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ABSTRACT: The conversion—time data for 168 different Pd/Cu-

catalyzed Sonogashira cross-coupling reactions of five arylacetylenes
(phenylacetylene; 1-ethynyl-2-ethylbenzene; 1—ethyny1—2,4,6—R3-benzene
(R = Me, Et, i-Pr)) and Me,;SiCCH with seven aryl bromides (three 2-R-
bromobenzenes (R = Me, Et, i-Pr); 2,6-Me,-bromobenzene and three
2,4,6-Ry-bromobenzenes (R = Me, Et, i-Pr)) with four different phos-
phines (P-t-Bu;, +Bu,PCy, t-BuPCy,, PCy,;) were determined using
quantitative gas chromatography. The stereoelectronic properties of the

R4 Na,PdCly4
PR3 Cul
HNiPr,, 80° C R4

substituents in the aryl bromides, acetylenes, and phosphines were

correlated with the performance in Sonogashira reactions. It was found

that the nature of the most active Pd/PR; complex for a Sonogashira transformation is primarily determined by the steric bulk of
the acetylene; ideal catalysts are: Pd/P-t-Bu; or Pd/t-Bu,PCy for sterically undemanding phenylacetylene, Pd/t-BuPCy, for 2-
and 2,6-substituted arylacetylenes or Me;SiCCH and Pd/PCyj; for extremely bulky acetylenes and aryl bromides. Electron-rich
and sterically demanding aryl bromides with substituents in the 2- or the 2,6-position require larger amounts of catalyst than 4-
substituted aryl bromides. The synthesis of tolanes with bulky groups at one of the two aryl rings is best done by placing the
steric bulk at the arylacetylene, which is also the best place for electron-withdrawing substituents.

B INTRODUCTION

The Sonogashira coupling of aryl halides and terminal
acetylenes remains the most important method for the
formation of C(sp?)—C(sp) bonds." Traditionally palladium
complexes, very often in combination with copper(I) salts, are
the preferred catalyst for such reactions, despite the fact that in
recent years numerous other metals were also claimed to be
effective.'>” Closely related approaches leading to the same
products involve the reactions of alkynyl halides and arenes
(“inverse Sonogashira reaction”)® or of acetylenes and
heterocycles (“direct alkynylation”)* or the reactions of aryl
boronic acids with acetylenes.®

The mechanism of the Sonogashira reaction is not understood
in detail, also since there can be additional complications due to
Cul and the metal coordination of acetylenes.’ Nonetheless,
primarily empirical studies led to a large number of powerful
catalyst recipes, which allow the efficient conversion of aryl iodides
and bromides using small catalyst loading or aryl chlorides.® With
an ever larger number of catalysts and reaction conditions
published in the literature, it is not easy for the nonspecialist to
choose the best reaction conditions for certain substrates. In this
respect, answers are needed concerning the factors determining
the reactivity of individual substrates in Sonogashira reactions.
Several studies focusing on the influence of steric and electronic
variables on the individual steps in the catalytic cycles, such as the
oxidative addition,” transmetalation and reductive elimination,
were done, and a few general rules concerning cross-coupling
reactions were derived:'" (i) the oxidative addition in Ar-X is
promoted by electron-withdrawing groups at the aryl halide; (ii)

-4 ACS Publications  © 2012 American Chemical Society

2798

steric bulk of phosphines or NHC ligands coordinated to Pd
promote the formation of a formally monoligated complex PdL,,
which turns out to be highly active for oxidative addition; (i)
there is a pronounced steric effect in the transmetalation, while the
ligand bite angle and the electronic effect are less important; and
(iv) reductive elimination tends to be favored by less electron-
donating ligands and steric bulk.""

These are useful rules. However, for certain substrate—
catalyst combinations, it is not always clear which of the various
elementary reactions actually control the outcome of a cross-
coupling reaction. Substrate—activity relationships or descriptor-
based approaches, for which stereoelectronic properties of sub-
strates or ligands are modified in a systematic manner, appear to
be useful,'”” to better understand product formation as well as
more global approaches." In this respect, Hartwig et al. screened
a large number of phosphine ligands to find that the sterically
most demanding ligands provide the highest activities in
palladium-catalyzed Heck coupling."* We have studied in detail
substrate—activity relationships for Sonogashira coupling reac-
tions using parallel screening."® For sterically undemanding sub-
strates there turns out to be a good correlation between the
Sonogashira activity of various palladium—phosphine complexes
and the Tolman cone angle of the respective phosphine ligand."®
Several publications by Organ et al. center around the question
of how the steric and electronic environment of NHC ligands
influence the performance of the respective (NHC)Pd complex
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Scheme 1. Representation of 140 Different Sonogashira Cross-Coupling Reactions (7 Aryl Bromides X 5 Acetylenes X 4

Phosphines)

0.1 mol% NayPdCl,
0.2 mol% phosphine
0.075 mol% Cul

HNPr,, 80°C

in cross-coupling reactions.'® Concerning the role of phosphines,
Guram et al. showed that within a small series of electronically
variable phosphines, the most electron-rich ligand provides the
best results in Suzuki—Miyaura reactions.'” The effect of solvent
composition on cross-coupling efficiency was investigated in a
systematic manner for the same coupling reaction.'® Martensson
et al. studied the effect of solvent and base in copper-free
Sonogashira coupling in a systematic manner."

It is the aim of the present study to elucidate in which manner
electronic and steric modifications at aryl bromides, acetylenes, and
the ligands influence the outcome of Sonogashira reactions.” On
the basis of these results, it will be attempted to provide a few
general rules for the selection of suitable palladium—phosphine
catalyst complexes as well as catalytic procedures for the efficient
conversion of various substrate combinations.

