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ABSTRACT: We have explored fundamental Pd-catalyzed Csp2−
Csp2 Suzuki−Miyaura cross-couplings of aryl iodides (Ar−I)
employing “classical” Pd/PPh3 catalyst systems. Surprisingly, we
observed particularly ineﬃcient couplings of these ostensibly
reactive electrophiles in a range of conventional solvent mixtures
at lower temperatures (∼50 °C), which was in stark contrast to
analogous reactions featuring the equivalent aryl bromides. This
feature of well-established Pd/PPh3-mediated Suzuki−Miyaura reactions has received scant attention in the literature. Most
signiﬁcantly, our studies suggest that the ineﬃcient coupling of aryl iodides at lower temperatures derives from the unexpectedly
poor turnover of the key on-cycle intermediate trans-[Pd(PPh3)2(Ar)(I)] (or related PdII−I species) in the presence of PPh3.

■

INTRODUCTION
The Suzuki−Miyaura reaction is arguably one of the most
important transition-metal-catalyzed C−C coupling processes
in organic synthesis.1,2 Underscoring this, the 2010 Nobel Prize
was awarded to Heck, Negishi, and Suzuki “for palladiumcatalyzed cross-couplings in organic synthesis”.3 The identiﬁcation and development of various alkylphosphine ligands
have contributed to enhancing the scope, eﬃciency, and utility
of a range of Pd-catalyzed Csp2−Csp2 couplings, including the
Suzuki−Miyaura reaction.4 Nevertheless, more traditional
catalyst systems featuring arylphosphine ligands, including the
venerable precatalyst [Pd(PPh3)4], still feature heavily in these
pivotal transformations.1b The oxidative addition of aryl halides
to phosphine-ligated Pd(0) complexes has been studied
extensively,5 and it is generally accepted that the relative rates
for the oxidative addition of aryl halides (Ar−X) to these Pd(0)
species typically follow the trend Ar−I > Ar−Br > Ar−Cl.5b,6
While we were in the process of developing a new
undergraduate laboratory experiment focused on exploring
key features of the Suzuki−Miyaura reactions utilizing a Pd/
PPh3 catalyst system,7 we were intrigued by results that
counterintuitively suggested the very poor reactivity of aryl
iodides at ∼50 °C. This was in stark contrast to eﬃcient
couplings of the equivalent aryl bromides at the same
temperatures. After searching the literature, we could only
identify one published report of similar behavior in Suzuki−
Miyaura reactions, which was disclosed by Novak and Wallow
over 20 years ago (Scheme 1).8,9 These two data points, which
were not directly discussed in their work, also tentatively
suggested the ineﬃcient coupling of 1-iodo-4-nitrobenzene
under these conditions. To our knowledge, the speciﬁc reasons
for this surprising behavior has not been investigated further:
hence, the study reported herein.
© 2018 American Chemical Society

Scheme 1. Results of Pd-Catalyzed Suzuki−Miyaura
Couplings Reported by Novak and Wallow in 19948

■

RESULTS AND DISCUSSION
In order to explore these observations in more detail, we
employed standard Suzuki−Miyaura reaction conditions that
would allow us to conduct experiments across a broad
temperature range.10 Thus, reactions of phenylboronic acid
with p-iodo- and p-bromotoluene, respectively, in the presence
of [Pd(PPh3)4] at 100 and 80 °C, provided eﬃcient couplings
(Table 1, entries 1 and 2). When the analogous Suzuki−
Miyaura couplings were conducted at 70 and 60 °C, the
eﬃciency of reactions featuring p-iodotoluene (1) decreased
signiﬁcantly; especially in comparison to equivalent reactions
using bromide 2 (entries 3 and 4). Most notably, in reactions
with iodide 1 at 50 °C, limited cross-coupling occurred and the
results clearly suggested that reaction with bromide 2 was much
more eﬃcient in comparison (Table 1, entry 5, and Figure
1).11,12 Analogous results were observed in THF/H2O or
acetone/H2O solvent mixtures, while employing DMF/H2O
provided a notable diﬀerence in the relative eﬃciencies of
electrophiles 1 and 2 (entries 6−8). The substitution of
Na2CO3 for either K2CO3 or NaOH did not provide signiﬁcant
diﬀerences (entries 9 and 10).13 In general, the substitution of
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equivalent bromides, and this uniform trend was observed
across a range of sterically and electronically varied aryl halides
and boronic acids (Table 2). In reactions at 50 °C, featuring

