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Mechanistic Insights into the Role of Silver Salts
in C-H Arylation Processes Mediated by
Palladium/Norbornene Catalysis
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Chapter 6

6.1 Introduction

In recent years, Pd-catalyzed C-H functionalization reactions have proven to be an
invaluable tool for the synthesis of complex molecules. These reactions offer advantages
over traditional cross-coupling reactions due to improved step and atom economy, as no
pre-functionalized substrates are required.[!! However, the frequent use of stochiometric
amounts of silver salts as an additive in many of these methodologies compromises the
sustainability aspect of these processes.? Several roles have been attributed to the use of
silver salts in C-H functionalization reactions. When a Pd"/Pd® manifold is taking place, i.e.
in C-H olefination reactions, silver salt is reported as a terminal oxidants (Scheme 1a).l2"
Recent studies have shown that silver can also be the active catalyst in the C-H activation
step! (Scheme 1b) or a co-catalyst forming bi- or multimetallic Pd-Ag complexes (Scheme
1c).5! On the other hand, when organic halides are used as reagents, the presence of silver
salts is almost ubiquitous. In these processes, which are proposed to operate via the
Pd"/PdV manifold, silver acts as a halide scavenger to regenerate the active catalyst
(Scheme 1d).1?" &8I Here, it has been assumed that halide abstraction occurs as the last step
of the catalytic cycle. However, recent computational studies indicate that in certain cases,
halide abstraction occurs prior to the reductive elimination to promote this step (Scheme
1e).582191 |n addition to its role as halide scavenger, some authors have suggested that silver
may accelerate the oxidative addition of the aryl iodide by acting as a Lewis acid (Scheme
1f).2%19 While this role of silver in palladium catalysis has not been demonstrated
experimentally, the group of Ackermann found, using DFT calculations, a lower transition
state for the oxidative addition in the presence of silver by acting as a Lewis acid.*"
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Scheme 1. Possible roles of silver in Pd-catalyzed C-H functionalization.
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

If silver is used as the terminal oxidant, it can be replaced by oxygen, organic oxidants,*?
electrochemical oxidation,?*3 and photoinduced oxidation.?"** However, finding suitable
alternatives to AgOAc when working with organic halides has proven to be a more
challenging task and only a limited number of methods have been reported to date.>™* |n
2014 the group of Larrosa reported the replacement of Ag salts by an organic halide
scavenger (Scheme 2a).1>" In 2016, the group of Yu reported two examples of the modified
Catellani reaction, in which AgOAc was replaced by the combination of CsOAc with ‘AmOH
as solvent (Scheme 2b).157

a) Example for an organic halide scavenger

F H F Ar
4 . . o 5 mol% Pd(OAc), (DG . .
N H X ' 2.8-4.0 eq. KOAC N Ar £
RE F v [ QR R
= X NS o ; 2.05 eq. NMe,Cl Z X
Ri p—H [ - 1.5 eq. AcOH RT ) Ar
X='S, NMe 120 °C, 48 h
DG = CO,H, CONH;, Py Organic halide
scavenger

b) CsOAc as AgOAc replacement in directed C—H activation initiated Pd/NBE catalysis

e Me o NHAC
ﬁOMe | 10 r;gl% T:;(S;c)z f\/‘[orwe @
mol™ P
S R Io N N~ “OH
BoocN” N” “Me ;©/002Me 1.5 eq. N1 BooN” SN “Me »
‘ T,
; : 3.0 eq AgOAG /@\
* ‘ ! ; CO,Me
O Ya gm0, o
2.0eq. N1
5 mol% Pd(OAc),
Alternative halide scavenger 10 mol% L2
1.5eq. N1
3.0 eq CsOAc
{AmOH, 100 °C, 24 h
87% yield

Scheme 2. Examples of additives as substitutes for silver.[15h151

The challenging replacement of silver salts when organic halides are used as reagents led us
to consider whether silver plays an additional role that hinders its replacement. In this
context, a better understanding of the precise role of silver in these transformations is
crucial for the development of silver-free methods. During our investigation of the meta-
arylation of aryl ethers using Pd/S,0-ligand/NBE catalysis, we successfully isolated several
catalytically active Pd-intermediates (Chapter 3). This encouraged us to further explore the
role of silver in these transformations.!*¢

In this Chapter, we carry out various kinetic studies on the catalytic and stoichiometric
reactions and the isolated palladium-complexes. The experiments were conducted with and
without silver and in both HFIP and DCE as the solvent. For the first time, we provide
experimental evidence that Ag, in addition to being a halogen scavenger, plays a key role in
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Chapter 6

promoting the oxidative addition step in palladium catalysis. Notably, we observe that when
DCE is used instead of HFIP as a solvent, the use of silver salts is not critical to the reaction,
suggesting that the energy barrier for the oxidative addition is lower than with HFIP.
Considering the wide range of methodologies involving palladium-catalyzed C-H activation
using aryl halides and HFIP as a solvent in the presence of silver additives, we expect our
findings to be highly relevant to future investigations towards silver-free C-H
functionalization processes.

