized that an un-
symmetrical ligand environment such as that imposed by the 
different P versus N donors in L1 could also be established us-
ing monodentate phosphine ligands in a 1:1 molar ratio with Pd. 
The N-donor on the benzamide substrate 1 or coordinating sol-
vent would serve as the other donor ligand, creating a "pseudo-
PHOX” ligand environment. We tested this hypothesis by low-
ering the loading of PCy3 to 1:1 compared to Pd (entry 7). This 
did, in fact, increase the regioselectivity a minimal amount 
(59:41) compared to using PCy3 in a 2:1 molar ratio with Pd. 
We hypothesized that by increasing the cone angle of the ligand, 
selectivity could be further enhanced. In entries 8 and 9 respec-
tively, tris(1-adamantyl)phosphine (PAd3) and tri-tert-bu-
tylphosphine (PtBu3) were utilized. 64,65  We saw enhanced re-
gioselectivity with the greatest impact using PtBu3 (77:23). Fi-
nally, tri-o-tolylphosphine (P(o-tolyl)3) was screened due to its 
exceptionally large cone angle (entry 10). Surprisingly, a de-
crease in r.r. (73:27) was observed from the prior entry, poten-
tially due to the lessened electron donation of P(o-tolyl)3 versus 
PtBu3. Due to PtBu3 providing the best regioisomeric ratio, this 
system was carried forward. It should be noted that both regioi-
somers of all substituted phenanthridinone products are separa-
ble by column chromatography for characterization but yields 
are reported as the combined yield of both regioisomers.  

Figure 2. Optimization of Pd-catalyzed aryne annulations with 
borylaryl triflate aryne precursors 
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Having achieved catalytic turnover and regioselectivity, we 
next wanted to support the presence of a metal-bound aryne in-
termediate. The borylaryl triflate substrates could undergo iter-
ative Suzuki-Miyaura cross-coupling and Buchwald-Hartwig 
amidation reactions to yield the major product that is observed 
in Figure 3.  Thinking retrosynthetically, if an aryne intermedi-
ate was occurring, there are two possible isomers of the 
borylaryl triflates (2 and 5) that would lead to the same o-me-
thyl metal-bound aryne intermediate. If the iterative cross-cou-
pling processes were occurring, the major regioisomer using 2 
and 5 would generate opposite regioisomeric products upon an-
nulation. Additionally, if both the regioisomers of the well-es-
tablished Kobayashi aryne precursors (6 and 7) give the same 
major isomer upon annulation as both 2 and 5 this provides fur-
ther support for an aryne intermediate. Using all four precursors 
and a molar ratio of 2:1 PCy3:Pd , nearly 50:50 ratios of the 
product regioisomers are observed as the baseline selectivity 
(Figure 3 entries 1-4). Alternatively, when using 1 equivalent 
of PtBu3 relative to Pd with each of the o-borylaryl triflates 2 
and 5 and Kobayashi precursors 6 and 7 the same regioisomer 
is favored to a similar magnitude in all cases (Figure 3 entries 
5-8). This set of results indicates a common aryne intermediate 
and rules out an iterative Suzuki-Miyura/Buchwald-Hartwig 
cross-coupling pathway. A single example exists for these 
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 interme-
diates in catalysis.66  

As oxidative addition of both the aryne precursor, as well as 
the o-halobenzamide are expected to occur over the reaction 
progression, we sought to study the contrast between the o-
borylaryl triflates (2 and 5) and various halides of the ben-
zamide starting material 1 (Figure 4).67 When the aryl halide is 
less susceptible to oxidative addition as with chloride 1-Cl, re-
gioselectivity is comparable to that of the Br 1 using both 

regioisomers of starting material, but overall yield decreases. 
This is presumably due to the lessened ability 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-I, 
regioselectivity and yield suffers. This result is likely due to the 
1-I undergoing oxidative addition prior to the borylaryl triflate 
and either sequestering the Pd catalyst or changing the mecha-
nism. The aryl bromide 1, which has a similar oxidative addi-
tion rate to an aryl triflate bridges the gap with the highest regi-
oselectivity as well as the highest yields. The trend holds well 
for both regioisomers of the borylaryl triflate (2 and 5), further 
supporting the role of an aryne intermediate as the observed re-
gioisomeric ratio of products are consistent.  

 
After establishing selectivity with the challenging o-methyl 

aryne, we sought to study the effect of larger substituents, be-
ginning with the o-tert-butyl aryne in order to see the range of 

Figure 3. Evidence for a common metal-bound aryne intermedi-
ate 

Figure 4. Influence of o-halobenzamide identity 

Figure 5. Impact of tBu substituent on regioselectivity 
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regioselectivities that would be achieved with this manifold 
(Figure 5). As with the methylated substrate, we utilized both 
borylaryl triflate 8 and Kobayashi aryne precursor 9 in this 
study. The baseline selectivity of these precursors was again es-
tablished using the model symmetrical ligand environment with 
2:1 PCy3:Pd. Unlike the o-methyl aryne, the o-tert-butyl aryne 
undergoes a regioselective annulation even in the presence of 
this symmetrical ligand environment when using both borylaryl 
triflate or Kobayashi aryne precursors 17:83 and 14:86 respec-
tively of products 10 and 11 (Figure 5). This is likely due to the 
large steric profile of the tBu substituent. Interestingly, the op-
posite regioisomer is observed as the major product compared 
to the o-methyl aryne (see S9). We were pleased to see that the 
inherent selectivity was amplified with application of PtBu3 as 
the ligand (9:91 and 11:89), further supporting our hypothesis 
that the catalyst can still enhance selectivity.  

We next studied o-ethyl aryne precursors 12 and 13 and o-
isopropyl aryne precursors 14 and 15 to investigate the interme-
diate steric effects and to further study the switch in the major 
regioisomer. (Figure 6). Similarly to the o-tert-butyl substrate 
these arynes had some inherent selectivity even in a symmet-
rical ligand environment with 2:1 PCy3:Pd molar ratio, although 
to a lesser extent. The maximum selectivity for the o-ethyl sub-
stituted aryne was 42:58 for ethyl substituted products 16:17, 
and 36:64 for o-isopropyl substituted 18:19. Surprisingly, when 
subjected to PtBu3 ligand the regioselectivity was not enhanced 
(as in the o-tert-butyl and o-methyl examples), but was rather 
reversed to favor the opposite regioisomer than is observed with 
2:1 PCy3:Pd. This is an interesting catalyst-controlled comple-
ment to Garg’s use of substrate control with o-bromides to re-
verse the inherent selectivity of 3,4-pyridynes (Figure 1b).38 
Regioisomeric ratios using the o-ethyl substituted aryne precur-
sors 12 and 13 generated up to a 73:27 ratio of 16:17. This 
change in regioisomer with a change of ligand is the most de-
finitive evidence that a catalysts can be used to control the regi-
oselectivity of aryne reactions. This phenomenon is being fur-
ther explored in our group. 

This report represents, to the best of our knowledge, the first 
example of a study that evaluates the impact of ligand environ-
ments on selectivity of metal-catalyzed aryne reactions. We 

have demonstrated that by using bulky phosphines, selectivity 
can be induced in up to synthetically useful 9:91 r.r. While some 
regioisomeric ratios are modest, this represents the beginning 
of this field of superseding substrate control with catalyst con-
trol in aryne reactions. 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 re-
gioselectivity determining step. 
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