Table 1. Respective Suzuki−Miyaura Couplings of Iodide 1
and Bromide 2 with PhB(OH)2: Inﬂuence of Reaction
Parameters

Table 2. Investigating Electronic and Steric Eﬀects in
Suzuki−Miyaura Couplings

yield (%)a
entry

Ar′

Ar″

using Ar−I

1
2
3
4
5
6
7b

o-tol
m-tol
p-OMeC6H4
p-NO2C6H4
Ph
Ph
Ph

Ph
Ph
Ph
Ph
p-tol
p-OMeC6H4
p-NO2C6H4

8 (6)
5 (3)
10 (8)
17 (11)
12 (10)
15 (14)
16 (13)

using Ar−Br
59
52
55
74
59
52
50

(40)
(35)
(38)
(53)
(49)
(41)
(39)

a

Determined via GC with the aid of a calibrated internal standard
(average of two experiments). Yields after 0.25 h are given in
parentheses. bReaction performed at 70 °C.

a

sodium phenyltrihydroxyborate as the nucleophile, couplings
were also more eﬃcient employing bromide 2 in comparison to
iodide 1 (Table 3, entry 1). We then explored whether

Determined via gas chromatography (GC) with the aid of a calibrated
internal standard (average of two experiments). Yields after 0.25 h are
given in parentheses. bTHF used instead of n-PrOH. cAcetone used
instead of n-PrOH. dDMF used instead of n-PrOH. eK2CO3 used
instead of Na2CO3. fNaOH used instead of Na2CO3.

Table 3. Respective Suzuki−Miyaura Couplings of Iodide 1
and Bromide 2: Inﬂuence of Nucleophiles

yield (%)a

Figure 1. Formation of biaryl 3 in respective Suzuki−Miyaura
couplings employing iodide 1 (red) and bromide 2 (blue) at 50 °C
(conditions: Table 1, entry 5). Each data point represents the average
of two experiments with yields determined via GC with the aid of a
calibrated internal standard.

entry

nucleophile

temp (°C)

using 1

using 2

1b
2
3
4
5
6
7

Ph-B(OH)3Na
Ph-Bpin
Ph-Bpin
Ph−Bpin
Ph-BF3K
Ph-BF3K
Ph-BF3K

50
100
80
50
100
80
50

15 (13)
89 (89)
87 (62)
7 (7)
77 (72)
47 (34)
<2 (<2)

57 (57)
95 (81)
85 (79)
61 (43)
67 (43)
50 (25)
12 (2)

a

Determined via GC with the aid of a calibrated internal standard
(average of two experiments). Yields after 0.25 h are provided in
parentheses. bNa2CO3 not added.

substituting phenylboronic acid with either phenylboronic acid
pinacol ester or potassium phenyltriﬂuoroborate would also
provide similar results. In general, analogous trends were
observed using phenylboronic acid pinacol ester (Table 3,
entries 2−4). Less discernible trends were evident in coupling
reactions using potassium phenyltriﬂuoroborate (Table 3,
entries 5−7).18,19
We then investigated the eﬀects of other ligands in Pdcatalyzed Suzuki−Miyaura couplings. Employing monodentate
ligands that are bulkier than PPh3 provided both eﬃcient (P(otol)3) and ineﬃcient (TTMPP) couplings of iodides (Table 4,
entries 1−3). Ligands with cone angles similar to that of PPh3
(AsPh3 and P(p-tol)3) facilitated cross-couplings of iodides
eﬀectively (entries 4 and 5). The presence of monodentate
ligands that are electronically similar to PPh3 (AsPh3, P(o-tol)3,
P(p-tol)3, and PBn3) and more electron deﬁcient (P(2-furyl)3,