B RESULTS AND DISCUSSION

Setting up the Sonogashira Screens. In order to probe
the influence of steric effects on Sonogashira couplings
reactions, a large number of such were carried under the
conditions reported previously,” using HN-i-Pr, as solvent and
base, Na,PdCl, as the palladium source, Cul as the cocatalyst,
and a phosphine.*" This reaction procedure is highly efficient
and is characterized by an excellent selectivity for the formation
of the desired tolanes. The steric properties of aryl bromide and
arylacetylene substrates and of the catalytically active Pd/
phosphine complexes were systematically varied (Scheme 1).
All permutations of seven aryl bromides and five arylacetylenes
were tested, resulting in the synthesis of 35 different tolanes
using four different phosphine—palladium catalysts. The same
set of experiments using the seven aryl bromides were also
conducted employing trimethylsilylacetylene. The steric prop-
erties of the phosphines used (tBusP, -Bu,PCy, t-BuPCy,,
PCy;) were systematically varied by stepwise replacing fert-
butyl groups by cyclohexyl groups. We decided to use a small
set of phosphines, which are closely related and can be changed
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in a highly systematic manner. Furthermore, we wanted to use
simple and easily available phosphines so that others can easily
use such ligands for their own experiments. For each of the 168
different Sonogashira coupling reactions, the respective time—
conversion data were independently determined twice; each
time—conversion plot consists of 10 or 11 individual GC mea-
surements. All data given are the average of two independent
determinations. For all of the tolanes studied the individual gas
chromatographic response factors were determined to enable the
precise quantification of product formation. In order to facilitate
reaction screening, a previously established parallel multisubstrate
procedure was employed.">** According to this procedure, all
seven aryl bromides employed were simultaneously reacted with a
single one of the six acetylenes in one reaction vessel™ This
procedure enables the screening of a large number of reactions in
a relatively short time. Furthermore, it ensures identical reaction
conditions for each series of aryl bromide coupling and thus
allows us to obtain precise and comparable reaction data.

Evaluation of the Individual Sonogashira Screens. As
outlined in Schemes 1 and 2 all permutations of the seven aryl
bromides and acetylenes (five arylacetylenes and Me,Si-CCH)
with four different Pd/PR; complexes were investigated. One
multisubstrate screen including the seven aryl bromides was set
up for each of the acetylenes. The results for each of those five
screens are displayed in Figures 1 and 2 (phenylacetylene),
Figures 3 and 4 (1-ethynyl-2-ethylbenzene), Figures S and 6
(1-ethynyl-2,4,6-trimethylbenzene), Figures 7 and 8 (1-ethynyl-
2,4,6-triethylbenzene), and Figures 9 and 10 (1-ethynyl-2,4,
6-triisopropylbenzene). The time—conversion curves for phenyl-
acetylene, 1-ethynyl-2-ethylbenzene, 1-ethynyl-2,4,6-trimethyl-
benzene, and 1-ethynyl-2,4,6-triethylbenzene were fitted to an
exponential function to obtain rate constants.”* Because of long
inhibition periods in the 1-ethynyl-2,4,6-triisopropylbenzene
reactions, the data could not be treated in the same manner;
instead, the conversion after 210 min is given and used for the
evaluation of the reaction efficiency.

dx.doi.org/10.1021/j0202644g | J. Org. Chem. 2012, 77, 2798—2807
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Scheme 2. Representation of 28 Different Sonogashira
Cross-Coupling Reactions (7 Aryl Bromides X 4
Phosphines) with Trimethylsilylacetylene
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Phenylacetylene. In the reactions with ortho-substituted
aryl bromides, Pd/t-Bu,PCy is slightly more efficient than Pd/¢-
Bu,P (Figures 1 and 2). The latter complex performs better in
the coupling of aryl bromides and arylacetylenes with ortho-
hydrogen atoms, as reported previously.'>* Interestingly, the
reactivity of the three 2-alkyl-substituted aryl bromides (2-Me,

phosphine

tBuPCy,
tBu,PCy
2-Me 2.Et 2i
“Pr 2,6-Me
4 2 2,4,6-Me; 2,4,6-Et;

aryl bromide

2,4,6-iPr;

Figure 1. Parallel multisubstrate screen for the reactions of
phenylacetylene with seven aryl bromides catalyzed either by 0.1
mol % Pd/t-Bu;P, Pd/t-Bu,PCy, Pd/t-BuPCy, or Pd/PCys;.
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Figure 2. Time conversion curves for the reactions of seven aryl
bromides with phenylacetylene catalyzed by 0.1 mol % Pd/t-Bu,PCy.
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2-Et, 2-i-Pr) is nearly the same (Figures 1 and 2), while the
reactivity of 2,6-substituted aryl bromides is significantly lower.
This appears to be due to a combination of steric and electronic
effects.

1-Ethynyl-2-ethylbenzene. With this acetylene, Pd/t-
BuPCy, is performing better than Pd/t-Bu,PCy for all aryl
bromides tested. Obviously the influence of acetylene bulk on
the Sonogashira coupling (in the choice of the “best” phosphine
ligand) is more important than that of aryl bromide bulk. The
increased bulk of 1-ethynyl-2-ethylbenzene relative to phenyl-
acetylene leads to a change in the choice of the “best”
phosphine ligand. For larger acetylenes, a smaller phosphine is
the better choice. An interesting change in the Sonogashira
reactivity is observed when 1-ethynyl-2-ethylbenzene is used
(Figures 3 and 4). Coupling reactions employing this large
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Figure 3. Parallel multisubstrate screen for the reactions of 1-ethynyl-
2-ethylbenzene with seven aryl bromides catalyzed either by 0.1 mol %
Pd/t-Bu,P, Pd/t-Bu,PCy, Pd/t-BuPCy,, or Pd/PCys;.
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Figure 4. Time conversion curves for the reactions of seven aryl
bromides with 1-ethynyl-2-ethylbenzene catalyzed by 0.1 mol % Pd/t-
BuPCy,.

substrate occur faster than analogous reactions using the
smaller phenylacetylene. This unexpected steric effect*> might
result from a hindered side-on coordination of the acetylene to
the active palladium species, which is known to be detrimental
to the activity of the catalyst in the Sonogashira coupling.éb
1-Ethynyl-2,4,6-trimethylbenzene. The reactivity trends
observed for 1-ethynyl-2-ethylbenzene are more pronounced
for reactions of l-ethynyl-2,4,6-trimethylbenzene (Figures S
and 6). The reaction rate is even faster than for conversions of
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The Journal of Organic Chemistry

k / [1/min]

aryl bromide

Figure S. Parallel multisubstrate screen for the reactions of 1-ethynyl-
2,4,6-trimethylbenzene with seven aryl bromides catalyzed either by
0.1 mol % of Pd/t-Bu;P, Pd/t-Bu,PCy, Pd/t-BuPCy,, or Pd/PCys;.
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Figure 6. Time—conversion curves for the reactions of seven aryl
bromides with 1-ethynyl-2,4,6-trimethylbenzene acetylene catalyzed by
0.1 mol % Pd/t-BuPCy,.

the two less bulky arylacetylenes. The Pd complex of the less
bulky phosphine t-BuPCy, performs much better than Pd/t-
Bu,PCy.