6.2 Results and discussion

Initially, we studied the effect of silver acetate in our meta-C-H arylation methodology using
3-methyl anisole (1) and methyl 4-iodobenzoate (2) as model substrates, 10 mol% of
Pd(OAc)2 and ligand L1, and 50 mol% of norbornene N1. First, the reaction without silver
and with 1.5 eq. of AgOAc were performed using HFIP as solvent. While the reaction in the
presence of AgOAc gave a quantitative yield, no product was observed in the absence of
silver. This result was unexpected as the reaction should provide a yield of around 10-20%
if silver acts only as a halogen scavenger. On the other hand, when DCE and 1.5 eq. of AgOAc
were used a moderate yield of 52% was achieved. However, without the addition of AgOAc
a 9% yield was obtained, indicating that the reaction occurs without silver, and that silver is
acting as halide scavenger to regenerate the active catalyst. Additionally, we tested the
reaction using the more reactive aryl iodide 2a, which facilitates the oxidative addition
step,?1% without AgOAc in both solvents (Table 1, entries 3 and 6). Interestingly, the
reaction in HFIP provided the desired product in 6% yield, whereas no product was formed
using the less reactive aryl iodide 2. In DCE, a yield of 16% was obtained. These results
suggest that the oxidative addition may be the rate-determining step in HFIP, as the reaction
proceeds without silver only when the more reactive aryl iodide 2a is used.
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

Table 1. Catalytic meta-C-H arylation of aryl ethers.

e oo ove | o5 Yo,
i i 50 mol% N1 OH L1
il gcome 7
Me =Ar Me Ar Lb/COZMe
1 T R : 90°C, 24 h o3 -
1.5eq.
Solvent Aryl-l 1H-NMR
# Silver salt .
04 M yield [%] 3
I
1 HFIP 1.5 eq. AgOAC 100
2 HFIP CO,Me i 0

CO,Me
3 HFIP - 6
4 DCE © 1.5 eq. AgOAC 52

5 DCE COoMe - 9

CO,Me
6 DCE - 16

In our previous work (see Chapter 3),[®l we were able to isolate the complex resulting from
the initial C-H activation and NBE insertion of the unsubstituted anisole (Table 2). Here, the
synthesis of the complex was performed using stoichiometric amounts of catalyst and

norbornene N1 in HFIP and DCE. While complete conversion to the Cla complexes was
observed in HFIP at 60 °C after 2 h, the reaction was apparently slower in DCE (assuming
that yield is a reflection of reaction rate) and only 18% yield was achieved (Table 2, entries
1 and 3). In addition, the reaction at rt in HFIP yielded complex Cla in 35% and in DCE no
complex formation was detected (Table 2, entries 2 and 4). We hypothesized that the higher
conversion observed with HFIP is a consequence of the acceleration of the C-H activation
step, in line with previous reports where the use of HFIP is key to promoting this step.!”
Since the formation of these complexes occurs without the addition of silver salts, we
propose that silver is not involved in the C-H activation step.[8!
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Chapter 6

Table 2. Formation of complex C1a.

OM
LI PR [
1 eq. N1 \ e és 5 \ ée 5 OH L1
_ = \Pd/ jﬁMeO pd jé
0.4 M solvent, 60 °C, 2 h 0 g 0 g LbCOQMe
CO,Me CO,Me
1a Cla C1a-ortho N1
1eq.
) 'H-NMR ratio
# Solvent Teomp. Time yield [%] Cla:Cla-ortho
04M [°c] [h]
Cla
1 HFIP 60 2 99 1:1.5
HFIP rt 2 35 1:1.7
3 DCE 60 2 18 1:0
4 DCE rt 2 n.P. -

In Chapter 3, we demonstrated by deuterium labeling experiments that the second C-H
activation is reversible and occurs at 90 °C in the absence of silver salts, indicating that this
step is not rate-limiting and that silver is not involved in this step either. To investigate the
following steps after the second C-H activation, we synthesized complex C1 using 3-methyl
anisole (1) as this substrate gives only the mono-arylated product under the catalytic
conditions, which simplified the interpretation of results. The synthesis of complex C1 was
conducted using stoichiometric amounts of catalyst and norbornene N1 in HFIP at different
temperatures and reaction times (Table 3). We observed at both 90 °C and 60 °C that the
NMR vyield of C1 decreased with longer reaction times probably due to its instability. The
best yield was obtained at 60 °C stirring the reaction for 0.5 h, providing C1 in 85% yield.

Table 3. Optimization of reaction time and temperature of complex C1.

oM 1 eq. Pd(OAc), (@)
© 1eq. L1 SCoFs
Me 0.4 M solvent, T, time Pd AjCOZMe
1

1eq. COzMe N1

" Solvent Temp. Time IH-NMR vyield
04 M [°C] [h] [%] C1
1 HFIP 90 2 70
2 HFIP 90 4 40
3 HFIP 60 0.25 76
4 HFIP 60 0.5 85
5 HFIP 60 1 70
6 HFIP 60 2 70
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

Next, we studied the reactivity of complex C1 with aryl iodide 2, with and without AgOAc in
HFIP and DCE (Table 4). Due to the instability of C1 during purification, the crude reaction
was used after a simple filtration through celite and concentration under reduced pressure.
The reaction performed in HFIP with AgOAc provided 75% of the arylated product 3, while
only 10% yield of 3 was obtained in the absence of AgOAc (Table 4, entries 1-2). In the latter,
only 41% of complex C1 was observed in the crude mixture, probably due to the
decomposition of the complex over time. A completely different scenario was observed
when DCE was used as a solvent. In both cases with and without silver, 70% and 61% vyield
of the arylated product was achieved (Table 4, entries 3-4). These results indicate that silver
acts exclusively as a halogen scavenger when DCE is used as solvent as the intermediate
palladium complex C1 as well as the final arylated product 3 are obtained in the absence of
silver salts. On the other hand, we observed that silver has a strong influence on the
reactivity of the complex C1 with the aryl iodide 2 in HFIP, indicating its additional role in
potentially promoting the oxidative addition step.