1% [Pd(PPh3)4] for 1% Pd(OAc)2/PPh3 (2 or 4%) provided
similar results (entries 11−16).14−16 Notably, employing either
1% Pd(OAc)2/1% PPh3 or “ligandless” conditions (no PPh3)
provided eﬃcient iodide couplings at 50 °C (entries 17 and
18). This demonstrates the adverse eﬀect that the presence of
PPh3 has on the eﬃciency of the coupling of aryl iodides
relative to bromides at ∼50 °C, which is consistent with Novak
and Wallow’s observations (Scheme 1) and other pioneering
studies highlighting the acceleration of Suzuki−Miyaura
couplings under “ligandless” conditions.8,17
Next, we investigated the role of electronic and steric eﬀects
on reactions using various pairs of electrophiles and
nucleophiles. In this way, we demonstrated more generally
that iodides were less eﬃcient coupling partners relative to the
1746
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Table 4. Respective Suzuki−Miyaura Couplings of Iodide 1
and Bromide 2: Inﬂuence of Ligands

yield (%)a
entry

ligande

θ (deg)b

ν (cm−1)c

using 1

using 2

1
2
3
4
5
6
7
8
9
10d
11
12d

PPh3
P(o-tol)3
TTMPP
AsPh3
P(p-tol)3
P(2-furyl)3
P(OPh)3
PBn3
dppf
dppf
dppe
dppe

145
194
184
142
145
133
130
139.5

2068.9
2066.6

11 (9)
66 (50)
6 (5)
57 (50)
43 (35)
51 (44)
66 (53)
39 (26)
42 (20)
47 (31)
3 (3)
<2 (<2)

68
61
47
22
51

2067.9
2066.7
2078.4
2075.9
2066.1

may be generated either by the reaction of oxidative addition
adduct A with a boronate (path A, Figure 2) or via the reaction

(57)
(56)
(27)
(18)
(39)
9 (9)
54 (49)
42 (34)
28 (9)
25 (9)
<2 (<2)
<2 (<2)

Figure 2. Two fundamental pathways leading to pretransmetalation
intermediate C in Suzuki−Miyaura couplings.

a

Determined via gas chromatography (GC) with the aid of a calibrated
internal standard (average of two experiments). Yields after 0.25 h are
given in parentheses. bTolman cone angle.9,20 cTolman electronic
parameter (IR frequency of Ni(CO)3L).9,20a,21 d1% ligand used.
e
Abbreviations: TTMPP, tris(2,4,6-trimethoxyphenyl)phosphine;
dppf, 1,1′-ferrocenediylbis(diphenylphosphine); dppe, bis(diphenylphosphino)ethane.

of hydroxo-Pd species B with a boronic acid (path B). It is
acknowledged that this transmetalation process is particularly
complicated, nuanced, and subtly inﬂuenced by a range of
factors.22,26−28 A number of research groups have investigated
the kinetics of transmetalation experimentally, and in these
particular cases their results indicated that path B was more
kinetically favorable than path A (Figure 2).22,26,28e,f Speciﬁcally, the results of studies exploring the transmetalation of
trans-[Pd(PPh3)2(Ar)(X)] (X = Br, I) under both stoichiometric and catalytic conditions demonstrate that the respective
rates of the Suzuki−Miyaura reactions are consistent with
transmetalation likely occurring via the reaction of hydroxo-Pd
species with arylboronic acids (Path B).22,26,28a,b This process is
orders of magnitude faster than the reaction of trans[Pd(PPh3)2(Ar)(X)] with an aryltrihydroxyborate (path
A).22,26,29
With the aforementioned issues in mind, we focused on
investigating the chemical competence of trans-[Pd(PPh3)2(ptol)(I)] in both n-PrOH/H2O and DMF/H2O. We chose to
also perform experiments in the latter solvent, as we had
previously demonstrated that, in this particular mixture, the
relatively eﬃcient coupling of p-iodotoluene conspicuously
contrasted with results obtained in n-PrOH and other organic
cosolvents (Table 1, entries 5−8). Reactions in both solvent
mixtures clearly demonstrated that trans-[Pd(PPh3)2(p-tol)(I)]
is a chemically competent species at 50 °C (Table 5, entry 1).
Interestingly, when the equivalent reactions were performed in
the presence of 2% PPh3, very low yields of product 3 were
obtained in n-PrOH/H2O while cross-coupling still occurred in
DMF/H2O (Table 5, entry 2). These data indicated that the
poor turnover of key on-cycle intermediate trans-[Pd(PPh3)2(ptol)(I)], in the presence of PPh3, may be responsible for
ineﬃcient Suzuki−Miyaura couplings of aryl iodides in n-PrOH
cosolvent mixtures at lower temperatures.
In related experiments, we illustrated the chemical
competence of trans-[Pd(PPh3)2I2], [Pd(PPh3)(p-tol)(μ-I)]2,
and [Pd(PPh3)(p-tol)(μ-OH)]2 (Table 5, entries 3−5). The
results of equivalent experiments performed in the presence of
2% PPh3 led to less eﬃcient Suzuki−Miyaura couplings (entries
6−8). It is possible that the inability of these PdII−I
intermediates to eﬃciently re-enter the catalytic cycle, in the