1-Ethynyl-2,4,6-triethylbenzene. The Sonogashira reac-
tions of 1-ethynyl-2,4,6-triethylbenzene are still faster than
those of phenylacetylene but slower than those of 1-ethynyl-
2,4,6-trimethylbenzene (Figures 7 and 8). The diminished
inhibition of the active center enhances the Sonogashira rates,
while the increasing bulk begins to slow down the reaction. For
this substrate, Pd/t-BuPCy, turns out to be the most efficient
catalyst for the Sonogashira transformations.

1-Ethynyl-2,4,6-triisopropylbenzene. The reactions of
very bulky 1-ethynyl-2,4,6-triisopropylbenzene with aryl
bromides (Figures 9 and 10) are characterized by a significant
inhibition period; no substrate conversion was observed during
the first ca. 20 min of the reaction. The solution of Na,PdCl, in
HN-i-Pr, is characterized by a pale yellow color, which persists
after addition of the respective aryl bromide. Upon addition of
the acetylene, a slow change to a dark yellow or orange color is
observed. This color persists throughout the coupling reaction.
It is generally believed that for the Sonogashira reaction, the
conversion of the inactive Pd*" salt into the active Pd® species
occurs via the formation of a L,Pd(CCR), complex, followed
by the reductive elimination of the respective butadiyne. The
initial absence of reactivity and of the typical red color of the
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Figure 7. Paralle] multisubstrate screen for the reactions of 1-ethynyl-
2,4,6-triethylbenzene with seven aryl bromides catalyzed either by 0.1
mol % of Pd/t-Bu;P, Pd/t-Bu,PCy, Pd/t-BuPCy,, or Pd/PCys;.
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Figure 8. Time—conversion curves for the reactions of seven aryl
bromides with 1-ethynyl-2,4,6-triethylbenzene catalyzed by 0.1 mol %
of Pd/t-BuPCys,.
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Figure 9. Parallel multisubstrate screen for the reactions of 1-ethynyl-
2,4,6-triisopropylbenzene with seven aryl bromides catalyzed either by
0.1 mol % Pd/t-Bu;P, Pd/t-Bu,PCy, Pd/t-BuPCy, or Pd/PCy;
(conversion after 210 min).

reaction mixture points to the absence of catalytically active
Pd(0).> This can be explained for sterically highly demanding
acetylenes, such as 1-ethynyl-2,4,6-triisopropylbenzene, by a
more difficult formation of the respective L,Pd(CCAr),
complexes.

dx.doi.org/10.1021/j0202644g | J. Org. Chem. 2012, 77, 2798—2807
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Figure 10. Time conversion curves for the reactions of seven aryl
bromides with I-ethynyl-2,4,6-triisopropylbenzene catalyzed by 0.1
mol % Pd/PCys.

Concerning the choice of the “best” phosphine, the
pronounced bulk in 1-ethynyl-2,4,6-triisopropylbenzene leads
to a preference for an even smaller phosphine and Pd/PCy,
constitutes the most active catalyst. Qualitatively speaking, the
sum of the steric bulk of the respective acetylene and of the
phosphine appear to be constant: small acetylenes require large
phosphines (t-BuyP or t-Bu,PCy), medium-sized acetylenes
(1-ethynyl-2,4,6-triethylbenzene) require smaller phosphines
(+BuPCy,), and the largest acetylenes perform best with the
small phosphines (PCy;). The most prominent byproduct of
Sonogashira reactions reported here is the respective enyne
resulting from the dimerization of two acetylenes, while the
respective butadiyne resulting from an oxidative coupling of
two acetylenes is negligible. The amount of formed dimeriza-
tion product depends on the nature of the phosphine; with Pd/
Pt-Buy and Pd/t-Bu,PCy it is negligible, with Pd/t-Bu,PCy up
to 5% and with Pd/PCy; up to 10% are formed.

Trimethylsilylacetylene. Me;SiCCH is a very important
substrate in Sonogashira reactions, which is often used as a
monofunctional surrogate for acetylene, since following the
cross coupling reaction the —SiMe; group can be cleaved off
easily."**” The pronounced steric bulk of this protective group
prompted us study, which of the phosphine/Pd complexes
tested here, is best suited for this substrate. This was done
according to the general protocol (scheme 2).** Initially, the
observed product formation appeared to be modest, despite
excellent substrate reactivity. This is not due to incomplete con-
version of the reactants but is an artifact of the strongly basic
post-reaction treatment, which primarily has to ensure rapid
quenching of the catalyst. In the course of sample preparation
(see the Experimental Section) for chromatographic product
analysis, the —SiMe; group is partially cleaved off and the
respective Ar-CCSiMe; and Ar-CCH are both observed in
the gas chromatograms. This is why in contrast to the other
arylacetylene reactions the data evaluation is based on the
decrease in the aryl bromide concentration. Nonetheless,
the difference in the reactivity of the four Pd/phosphine
complexes tested is pronounced (Figure 11). Pd/t-BuPCyj, is
the most powerful catalyst for the Sonogashira coupling of
Me,SiCCH.*