Table 4. Arylation reaction with complex C1.

OMe
1 0.4 MHFIP L)
Pd(OAC), 60 °C, 30 min CGF5 l /@\
L1, 85% yield Pd ﬁ —Ar 90°C,2h Me’ Ar
. ,,,col,,,)
COzMe 3
1Seq
Solvent 'H-NMR vyield 'H-NMR vyield
# il |
0.4 M Silver Salt %] 3 [%] C1
1 HFIP 1.5 eq. AgOAC 75 -
2 HFIP - 10 41
3 DCE 1.5 eq. AgOAC 70 -
4 DCE - 61 10

Itis important to note that regardless of the solvent chosen, AgOAc is likely to act as a halide
scavenger for the regeneration of the active catalyst.[*” To provide further support for this
hypothesis, the catalytic reaction was carried out using Pdl2 as the precatalyst with various
additives (Table 5). As expected, only the reactions with AgOAc gave the desired arylated
product in both HFIP and DCE. In contrast, reactions without any additive or with KOAc did
not result in any observable product formation, regardless of the solvent used. It can then
be concluded that AgOAc acts as a halogen scavenger for catalyst regeneration in both

solvents.
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Chapter 6

Table 5. Catalytic reaction with Pdl, with different additives.

10 mol% Pdl, OMe
,,,,,,,,,,, 10 mol% L1
‘ ; 50 mol% N1

SCeFs
L1

>

Y
‘ /@\ OH
=Ar | Additive Me Ar [

) ﬁszOzMeJ 0.4 M HFIP, 90 °C, 24 h s COMe
1.5 eq. N1
Solvent . 'H-NMR yield [%)]

H 0.4M Additive 3
1 HFIP 1.5 eq. AgOAC 90
2 HFIP 1.5 eq. KOAC n.P.
3 HFIP - n.P.
4 DCE 1.5 eq. AgOAC 42
5 DCE 1.5 eq. KOAC n.P.
6 DCE - n.P.

To gain further insight into the role of silver in the reaction, we carried out kinetic studies
using stoichiometric amounts of catalyst in both HFIP and DCE with and without AgOAc
(Table 6). For the reaction in HFIP, 80% yield was achieved after 45 min in the presence of
1.5 eq. AgOAc and without AgOAc, a low yield of up to 8% was observed even after several
hours. Interestingly, in the reaction without silver, complex C1 was the main product in
solution, and its concentration decreased with time as the concentration of the starting
anisole increased (see Experimental section). This result indicates that the oxidative
addition does not occur efficiently in the absence of silver salts. When the reaction was
performed in the presence of AgOAc, 15% of the desired product 3 and 15% of complex C1
was observed after 8 min, the latter almost disappeared after 25 min of reaction, and 3 was
obtained in 82% vyield after 15 h. These results can be interpreted by an accumulation of
complex Clin aninitial or inductive period, which is then consumed (Table 6a). A completely
different scenario was observed when the reaction was carried out in DCE. The initial rate
of the reaction was identical up to approximately 30 min of reaction time. Only after this
point, the reaction without AgOAc exhibited a lower conversion. These results indicate that
silver has no effect on the oxidative addition step in DCE. The higher conversion observed
after 30 min of reaction with AgOAc can be attributed to the reoxidation of Pd°to Pd", as
Pd"is reduced in situ during the reaction (Table 6b). In addition, the reaction in the presence
of AgOAc is faster in HFIP than in DCE, which can be attributed to the enhanced reaction
rate of the C-H activation step in HFIP (vide supra). The lower yield of the arylated product
3 in DCE can be explained by the deactivation of the palladium catalyst as a consequence of
the overall lower reaction rate.
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

Table 6. Kinetic profile of stoichiometric reaction with and without AQOAc in HFIP and DCE.

OMe
1 eq. Pd(OAc), fo)
OMe 1eq. L1 OMe | B CeFs §><SCBF5
>X : OH
.| 1eq. N1 /@\ Ve \Pd/\sﬁ L1
Me Me Ar 0" o
(1.5 eq. AgOAc) CO,Me
solvent, 90 °C, 24 h COMe Ai\y/ z
1 3 c1 N1
a) Stoichiometric Reaction HFIP b) Stoichiometric Reaction DCE
0 100
x80 e o ° X 80
el ° e
v 9]
260 s 60 o © °
o Py o
=40 = 40
=z () =z : o o [ ]
20 ® 20 .‘
[ J { ]
0 .“Q [ ] [ ] 0 ..
0,0 0,5 1,0 1,5 2,0 0 0,5 1 15 2
Time [h] Time [h]
@ Yield 3-AgOAc @ Yield 3-w/o AgOAC @ vYield3-AgOAc @ Yield 3 —w/o AgOAc
Yield C1 — AgOAc Yield C1 — w/o AgOAc No complex C1 observed in crude NMR