P(OPh)3) all led to eﬃcient couplings (entries 1, 2, and 4−8).
Thus, no clear correlations between the steric or electronic
properties of monodentate ligands and reaction eﬃciency could
be identiﬁed on the basis of these results. However, in general,
these data are consistent with relevant observations reported by
Farina and Krishnan in Pd-catalyzed Stille couplings.9 We also
performed reactions with bidentate phosphine ligands dppf and
dppe, which provided diﬀering results (entries 9−12).
In competition experiments between p-iodo- and pbromotoluene employing [Pd(PPh3)4], the catalyst diﬀerentiated eﬀectively between these electrophiles at both 50
and 80 °C (eq 1). These data are consistent with oxidative

addition not being the turnover-limiting step of the catalytic
cycle in the case of iodide 1 at these temperatures.22 31P NMR
spectroscopy indicates that the predominant resting states of
the Pd catalyst are trans-[Pd(PPh3)2(p-tol)(I)] and trans[Pd(PPh3)2I2] during the early stages of the reaction (eq
2).23−25 When taken together, these results suggest that
transmetalation may be the turnover-limiting step in the
process featuring iodide 1 at 50 °C.
Indeed, in Pd-catalyzed Csp2−Csp2 Suzuki−Miyaura transformations employing aryl iodides, it is often proposed that the
turnover-limiting step involves transmetalation.22,26 Two
fundamental pretransmetalation pathways are postulated to
operate.27,28 Speciﬁcally, pretransmetalation intermediate C28a,b
1747
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Table 5. Exploring the Chemical Competence of Various
Pd(II) Species in Suzuki−Miyaura Couplings

a

Determined via GC with the aid of a calibrated internal standard
(average of two experiments). Yields after 0.25 h are given in
parentheses. b0.5% [Pd] employed.

Figure 3. Formation of biaryl 3 in reactions employing trans[Pd(PPh3)2(p-tol)(I)] (4a) (solid red line), [Pd−I] 4a + 6 equiv of
PPh3 (dashed red line), trans-[Pd(PPh3)2(p-tol)(Br)] (4b) (solid blue
line), [Pd−Br] 4b + 6 equiv PPh3 (dashed blue line), [Pd−OH] 5
(solid black line), and [Pd−OH] 5 + 6 equiv PPh3 (dashed black line).
A 0.5 equiv amount of [Pd(PPh3)(p-tol)(μ-OH)]2 was used in these
experiments (and no Na2CO3 was used in these reactions). Yields
were determined via GC with the aid of a calibrated internal standard
(average of two experiments).

presence of PPh3, may also contribute to the ineﬃcient
couplings of iodides. Notably, we determined that trans[Pd(PPh3)2(p-tol)(Br)] is a chemically competent species in
reactions employing p-bromotoluene in the presence of 2%
PPh3 (Scheme 2).
Scheme 2. Investigating the Chemical Competence of trans[Pd(PPh3)2(p-tol)(Br)] in Suzuki−Miyaura Couplings

a

Determined via GC with the aid of a calibrated internal standard
(average of two experiments). Yields after 0.25 h are given in
parentheses.