Guidelines for Sonogashira Coupling Reactions. On
the basis of the results of the extensive screening studies described
above, it is possible to recommend certain Pd/phosphine catalyst
complexes, which display the highest catalytic activity for certain
Sonogashira substrates (Table 1). The amount of catalyst given
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Figure 11. Parallel multisubstrate screen for the reactions of
trimethylsilylacetylene with seven aryl bromides catalyzed either by
0.1 mol % of Pd/t-BusP, Pd/t-Bu,PCy, Pd/t-BuPCy,, or Pd/PCy;
(conversion after 240 min).

should be considered as approximate values. The loading given in
Table 1 is based on reactions with simple alkyl groups and may
well be higher for other substrates with problematic
substituents. The choice of the best phosphine is primarily
guided by the nature of the respective acetylene and depends
only to a smaller extent on the bulk of the aryl bromide
substituents. In short: The higher the steric bulk of the
arylacetylene, the lower is the bulk of the phosphine ligands (in
the series P-+Bu; to PCy;) needed for the most efficient
Sonogashira transformation. Electron-rich and sterically
demanding aryl bromides require a considerably higher catalyst
loading than for example bromobenzene.

In order to utilize the knowledge obtained in the present study
for practical Sonogashira transformations, optimized procedures
for various substituted arylacetylenes and substituted aryl bromides
are also given in the Experimental Section.

Electronic Effect in Arylacetylenes. Electron-withdraw-
ing substituents at the aryl halides accelerate cross-coupling
reactions."'® The effect of such groups in the acetylenes on the
Sonogashira coupling is less well studied. Martensson et al.
suggested for copper-free Sonogashira reactions that different
mechanisms are followed, depending on the electronic nature
of the acetylene.*® We tested the Sonogashira coupling of four
substituted phenylacetylenes with electron-withdrawing and
-donating substituents (Scheme 3).

The respective time—conversion data are plotted in Figure 12.
The arylacetylene with the least electron-donating 4-R = CF;
is rapidly converted into the respective tolane, producing
the best chemical yields. With progressively stronger donating
4-R groups the reaction is more sluggish at the beginning and
the conversion of the respective phenylacetylene is less
efficient. The deprotonation of the acetylene may be a critical
step at the beginning of the cross-coupling reaction. However,
the use of other bases (Cs,CO3, LiN-i-Pr,, KO-t-Bu, Na-amylate)
did not lead to enhanced product formation. Interestingly, a
combined experimental/theoretical study by Alvares, Maseras,
Espinet et al. has shown that the coordination of acceptor olefins
to Pd enhances the reductive elimination, while at the same time
the oxidative addition is slowed down. Clearly a compromise
between the two effects should be reached, but for aryl bromide
cross coupling the oxidative addition tends to be less important,
so this might well be an explanation for the observed effects with
acetylenes."

dx.doi.org/10.1021/j0202644g | J. Org. Chem. 2012, 77, 2798—2807
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Table 1. Suitable Conditions for Pd-Catalyzed Sonogashira
Coupling of Arylacetylenes or Me;SiCCH with Aryl
Bromides (R, R” # H)“

aryl acetylene aryl bromide phosphine  [Pd] time
H P H
~ Br PtBu 01mol%  2h
NS S - o
H H
H P H
~ BT BuPcy  025mol%  2h
O NS £y 025 mone
H R’
H R"
Z Br 0.25mol%  6h
R_@ R—@ tBuPCy, -£> mofz
H R'
H H/R"
& Br
B 0.25mol%  2h
SO GO gl
R' H/R'
R" H/R"
Z Br tBUPC 05mol%  4h
SO Gl
R' H/R'
R H/R"
o oy
r 0,
R Pcy3 0.5 mol% 6h
very bulky R, R
H/R"
. Br
72 0.5 mol% 8h
Me3Si/ R tBuPCy, °
H/R'

“Ratio of Na,PdCl,/PR;/Cul = 4:8:3; solvent/base: HNi-Pr,, T =
80 °C, PR; used as PRy-HBF,.

Scheme 3. Sonogashira Coupling Reactions with
Electronically Variable Acetylenes
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0.1 mol% Na,PdCl,

0.2 mol% PtBuj

0.075 mol% Cul
HN'Pr,, 80°C
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conversion / %
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Figure 12. Sonogashira coupling of bromobenzene with arylacetylenes
with ewg and edg substituents catalyzed by 0.1 mol % of Pd/Pt-Bus.

Alternative Tolane Synthesis: Steric and Electronic
Effects. In principle, the synthesis of unsymmetrical tolanes is
possible by employing two different approaches (Scheme 4).
From a synthetic point of view it is important to ask which of
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Scheme 4. Potential Sonogashira Routes to Tolanes
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the two leads to better yields when R or R’ are sterically
demanding or undemanding or when R or R’ possess electron-
releasing or -donating character.

We first studied which of the two pairs of reactions (Scheme 5)
leading to the same product is influenced more strongly by

Scheme 5. Electronic Modifications of Substrates for

Sonogashira Coupling
0.01 mol% Na,PdCl,
0.02 mol% PtBus
0.0075 mol% Cul
HN'Pr,, 80°C O
F3C

0.01 mol% Na,PdCl,
0.02 mol% PtBus
0 0075 mol% Cul

HN’Prz 80°C
Me,oN

Q

electronic effects. Electron-withdrawing groups are known to
increase the reactivity of both substrates. Our experiments show
that this acceleration is more pronounced for electron-
withdrawing groups located at the arylacetylene. Reactions B
(Scheme 5) reaches 85% conversion already after 240 min and
reaction A only 18%; nonetheless, after 1200 min both
reactions stall at ca. 90% conversion. For reactions C 97%
yield is observed after 1440 min and with reaction D only 73%.