To provide further evidence for the role of silver in accelerating the oxidative addition step
in the catalytic reaction, we performed initial rate kinetics to determine the kinetic order of
each reagent in HFIP and DCE (Table 7). In HFIP an order of zero was determined for anisole
derivative 1, confirming that the C-H activation is not the rate demining step. An order of
0.6 for Ar-l, -0.15 for NBE, 1.2 for the catalyst and 1.0 for AgOAc were obtained. These
results indicate that the oxidative addition is rate limiting and silver is involved in this step.
We explained the 0.6 order of Ar-1, and not 1 as it should be, by off-cycle reactions such as
those involved in the formation of the side product SP1 (see Chapter 3). Norbornene shows
a saturation curve leading to an overall order of -0.15. This is the first experimental evidence
that silver salts can be involved in promoting the oxidative addition step. In DCE, anisole
derivative 1 and Ar-l exhibited a kinetic order of 0.5 and 0.6, respectively. The kinetic order
of catalyst is 0.8 and zero for norbornene. Interestingly, the kinetic order of AgOAc was close
to zero, indicating its negligible involvement in either the C-H activation or oxidative
addition step. To explain these results, we speculate that the activation energy for both C-H
activation and oxidative addition are similar in DCE.
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Chapter 6

Table 7. Order of reagents via initial rate kinetics in HFIP and DCE.

log(rate [mM-h])

log(rate [mM-h1])

2,3

2,0

15

1,0

1.0 or x eq.

1.5 or x eq.

5/ 10 or x mol% Pd(OAc),
5/ 10 or x mol% L1
50 or x mol% N1

1.5 or x eq. AgOAC
0.4 M HFIP / DCE, 90 °C, 30 min

HFIP - 5 mol% Pd/L1

OMe O§><SC6F5
OH L1

Me Ar bcone
3 N1

DCE — 10 mol% Pd/L1

2,1
y =-0,0018x + 1,8193 f 50 | Y=0512¢+0,5603
R? = 0,0005 <~ R? = 0,9812 ..--0
Y é 1’9 -...,...
PO @ o we IS
. © et .
[Anisole]® = o [Anisole]®®
o 17
1,8 2,3 2,8 2,2 24 2,6 2,8
log(Anisole [mM]) log (Anisole [mM])
2,1
y=0,6178x +0,1424 ° f y=0,6395x+0,2189 _ g
R2 =0,9992 ‘...0' <19 R2=0,9885 @
o £ .
e 17 ¢
POt [Ar-1]06 e [Ar-1]0¢
15
1,8 20 22 24 26 28 30 21 23 2,5 2,7 2,9
log(Ar-1 [mM]) log (Ar-1 [mM])
2,1
y =-0,1522x + 2,2596 = 190823
R?=0,7871 ; =45
@ e 9. -0.15 2,0
..... . --..__.[Nl] : % 4 @ oo @@ @
® £ [N1]°
g19
1,5 2,0 2,5 3,0 1,8 2,0 2,2 2,4 2,6 2,8
log(NBE [mM]) log (NBE [mM])
y=1,1961x + 0,24 o® T 21 | y=0,7948x+0,6024 °
R? =0,9843 s R*=0,9915 B
° Z 19 .
= .o
17 [ e
o [Pd/L1]*? B e [Pd/L1]%®
® 1,5
0,0 0,5 10 15 2000 — 1,2 1,4 1,6 1,8
log(Pd/L1 [mM]) log (Pd/L1 [mM])
22
y = 1,0499x - 0,0988 POy ° = y =0,1021x + 1,6858
R? = 0,9904 ....-"' $20 R?=0,323
o [S L.e..e0......
‘ =18 ¢ ® ®
[AgOACc]*° B [AgOACc]°*
1,6
1,2 1,4 16 1,8 20| © 12 1,4 16 18 2,0

log (AgOAc [mM])

log (AgOAc [mM])
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

Next, we measured the KIE for both the first and the second C-H activation in DCE by
performing the reactions with 1-methoxy-3-methylbenzene 1, substrate 1-methoxy-3-
methylbenzene-2,4,5,6-ds (1-all-D) and substrate 1-methoxy-3-methylbenzene-5-ds (1-
meta-D) in separate flasks (Table 8). The Ku/Ko ratio was determined to be 2.6 for 1-all-D
and 1.0 for 1-meta-D. The observed primary KIE for 1-all-D, suggests that either the first or
the second C-H activation is involved in the rate-determining step. However, as a KIE of 1.0
was measured for 1-meta-D, we conclude that the first C-H activation is involved in the
rate-determining step. Further studies are needed to confirm that the activation energy for
both C-H activation and oxidative addition are similar in DCE.

Table 8. KIE experiment of N,N-dibenzyl-3-methylaniline 1b.