Next, we investigated transmetalation in Suzuki−Miyaura
couplings employing trans-[Pd(PPh3)2(p-tol)(I)] (4a, red),
trans-[Pd(PPh3)2(p-tol)(Br)] (4b, blue), and [Pd(PPh3)(ptol)(μ-OH)]2 (5, black), respectively (Figure 3).30 When these
experiments were performed in the presence of PPh3, the rate
of product formation signiﬁcantly decreased for complexes 4a
(dashed red) and 4b (dashed blue), respectively. These
observations are consistent with recent studies by Denmark
and co-workers which illustrated that added phosphine reduces
the rate of transmetalation in Suzuki−Miyaura couplings.28a,b,31
Interestingly, the presence of PPh3 did not signiﬁcantly aﬀect
the rate of product formation from Pd−OH complex 5 (dashed
black). Our experiments illustrate that, in the presence of PPh3,
productive cross-coupling from trans-[Pd(PPh3)2(p-tol)(I)] is
particularly ineﬃcient.32 It is possible that the poor reactivity of
aryl iodides observed in couplings performed in the presence of
PPh3 may relate to the ineﬃcient formation of key PdII−OH
intermediate B (Figure 2) under the reaction conditions.
When we monitored Pd-catalyzed Suzuki−Miyaura couplings
employing either 6% PPh3 (Figure 4, red) or 6% P(2-furyl)3
(blue), we observed results consistent with our aforementioned
data (Tables 1 and 4). In an experiment featuring both PPh3
and P(2-furyl)3 (Figure 4, black),33 it appeared that the former

Figure 4. Formation of biaryl 3 in reactions employing: 6% PPh3
(red), 6% P(2-furyl)3 (blue), and 3% PPh3 and 3% P(2-furyl)3 (black).
Yields were determined via GC with the aid of a calibrated internal
standard (average of two experiments).

phosphine had a greater inﬂuence on the progress of the
reaction than the latter. Farina and Krishnan noted similar
eﬀects in Pd-catalyzed Stille couplings employing this mixed
ligand system.9 Their subsequent NMR experiments demonstrated the “stronger thermodynamic aﬃnity” of PPh3 for
Pd(II) relative to P(2-furyl)3 (eq 3).9,34 We explored the eﬀects
of either PPh3 or P(2-furyl)3 on Suzuki−Miyaura reactions
employing trans-[Pd{P(2-furyl)3}2(p-tol)(I)] (Scheme 3).
These results reinforce the poor reactivity observed in
couplings performed in the presence of PPh3.

When the aforementioned results described in this study are
taken together, we suggest that the poor turnover of trans1748
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Scheme 3. Investigating the Chemical Competence of trans[Pd{P(2-furyl)3}2(p-tol)(I)] in Suzuki−Miyaura Couplings
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[Pd(PPh3)2(p-tol)(I)] (or related PdII−I species) in the
presence of PPh3 may be responsible for ineﬃcient Suzuki−
Miyaura couplings of aryl iodides employing [Pd(PPh3)4] at
lower temperatures. Throughout, where we have suggested
potential reasons for the poor reactivity of aryl iodides in
Suzuki−Miyaura cross-couplings at lower temperatures, we
have refrained from making direct comparisons to analogous
reactions featuring bromide electrophiles as part of this
discussion. We have also avoided speculating on the reasons
for the diﬀering eﬃciency of couplings of aryl iodides
performed in n-PrOH/H2O in comparison to DMF/H2O
solvent mixtures. In these cases, the diﬀering biphasic natures of
these reaction conditions and related issues, such as the
common ion eﬀect and boron speciation, complicate these
matters and limit our capacity to make such comparisons.
Lloyd-Jones and Lennox have provided an erudite overview
considering these issues within the context of Suzuki−Miyaura
coupling chemistry.27

■

■

CONCLUSIONS
Although an array of phosphine-ligated Pd catalyst systems are
employed in Suzuki−Miyaura couplings, the use of [Pd(PPh3)4] (or related PPh3-based systems) is still prevalent,
particularly in more applied settings. This study, which notably
had its origins in the undergraduate laboratory, has revealed the
profound (and somewhat surprising) eﬀects that subtle changes
in reaction conditions can have on the eﬃciency of
fundamental Csp2−Csp2 Suzuki−Miyaura couplings of aryl
iodides employing “classical” Pd/PPh3 catalyst systems. Our
data indicate that, in the presence of PPh3, the poor turnover of
trans-[Pd(PPh3)2(p-tol)(I)] (or related PdII−I species) may be
responsible for the ineﬃcient coupling of aryl iodides in various
conventional solvent mixtures at lower temperatures. These
ﬁndings are worth considering, particularly when Csp2−Csp2
cross-couplings of aryl iodides are performed at lower
temperatures, and can inform the development of optimized
reaction conditions in this manifold. We anticipate that our
work will contribute to providing a more nuanced understanding of “textbook” Pd-catalyzed Suzuki−Miyaura couplings
of fundamental electrophile classes employing the prototypical
phosphine ligand PPh3.

■
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