Next, the effect of steric bulk was tested in reactions
outlined in Scheme 6. Steric bulk next to the bromo

Scheme 6. Synthesis of Tolanes with Bulky Substituents

SeqBeer -0
S b HEEE

0.1 mol% NayPdCl,
0.2 mol% PCy;
0.075 mol% Cul

HN'Pr,, 80°C

0.1 mol% Na,PdCl,
0.2 mol% tBuPCy,
0.075 mol% Cul

HN/Pr,, 80°C

substituents is more detrimental for the cross-coupling
reaction than steric bulk at the acetylene. The conversion
for reaction E is 90% after 20 h, while it is only 66% for
reaction F after the same time period, when using different,
but the “best”, phosphines for the respective trans-
formations. Again the choice of the phosphine determines
the reactivity differences and under the best possible
reaction condition (in the subset of reaction parameters

dx.doi.org/10.1021/j0202644g | J. Org. Chem. 2012, 77, 2798—2807
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tested here) the effect of steric bulk on the reaction is less
pronounced in the arylacetylene.

Phosphines: Steric and Electronic Effects. Finally, the
effect of variable electron donation on the catalytic activity of
the respective palladium phosphine complexes was tested, using
two different phosphines t-Bu,P(C4H,-R)'" with R = 4-CF;, 4-
NMe,. As expected, the time—conversion curves (Figure 13)

100

conversion / %

phosphine

/R=4-NMe,
\ = 4-
0 450 R = 4-CF,

time / min 180 240

Figure 13. Electronic modification of the phosphine t-Bu,P(C¢H,-R)
R = 4-CF; or 4-NMe, using 0.01 mol % of Pd/t-Bu,P(C4H,R) in the
reaction of 4-tolyl bromide and mesitylacetylene.

for two Sonogashira reactions provide clear evidence for the
higher reactivity of the more electron-rich phosphine.

B CONCLUSIONS

Based on the screening of nearly 200 different Sonogashira
reactions with systematically varied aryl bromides, arylacety-
lenes and Me;SiCCH and phosphine ligands, a set of simple
rules aiding such cross coupling reactions and the choice of the
“ideal” substrate/catalyst combinations are reported. In general,
the steric bulk of the phenylacetylene is the most important
factor determining the choice of the “ideal” Pd/phosphine
catalyst.

Electronic Effects of the Aryl Bromide Substituents.
Electron-withdrawing groups at the aryl bromides accelerate the
rate of the Sonogashira coupling. Such an electronic effect is
more important than moderate steric bulk at the aryl bromide.

Steric Effects of the Aryl Bromide Substituents. The
effect of steric bulk in 2-substituted aryl bromides on the rate of
Sonogashira reactions is modest. For 2,6-substituted aryl
bromides the steric effect is much more pronounced.

Electronic Effects of the Acetylene Substituents.
Electron-withdrawing groups on the acetylene lead to an
increase in the rate of the Sonogashira coupling. This rate
acceleration is more pronounced for arylacetylenes than for aryl
bromides with electron withdrawing substituents.

Steric Effects of the Acetylene Substituents. Moderate
steric bulk at the arylacetylene is beneficial and leads to a
significant increase in the rate of the Sonogashira reaction
compared to phenylacetylene. However, this is only true, when
the increase in the steric bulk of the acetylene is compensated
by using progressively smaller phosphine ligands. There exists
an ideal combination of steric bulk at the acetylene and the
phosphine. Consequently, the nature of the acetylene
determines the choice of the ideal phosphine for a Sonogashira
coupling reaction. Bulky acetylenes require small phosphines,
smaller acetylenes require larger phosphines. An unsymmetrical
tolane with sterically demanding groups on one aryl ring is best
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synthesized by attaching bulky and/or electron-withdrawing
groups on the arylacetylene.

Effects on the Initiation Period. The use of increasingly
bulky acetylenes leads to significant initiation periods in the
Sonogashira reaction. The formation of catalytically active
Pd(0) complexes appears to rely primarily on the nature of the
acetylene.

Choosing the Best Phosphine Ligand. The detailed
investigation of substrate reactivity provides guidelines for
efficient Sonogashira coupling reactions (Table 1): (a)
reactions of arylacetylenes (no ortho-substituents other than
H) with aryl bromides (no ortho-substituents other than H)
are best done with a Pd/t-BuyP catalyst; (b) reactions of
arylacetylenes (no ortho-substituents other than H) with aryl
bromides (bulky ortho-substituents) are best done with Pd/t-
Bu,PCy or with Pd/t-BuPCy,; (c) reactions of 2-substituted
arylacetylenes and aryl bromides are best done with Pd/t-
BuPCy,; (d) reactions of 2,6-disubstituted arylacetylenes and
aryl bromides are best done with Pd/tBuPCy,; (e) reactions of
2,6-disubstituted arylacetylenes (very bulky ortho-substituents)
and aryl bromides are best done with Pd/PCy;; (f) reactions of
Me;SiCCH with aryl bromides are best done with Pd/t-
BuPCy,.

B EXPERIMENTAL SECTION

General Experimental Methods. All chemicals were purchased
as reagent grade and used without further purification unless otherwise
noted. All reactions were performed under an atmosphere of argon
using the standard Schlenk technique. Solvents for syntheses were
dried using a column purification system. HN-i-Pr, was dried using
CaH,, distilled prior to use, and degassed three times using a “freeze
and thaw” technique. 'H, *C, and *'P NMR spectra were recorded at
300 MHz ('H), 75 MHz (*3C), and 121 MHz (*'P) or at 500 MHz
(*H), 126 MHz (**C), and 202 MHz (*'P), respectively. Chemical
shifts are given in parts per million (ppm) on the delta scale (§) and
are referred either to tetramethylsilane (*H-; *C NMR = 0 ppm) or
the residual solvent peak. 3'P NMR was referred to H;PO,, (65% aq. =
0 ppm). Thin layer chromatography (TLC) was performed using silica
gel 60 F 254 (02 mm) on alumina plates. For preparative
chromatography silica gel 60 (0.063—0.20 mesh) was used.

2-Bromotoluene, 1-bromo-2-ethylbenzene, 1-bromo-2-isopropyl-
benzene, and 2-bromo-m-xylene as well as 1-bromomesitylene were
available from commercial sources. 1-Bromo-2,4,6-triethylbenzene and
l-bromo—2,4,6—triis0£)ropylbenzene were prepared according to liter-
ature procedures.’” The phosphines used were purchased and
converted into the respective phosphonium tetrafluoroborates with
HBE, Et,0.