10 mol% Pd(OAG), o\\?(
oM oM
- e r2 10 mol% L1 © SCeFs
50 mol% N1 OH L1
N
Me . R? 1.5 eq. AgOAC Me Ar CO,Me
R 0.4 M DCE, 90 °C, time
1 R'-R%=H 3 N1
1-all-D R'-R*=D
1-meta-D R'R?R*=H, R%=D
4,5 . ) B :
, ‘51 y=4,5954x-0,7009 § alkD | meta-D
g™ RE=09881 .o #  Time[h] 3 (%)
on e
D 25 Ly ®4,5614x - 0,7247 1 0.08 0 0 0
s 2 R? =0,9901 2 0.17 0.15 0 0.04
< 15 ] .9 3 025 0.5 0.1 0.6
2 I
: o e #1045k 0401 4 050 15 03 13
0,5 am P R? = 0,9398 5 0.75 25 0.8 2.7
00 o oco oo 6 1.0 4.1 16 3.9
' Time [h] ' Slope 46 1.8 46
@1 e1allD 1metaD KIE 2.6 1.0
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Chapter 6

Finally, we decided to investigate the possibility of replacing silver salts in the reaction.
Under the optimal conditions, we investigated various additives as potential replacements
for AgOAc (Table 9). Considering the distinct roles of AgOAc in HFIP and DCE, both solvents
were examined in our study. In HFIP, we observed that reducing the amount of AgOAc to
0.5 eq. resulted in a yield reduction of 40%. The impact of bases like KOAc?*? or
NMesOAc!*", which could potentially serve as halide scavengers, was also explored. To
determine whether these additives have a negative effect on reactivity and whether only a
small amount of silver is required to promote the oxidative addition step and whether the
additives can act as halogen scavengers, the reactions were first carried out with 1.5 and
0.5 eq. of AgOAc (Table 9, entries 4-7). We found in both cases that neither KOAc nor
NMesOAc affected the reactivity. Subsequently, we explored various additives, but we
found that without the presence of a Ag salt, no yield was obtained (Table 9, entries 8-13).
On the other hand, when DCE is used as a solvent, silver is only responsible for the catalyst
regeneration. The effect of different acetate bases was explored. The addition of a
potassium base as well as NMesOAc!**" completely inhibited the reaction, even when
AgOAc (Table 9, entries 16-18) or 5 eq. of HFIP (Table 9, entry 19) were added. Only
Mg(OAc)2, Ca(OAc)2 and Ba(OAc): gave yields of around 6-11% (Table 9, entries 22-24),
indicating that the reaction was not inhibited, but rather hindered by lack of catalyst
regeneration. So far we have not been able to find any other reagent or combination of
reagents to replace the silver salt. However, we are confident that a better understanding
of the role of silver in different solvents will aid future attempts.
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Mechanistic Insights into the Role of Silver in C-H Arylation Processes Mediated by Pd/NBE Catalysis

Table 9. Evaluation of different additives in meta-arylation of anisole 3.

owe | 10t PR owe | o5 sor
/@ . =A, 50 mol% N1 /@\ OH L1
Me 3 (AgOAC) Me Ar i COMe
~ COyMe Additive
1 2 0.4 M HFIP or DCE, 90 °C, 24 h 3 N1
1.5eq.
'H-NMR vyield
y  Solvent Silver Salt Additive [%]
0.4 M

3
1 HFIP 1.5 eq. AgOAc - 100
2 HFIP 0.5 eq. AgOAC - 40
3 HFIP - - n.P.
4 HFIP 1.5 eq. AgOAc 1 eq. KOAc 95
5 HFIP 0.5 eq. AgOAcC 1 eq. KOAC 39
6 HFIP 1.5 eq. AgOAC 1 eq. NMesOAc 90
7 HFIP 0.5 eq. AgOAc 1 eq. NMesOAc 39
8 HFIP - 1.5 eq. KOAC n.P.
9 HFIP - 1.5 CsOAc 3
10 HFIP - 1.5 eq. Mg(OAc)2 #4 H20 n.P.
11 HFIP - 1.5 eq. Ca(OAc)2 n.P.
12 HFIP - 1.5 eq. Ba(OAc)2 n.P.
13 HFIP - 1.5 eq. ScOTfs n.P.
14 DCE 1.5 eq. AgOAC - 52
15 DCE - - 9
16 DCE 1.5 eq. AgOAc 1 eq. KOAc traces
17 DCE 1.5 eq. AgOAc 1 eq. NMesOAc n.P.
18 DCE - 1.5 eq. KOAC n.P.
19 DCE - 1 eq. KOAc/ 5 eq. HFIP n.P.
20 DCE - 0.5 eq. K2COs 4
21 DCE - 0.5 eq. NMe4sOAc n.P.
22 DCE - 1.5 eq. Mg(OAc)2 *4 H>0 6
23 DCE - 1.5 eq. Ca(OAc)2 9
24 DCE - 1.5 eq. Ba(OAc): 11
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Chapter 6

6.3 Conclusion

In summary, we have performed various kinetic studies with and without silver to elucidate
its role in the S,0-ligand promoted non-directed meta-arylation in Pd/NBE catalysis. We
have proven that HFIP promotes the C-H activation steps and that AgOAc is not involved in
these steps. Experimentally, we have observed that the oxidative addition is the rate-
determining step in HFIP and that silver is required to promote this step. This is the first
experimental evidence that Ag, in addition to being a halogen scavenger, plays a key role in
promoting the oxidative addition step in palladium catalysis. Notably, we have observed in
the stoichiometric reaction that when DCE was used as solvent instead of HFIP, the presence
of silver salts was not critical for the reaction, suggesting that the energy barrier for the
oxidative addition is lower than with HFIP. Considering the wide range of methodologies
involving palladium-catalyzed C-H activation using aryl halides in HFIP with silver additives,
we expect our finding to be highly relevant for future investigations towards silver-free C-H
functionalization processes.