Gas Chromatography. A chromatograph with a split/splitless
injector system and FID was used. Chromatographic separation was
performed by using a 15 m X 0.25 mm Varian CP-Sil 8 CB column
(df = 1.0 ym) and nitrogen used as carrier gas at a flow rate of
0.35 mL-min~". All injections were carried out in the split flow mode
with a split ratio of 20:1. The injector was maintained at a temperature
of 300 °C and the detector at 350 °C. Quantification was accomplished
by using dibenzofuran and mesitylene as internal standards, the
concentration of the standard was equal to each of the substrates in the
screening reactions. Details concerning chromatographic separation
(temperature programming, retention times) of the reactants as well as
the products are given below.

GC Temperature Programming for Compound Separation.
In the Me;SiCCH screen the following program was used: 100 °C for
1 min, heating to 262 °C at a rate of 15 °C min~", hold 0 min and
finally heating to 310 °C at a rate of 35 °C min~", hold isotherm for
0 min (total runtime is 13.17 min). In the phenylacetylene screen the
following program was used: 100 °C for 1 min, heating to 262 °C at a
rate of 15 °C min™", hold 0 min and finally heating to 310 °C at a rate
of 35 °C min™", hold isotherm for 3 min (total runtime is 16.17 min).
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In the mesitylacetylene screen the final isotherm was extended to 6
min (total runtime is 19.17 min), in the 1-ethynyl-2,4,6-triethylben-
zene screen to 9 min (total runtime is 22.17 min) and in the 1-ethynyl-
2,4,6-triisopropylbenzene screen to 12 min (total runtime is 25.17
min). In the 1-ethynyl-2-ethylbenzene screen the following program
was used: 150 °C for 0 min, heating to 200 °C at a rate of 10 °C
min~", hold S min, heating to 262 °C at a rate of 10 °C min~", hold §
min and finally heating to 310 °C at a rate of 35 °C min™', hold
isotherm for 4 min (total runtime is 21.90 min).

Sonogashira Coupling Reactions. Catalyst Stock Solution.
Na,PdCl, (17.7 mg; 60 ymol), Cul (8.6 mg; 45 pmol) and the
respective trialkylphosphonium tetrafluoroborate salt (120
umol) were placed in an oven-dried Schlenk tube, evacuated,
and backfilled with argon three times. Subsequently, HN-i-Pr,
(15 mL) was added and the resulting mixture stirred at 40 °C
for 60 min. After the mixture was cooled to room temperature,
the formed salt was filtered off. The resulting solution had a
concentration of 4 umol Pd/mL. Two hundred and fifty
microliters of this solution correspond to a catalyst loading
(Pd/phosphine/Cul = 4:8:3) of 0.1 mol % in the screening
reactions with a total aryl bromide loading of 1 mmol.

Aryl Bromide Stock Solution. Aryl bromides were weighed with the
appropriate amount of the internal GC-standard and subsequently
filled up with HN-i-Pr, to reach the desired concentration. The
concentration for the aryl bromide stock solution was 1 mmol/mL for
the sum of all components and (n(components) M)~' for
dibenzofuran as internal GC standard.

Sonogashira Screening Reactions. A mixture of the aryl bromide
stock solution (1000 xL, 1 mmol) and the respective catalyst stock
solution (250 uL, 1 umol, 0.1 mol %) in HN-i-Pr, (5000 uL) was
degassed using a “freeze and thaw” technique and then heated to
80 °C under vigorous stirring for 10 min. Initiation of the reaction is
done by the addition of 1.05 mmol (1.0S equivs) of the respective alkyne.
The precipitation of H,N-i-Pr,Br indicates the start of the reaction,
and GC samples were taken at given times.

Sonogashira Reactions of Substituted Acetylenes with Aryl
Bromides (General Procedure). Na,PdCl, (7.1 mg, 0.025 mmol),
0.05 mmol of the respective phosphonium salt, and Cul (3.6 mg, 0.019
mmol) were weighed in an oven-dried two-necked Schlenk-flask
equipped with a reflux condenser. HN-i-Pr, (50 mL) was transferred
to the flask via cannula. The respective ortho-alkylated aryl bromide
(10 mmol) was transferred to the flask with a syringe and the mixture
carefully degassed via “freeze and thaw” technique. After being warmed
to rt, the mixture was warmed and stirred at 80 °C for 10 min and 1.05
equiv of the respective acetylene added via syringe. The precipitation
of H,N-i-Pr,Br and a darkening of the reaction mixture indicated the
onset of the reaction, and stirring was continued for the appropriate
time (see Table 1). After the mixture was cooled to room temperature,
the precipitate was separated via suction filtration (glass frit G4) and
washed twice with HNi-Pr,. The volatiles are evaporated in vacuo. The
residue is purified by column chromatography using cyclohexane/ethyl
acetate mixtures as the eluent.

Following this general procedure, the respective coupling products
were obtained in yields of 70—98% yield (Supporting Information).
Table 1 shows the recommended acetylene/phosphine combinations
and catalyst loadings for certain substrate combinations, which were
applied for the products reported here.

Data for previously unknown Sonogashira products are listed below:

1,3,5-Triethyl-2-(phenylethynyl)benzene. This compound was
isolated from the reaction of 1-bromo-2,4,6-triethylbenzene with
phenylacetylene (0.25 mol % Pd/t-BuPCy,) according to the general
procedure as a colorless oil (yield 69%, 362 mg): '"H NMR (CDCl,) &
7.57—7.54 (m, 2H), 7.40—7.31 (m, 3H), 6.96 (s, 2H), 2.91 (q, J = 7.6
Hz, 4H), 2.66 (q, ] = 7.6 Hz, 2H), 1.34 (t, ] = 7.6 Hz, 6H), 1.28 (t, ] =
7.6 Hz, 3H); *C NMR (CDCL;) § 146.7, 144.7, 131.4, 128.5, 128.0,
125.2, 124.3, 118.9, 96.3, 87.1, 29.1, 28.3, 15.6, 15.1; HRMS (EI) for
CyoH,, (M*) caled 262.1721, found 262.17034.