CeFs Norbornene
L $ insertion
Pl -
C-H ~
O
activation o
R
MeO
HOAc Second
OMe C-H
ential c1 activation
/ potentially
/' reversible (")
R OMe
Pd(OAc), H CeFs CoFs
-HOAC S ‘
Gofey L R s
$ AcO” Pd\ =
OMe °© o OH
HO X0 CO,Me
= . /
\ c2 .
R (i Ar—I--Ag
OMe
Norbornene | CeFs 95F5
extrusion HOAc \Ars ﬁr S
d“ R Pd'l/ _
| 0" ToH
COzMe CO,Me
Agl
HOAG )

before or after
reductive elimination

Overview: Role of silver in the catalytic reaction.
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6.4 Experimental section

General information

Chromatography: Flash column chromatography was performed using Macherey-Nagel Silica 60 (particle size
0.04-0.063 mm) under compressed air flow or a Buchi C-850 automatic column machine with FlashPure silica
cartridges, TLC: Merck TLC plates (0.25 mm) precoated with silica gel 60 Fzsa. Visualization of the TLC was performed
by UV and KMnOas. High-resolution mass spectra (HRMS) were recorded on an AccuTOF GC v 4g, JMST100GCV mass
spectrometer (JEOL, Japan) and HR-ToF Bruker Daltonik GmbH (Bremen, Germany) Impact Il, an ESI-ToF MS
capable of resolution of at least 40,000 FWHM. The FD/FI probe was equipped with an FD Emitter, Carbotec, FD =
10 um. Current rate = 51.2 mA/min over 1.2 min using field desorption (FD) as an ionization method. Bruker DRX-
300, 400 and 500 MHz instruments were used to record NMR spectra. Chemical shift values are reported in ppm
with the solvent resonance as the internal standard (CDCls: 6 7.26 for *H, & 77.16 for *3C). Data are reported as
follows: chemical shifts, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet
triplet, bs = broad singlet, m = multiplet), coupling constants (Hz), and integration. ATR technique was used in IR
spectroscopy on a Bruker Alpha-P. Melting points (M.P.) were measured in Buchi M-565 melting point apparatus.
All reagents and solvents were used as received. Pd(OAc). was purchased from Strem.

Characterization of reagents
The synthesis and full characterization of the ligand L1, NBE N1 and Product 3 can be found in literature. 8!

2-Methyl-2-[(perfluorophenyl)thio]propanoic acid (L1)
White solid, *H NMR (400 MHz, CDCls) 6 1.56 (s, 6H). **F NMR (376 MHz, CDCl3) 6 -128.46 —-129.66
CstS><f (m), -147.81 —-149.16 (m), -160.15 — -161.52 (m). 3C NMR (101 MHz, CDCls) & 178.71, 150.71 —
M 149.63 (m), 148.52 - 147.16 (m), 144.69 — 143.69 (m), 141.90 — 141.27 (m), 139.19 — 138.48 (m),
136.65—135.97 (m), 51.72, 24.82. *H NMR of the isolated material matched with that reported in
the literature.!1)
Methylbicyclo[2.2.1]hept-2-ene-2-carboxylate (N1)
Clear oil, Re = 0.24 (Cy / DCM = 1:1). *H NMR (400 MHz, CDCls) § 6.92 (d, J = 3.3 Hz, 1H), 3.72 (s,
Lb/cozme 3H), 3.25 (s, 1H), 3.01 (dq, J = 3.3, 1.6 Hz, 1H), 1.93 — 1.63 (m, 2H), 1.48 (dp, J = 8.4, 2.1 Hz, 1H),
1.20 (dq, J = 8.5, 1.3 Hz, 1H), 1.08 (dddd, J = 13.0, 9.0, 6.6, 2.2 Hz, 2H). *3C NMR (101 MHz, CDCls)
6 165.49, 147.16, 140.85, 51.42, 48.34, 43.63, 42.05, 24.74, 24.61. *H NMR of the isolated
material matched with that reported in the literature. 6!
Methyl 3'-methoxy-5'-methyl-[1,1'-biphenyl]-4-carboxylate (3)

N1

OMe White solid, R¢ = 0.34 (Cy / DCM = 1:1). *H NMR (400 MHz, CDCls) § 8.09 (d, J = 8.2 Hz,
2H), 7.64 (d, J = 8.2 Hz, 2H), 7.03 (s, 1H), 6.96 (s, 1H), 6.77 (s, 1H), 3.94 (s, 3H), 3.86 (s,
Me O 3H), 2.41 (s, 3H). *3C NMR (101 MHz, CDCI3) § 167.08, 160.16, 145.78, 141.39, 139.83,
O 130.11, 129.03, 127.18, 120.77, 114.48, 110.20, 55.41, 52.20, 21.76. *H NMR of the
Cco,Me . . . ) .
3 isolated material matched with that reported in the literature.!*®!

Trimethyl [1,1":3',1"-terphenyl]-4,4",5'-tricarboxylate (SP1)

CO,Me Generally, the side-product was observed, if the aryl ether substrate showed
O a low reactivity. White solid, *H NMR (400 MHz, CDCls) 6 8.32 (d, J = 1.8 Hz,
2H), 8.16 (d, J = 8.5 Hz, 4H), 8.03 (t, J = 1.8 Hz, 1H), 7.75 (d, J = 8.5 Hz, 4H),
O 4.00 (s, 3H), 3.96 (s, 6H). 3C NMR (101 MHz, CDCls) 6 166.95, 166.73, 144.35,
MeO,C SP1 CO,Me
141.32,131.78, 130.55, 130.44, 129.82, 128.12, 127.38, 52.62, 52.39. HRMS

(FD): m/z calculated for Ci6H1603 [M]*= 404.1260; found= 404.1272. IR (neat): vmax (cm™): 2952, 1720, 1609, 1435,
1344, 1278, 1244, 1190, 1110, 1055, 1018, 854, 762, 749.16!
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Complex Cla
OMe Complex Cla was synthesized by adding anisole (165 pL, 1.5 mmol, 1.0 eq), Pd(OAc): (342 mg,
| A CoFs 1.5 mmol, 1.0 eq), N1 (228 mg, 1.5 mmol, 1.0 eq.), L1 (429 mg, 1.5 mmol, 1.0 eq)and HFIP (3.75
\ /é mL, 0.4 M) in a pressure tube and the mixture stirred for 2 h at 90 °C. After cooling to room
Pd\o o temperature, the reaction was filtrated through Celite® and rinsed with DCM. Purification by
COMe column chromatography on silica gel using EtOAc / MeOH(1:0-9:1 v/v) as an eluent provided
Cla the title compound as an orange solid (71% yield, 692 mg, 1.07 mmol). R¢= 0.74 (EtOAc / MeOH

=50:1). *H NMR (400 MHz, CDCls) 6 8.16 (d, J = 7.8 Hz, 1H), 7.83 (d, /= 8.6 Hz, 1H), 7.19 (d, J =
8.1 Hz, 1H), 6.99 (d, J = 7.0 Hz, 1H), 3.85 (s, 3H), 3.56 (s, 1H), 3.38 (s, 3H), 3.04 (d, J = 10.1 Hz, 1H), 2.64 (d, J = 3.6
Hz, 1H), 2.21 (s, 1H), 1.68 — 1.57 (m, 2H), 1.48 (s, 3H), 1.39 (ddd, J = 20.5, 10.5, 4.2 Hz, 1H), 1.27 (s, 3H), 1.24 - 1.17
(m, 1H), 1.13 = 1.04 (m, 1H). 'H NMR of the isolated material matched with that reported in the literature.!

Complex Cla-ortho

Representative signals: *H NMR (400 MHz, CDCls) 6 8.07 (d, /= 7.2 Hz, 1H), 7.60 (t, /= 7.6
Hz, 1H), 7.17 (t, J = 7.4 Hz, 1H), 7.09 (d, J = 8.3 Hz, 1H), 4.03 (s, 3), 3.20 — 2.96 (m, 1H), 2.41
—2.20 (m, 1H), 1.60 (s, 3H), 1.34 (s, 3H). 3C NMR (101 MHz, CDCls) & 179.71, 136.27,
129.53,122.98, 113.98, 76.07, 60.91, 55.19, 44.50.116)

C1a-ortho

Procedure for the synthesis of 1-methoxy-3-methylbenzene-2,4,5,6-ds (1 all-D

The deuterated 1-methoxy-3-methylbenzene-2,4,5,6-ds was prepared following the procedure described in the
literature.20

Me,
OMe 5 mol% Pd(OAc), OMe 7—/\/ \
5 mol% Ligand D D N‘N
Me 1 eq. HFIP Me D N
1 AcOD-dj, 120 °C, 48 h D L
HO
1 all-D Ligand

In a pressure tube containing a suitable stirring bar, Pd(OAc). (11 mg, 0.05 mmol, 5 mol%), Ligand (9 mg, 0.05
mmol, 5 mol%), 1-methoxy-3-methylbenzene (126,0 pL, 1 mmol, 1.0 eq.), HFIP (105 pL, 1 mmol, 1.0 eq.) AcOD-ds
(5.0 mL, 0.2 M) were added. The tube was placed into a pre-heated oil bath at 120 °C and stirred for 48 h. After
cooling to room temperature, a 10% NaOH solution was added and the mixture extracted with EtOAc (x 3). The
combined organic layers were dried over anhydrous MgSQs, filtered and concentrated under reduced pressure.
Purification by column chromatography on silica gel using Pentane as an eluent provided the title compound as a
clear oil (108.9 mg, 86% yield). *H NMR (300 MHz, CDCls) 6 3.81 (s, 3H), 2.35 (s, 3H). *3C NMR (101 MHz, CDCls) 6
159.63, 139.42, 129.23 — 128.34 (m), 121.52 — 120.79 (m), 114.88 — 114.23 (m), 110.92 — 110.16 (m), 55.23, 21.55
HRMS (Fl): m/z calculated for CsHsD4O [M]*= 126.0983; found = 126.0988. IR (neat): vmax (cm™): 2957, 1261, 1083,
1068, 1053, 1020, 800, 421.