1,3,5-Trimethyl-2-[(2-methylphenyl)ethynyl]lbenzene. This com-
pound was isolated from the reaction of 2-bromotoluene with
mesitylacetylene (0.5 mol % Pd/t-BuPCy,) according to the general
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procedure as a white solid (yield: 93%, 651 mg): '"H NMR (CDCL,) §
7.55 (d/d, ] = 6.8/1.5 Hz, 1H), 7.29 — 7.18 (m, 3H), 6.94 (d, ] = 0.6
Hz, 2H), 2.57 (s, 3H), 2.53 (s, 6H), 2.33 (s, 3H); *C NMR (CDCl,)
0 1402, 139.8, 137.8, 131.9, 129.6, 128.1, 127.8, 125.7, 124.0, 120.5,
96.3, 91.5, 21.5, 21.3, 21.2; HRMS (EI) for C;sH;3 (M*) calcd
234.1408, found 234.13989; mp 38-39 °C.
1,3,5-Trimethyl-2-[(2-ethylphenyl)ethynyl]lbenzene. This com-
pound was isolated from the reaction of 1-bromo-2-ethylbenzene
with mesitylacetylene (0.5 mol % Pd/t-BuPCy,) according to the
general procedure as a colorless oil (yield 85%, 422 mg): '"H NMR
(CDCly) 6 7.52—7.49 (d/t, ] = 7.5/1.0 Hz, 1H), 7.27—7.13 (m, 3H),
6.89 (d, ] = 0.6 Hz, 2H), 2.90 (q, ] = 7.6 Hz, 2H), 2.48 (s, 6H), 2.28
(s, 3H), 1.29 (t, J = 7.6 Hz, 1H); *C NMR (CDCl,) § 145.8, 140.2,
137.8, 132.3, 128.3, 1282, 127.8, 125.8, 123.3, 120.5, 96.0, 91.0, 28.1,
21.5, 212, 15.2; HRMS (EI) for C,gH,, (M*) calcd 248.1565, found
248.1536S.
1,3,5-Trimethyl-2-[(2-isopropylphenyl)ethynyllbenzene. This
compound was isolated from the reaction of 1-bromo-2-isopropyl-
benzene with mesitylacetylene (0.5 mol % Pd/t-BuPCy,) according to
the general procedure as a colorless oil (yield 94%, 491 mg): '"H NMR
(CDCly) 6 7.58—7.54 (m, 1H), 7.36—7.29 (m, 2H), 7.23—7.17 (m,
1H), 6.94 (d, ] = 0.6 Hz, 2H), 3.66 (sept, J = 6.9 Hz, 1H), 2.53 (s,
6H), 233 (s, 3H), 1.35 (d, J = 6.9 Hz, 6H); °C NMR (CDCl,) 6
150.1, 140.2, 137.8, 132.5, 128.5, 127.8, 125.7, 125.0, 123.0, 120.5,
96.1, 91.3, 31.8, 23.3, 21.5, 21.2; HRMS (EI) for C,oH,, (M) calcd
262.1721, found 262.16913.
2-((2,6-Dimethylphenyl)ethynyl)-1,3,5-trimethylbenzene. This
compound was isolated from the reaction of 2-bromo-m-xylene with
mesitylacetylene (0.5 mol % Pd/+BuPCy,) according to the general
procedure as a white solid (yield 81%, 402 mg): 'H NMR (CDCl;) §
7.18=7.10 (m, 3H), 6.95 (d, J] = 0.6 Hz, 2H), 2.58 (s, 6H), 2.55(s,
6H), 2.34 (s, 3H); 3C NMR (CDCl;) § 140.1, 137.8, 127.8, 127.6,
126.9, 124.0, 120.8, 96.2, 95.2, 21.8, 21.6, 21.5; HRMS (EI) for C;gH,,
(M*) caled 248.1565, found 248.15380; mp 89—90 °C.
1,3,5-Triethyl-2-[(2,4,6-trimethylphenyl)ethynyl]benzene. This
compound was isolated from the reaction of 1-bromo-2,4,6-triethylbenzene
with mesitylacetylene (0.5 mol % Pd/t-BuPCy,) according to the
general procedure as a white solid (yield 82%, 749 mg): '"H NMR
(CDCly) 6 6.99 (s, 2H), 6.95 (d, ] = 0.6 Hz, 2H), 2.96 (q, ] = 7.6
Hz, 4H), 2.67 (q, ] = 7.6 Hz, 2H), 2.54 (s, 6H), 2.34 (s, 3H), 1.34
(t,J = 7.6 Hz, 6H), 1.29 (t, ] = 7.6 Hz, 3H); *C NMR (CDCl,) §
146.4, 144.4, 140.1, 137.6, 127.8, 125.2, 121.1, 119.7, 94.7, 94.27,
29.1,28.5, 214, 15.6, 15.4; HRMS (EI) for C,3H,g (M) caled 304.2191,
found 304.21780; mp 76—77 °C.
1,3,5-Triisopropyl-2-[(2,4,6-trimethylphenyl)ethynyl]benzene.
This compound was isolated from the reaction of 1-bromo-2,4,6-
triisopropylbenzene with mesitylacetylene (0.5 mol % Pd/t-BuPCy,)
according to the general procedure as a white solid (yield: 75%, 778
mg). The isolated yield is significantly lower than in the multisubstrate
screen, since the enyne byproduct is difficult to separate by
chromatography: 'H NMR (CDCl;) § 7.06 (s, 2H), 6.94 (d, ] = 0.5
Hz, 2H), 3.74 (sept, ] = 6.9 Hz, 2H), 2.95 (sept, ] = 6.9 Hz, 1H), 2.53
(s, 6H), 2.33 (s, 3H), 1.34 (d, ] = 6.9 Hz, 12H), 1.30 (d, ] = 6.9 Hz,
6H); *C NMR (CDCl,) § 150.5, 149.1, 140.1, 137.6, 127.9, 121.1,
120.4, 119.4, 94.8, 94.5, 34.7, 32.0, 24.1, 23.6, 21.4; HRMS (EI) for
Cy6Hy, (M") caled 346.266, found 346.26818; mp 84—8S °C.
2-[(2-Ethylphenyl)ethynyl]-1,3-dimethylbenzene. This compound
was isolated from the reaction of 2-bromo-m-xylene with 1-ethyl-2-
ethynylbenzene (0.25 mol % Pd/t-BuPCy,) according to the general
procedure as a slight yellow oil (yield: 90%, 420 mg): 'H NMR
(CDCL) 6 7.56—7.53 (m, 1H), 7.28—7.06 (m, 6H), 2.93 (q, ] = 7.6
Hz, 2H), 2.54 (s, 6H), 1.31 (d, J = 7.6 Hz, 3H), 1.26 (d, J = 6.9 Hz,
6H); *C NMR (CDCl,) § 145.9, 140.3, 132.4, 128.5, 128.2, 127.8,
126.9, 125.8, 123.5, 123.1, 96.8, 90.7, 28.1, 21.4, 15.3; HRMS (EI) for
CisHjs (M") caled 234.1408, found 234.14032.
2-((2,6-Dimethylphenyl)ethynyl)-1,3,5-triisopropylbenzene. This
compound was isolated from the reaction of 2-bromo-m-xylene with
1-ethynyl-2,4,6-triisopropylbenzene (0.5 mol % Pd/PCy,) according
to the general procedure as a slight yellow oil (yield: 70%, 491 mg).
The isolated yield is significantly lower than in the multisubstrate
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screen, since the enyne byproduct is difficult to separate by
chromatography: 'H NMR (CDCL,) § 7.18—7.09 (m, 3H), 7.07 (s,
2H), 3.75 (sept, ] = 6.8 Hz, 2H), 2.95 (sept, ] = 6.9 Hz, 1H), 2.57 (s,
6H), 1.35 (d, ] = 6.8 Hz, 12H), 1.31 (d, ] = 6.9 Hz, 6H); *C NMR
(CDCL,) 6 150.6, 149.3, 1402, 127.6, 127.0, 124.1, 1204, 119.2, 95.3,
94.6, 34.7, 32.0, 24.1, 23.7, 21.5; HRMS (EI) for C,sHy, (M) caled
332.2504, found 332.25207.

Trimethyl[(2,4,6-triisopropylphenyl)ethynyl]silane. This com-
pound was isolated from the reaction of 1-Bromo-2,4,6-triisopropyl-
benzene with trimethylsilylacetylene (0.5 mol % Pd/t-BuPCy,)
according to the general procedure as pale yellow crystals (yield:
72%, 447 g): "H NMR (CDCL;) 6 6.97 (s, 2H), 3.52 (sept, ] = 6.8 Hz,
2H), 2.89 (sept, ] = 6.9 Hz, 1H), 1.28 (d, ] = 6.8 Hz, 12H), 1.26 (d,] =
6.9 Hz, 6H); '*C NMR (CDCl;) § 151.2, 149.4, 120.3, 118.7, 102.9,
101.9, 34.7, 31.9, 24.1, 23.3, 0.2; HRMS (EI) for C,,H;,Si (M*) caled
300.2273, found 300.22474; mp 58—59 °C.

Synthesis of Known Arylacetylenes Synthesized Accord-
ing to the General Procedure. 1-Methyl-2-(phenylethynyl)-
benzene.”” This compound was isolated from the reaction of
2-bromotoluene with phenylacetylene (0.25 mol % Pd/t
Bu,PCy) according to the general procedure as yellow oil,
which solidified on standing (yield 97%). 1-Ethyl-2-
(phenylethynyl)benzene.** This compound was isolated
from the reaction of 1-bromo-2-ethylbenzene with phenyl-
acetylene (0.25 mol % Pd/tBu,PCy) according to the general
procedure as colorless oil (yield 87%). 1-Isopropyl-2-
(phenylethynyl)benzene.** This compound was isolated
from the reaction of 1-bromo-2-isopropylbenzene with phenyl-
acetylene (0.25 mol % Pd/tBu,PCy) according to the general
procedure as colorless oil (yield 91%).”! This compound was
isolated from the reaction of 2-bromo-m-xylene with phenyl-
acetylene (0.25 mol % Pd/t-BuPCy,) according to the general
procedure as colorless oil (yield 86%). 1,3,5-Trimethyl-2-
(phenylethynyl)benzene.>* This compound was isolated from
the reaction of 2-bromomesitylene with phenylacetylene (0.25
mol % Pd/t-BuPCy,) according to the general procedure as a
white solid (yield 74%). 1,3,5-Triisopropyl-2-(phenylethynyl)-
benzene.*® This compound was isolated from the reaction
of 1-bromo-2,4,6-triisopropylbenzene with phenylacetylene
(0.25 mol % Pd/t-BuPCy,) according to the general proce-
dure as a colorless oil (yield 69%). The isolated yield is
lower than GC conversion, since the enyne byproduct is
difficult to separate by chromatography. 1,1’-Ethyne-1,2-
diylbis(2,4,6-trimethylbenzene).>” This compound was isolated
from the reaction of 2-bromomesitylene with mesitylacetylene
(0.5 mol % Pd/t-BuPCy,) according to the general procedure
as a white solid (yield 83%). Trimethyl(o-tolylethynyl)silane.*®
This compound was isolated from the reaction of 2-bromo-
toluene with trimethylsilylacetylene (0.5 mol % Pd/t-
BuPCy,) according to the general procedure as yellow oil
(yield 91%). (2-Ethylphenyl)ethynyltrimethylsilane.>® This
compound was isolated from the reaction of 1-bromo-2-
ethylbenzene with trimethylsilylacetylene (0.5 mol % Pd/t-
BuPCy,) according to the general procedure as yellow oil
(yield 88%).
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