Procedure for the synthesis of 1-methoxy-3-methylbenzene-5-d (1 meta-D)

The deuterated 1-methoxy-3-methylbenzene-5-d was prepared following the procedure described in the
literature.?!
OMe OMe
1.4 eq. "BuLi
+ CD3;0D >
Me Br 0.5 M THF, -78 °C, 30 min  Me’ D
1 10 eq. 1 meta-D

1-methoxy-3-methylbenzene (0.73 mL, 5 mmol, 1.0 eq.) was dissolved in anhydrous THF (10 mL, 0.5 M) under
nitrogen atmosphere, and the solution was cooled to -78 °C. Then, a solution of "BulLi (2.8 mL, 7.0 mmol, 1.4 eq.,
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2.5 M in hexanes) was added slowly. The reaction mixture was stirred 30 min. Then the reaction was quenched
with CD30D (2.0 mL, 50 mmol, 10 eq.) stirred at -78 °C for 30 min. Water was added and the mixture was extracted
with Et20 (x 3). The combined organic layers were dried over anhydrous MgSOs, filtered and concentrated under
reduced pressure. Purification by column chromatography on silica gel using Pentane as an eluent provided the
title compound as a clear oil (590 mg, 96% yield). *H NMR (300 MHz, CDCls) 6 & 6.77 (s, 1H), 6.75 — 6.66 (m, 2H),
3.80 (s, 3H), 2.34 (s, 3H). 3C NMR (101 MHz, CDCls) & 159.71, 139.62, 129.31 — 128.77 (m), 121.51, 114.86, 110.80,
55.25,21.69. HRMS (Fl): m/z calculated for CsHsD4O [M]*= 123.0794; found = 123.0794. IR (neat): vmax (cm™): 2956,
2929, 1596, 1463, 1152, 421.

Procedure for kinetic isotope effect
18 pressure tube containing a suitable stirring were equipped AgOAc (25.0 mg, 0.15 mmol, 1.5 eq.) and methyl 4-

iodobenzoate (40.1 mg, 0.15 mmol, 1.5 eq.). Then, six pressure tubes were charged 1-methoxy-3-methylbenzene
1(12.8 mg, 0.1 mmol, 1.0 eq.), other six pressure tubes with 1-methoxy-3-methylbenzene-2,4,5,6-ds 1-all-D (12.8
mg, 0.1 mmol, 1.0 eq.) and the remaining six pressure tubes with 1-methoxy-3-methylbenzene-5-d 1-meta-D (12.8
mg, 0.1 mmol, 1.0 eq.). After, all 18 pressure tubes were equipped with 100 uL stock solution containing Pd(OAc)2
(0.01 mmol, 10 mol%, 0.1 M in DCE), ligand L1 (0.01 mmol, 10 mol%, 0.1 M in DCE), NBE N1 (0.01 mmol, 10 mol%,
0.1 M in DCE). Then 0.15 mL of DCE (0.4 M) was added. All 18 pressure tubes were placed in a pre-heated oil bath
at 90 °C and stirred for the indicated time. The reaction tube was cooled in an ice bath and filtered through Celite®
and rinsed with EtOAc. To the crude mixture CH,Br2(7.08 pL, 0.1 mmol) was added as internal standard, the mixture
was dissolved in CDClz and *H NMR was measured.
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Kinetic profile of catalytic reaction — HFIP

A stock solution of 3-methylanisole 1 (76.4 pL, 0.6 mmol, 1.0 eq.), methyl 4-iodobenzoate (240.6 mg, 0.9 mmol,
1.5 eq.), N1 (45.6 mg, 0.3 mmol, 0.5 eq.), Pd(OAc): (6.6 mg, 0.03 mmol, 5 mol%), S,0-ligand L1 (8.6, 0.03 mmol, 5
mol%) in 1.5 mL HFIP was prepared. Ten pressure tubes containing a suitable stirring were equipped with AgOAc
(12.5 mg, 0.075 mmol, 1.5 eq.) and 150 pL of the stock solution (reaction scale: 0.05 mmol). The tubes were placed
in a pre-heated oil bath at 90 °C and stirred for the indicated time. The reaction tube was cooled in an ice bath and
filtered through Celite® and rinsed with DCM. To the crude mixture CH2Brz (3.54 pL, 0.05 mmol) was added as
internal standard, the mixture was dissolved in CDCl; and *H NMR was measured.

Table 10. Kinetic profile of catalytic reaction — HFIP.

5 mol% Pd(OAc), o
5 mol% L1 OMe SCeFs
‘: 50 mol% N1 OH L1
1.5 eq. AgOAc Me Ar
10.4 M HFIP, 90 °C, time Ai\y/cone
3 N1

'H-NMR vyield [%]

Kinteic profile - Catalytic reaction in HFIP # time [h] 3
0 0 0
100 ° ° 1 0,08 2
— 2 0,17 4
o 80 4
£ e 3 0,25 6
@ 60 4 0,50 12
= 5 0,75 17
s 40
= ° 6 1 20
20 7 2 34
, 8 6 79
0 9 15 100
0,00 10,00 20,00 30,00 10 24 100
Time [h]
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Kinetic profile of catalytic reaction - DCE

9 pressure tubes containing a suitable stirring were equipped with 3-methylanisole 1 (12.8 pL, 0.1 mmol, 1.0 eq.),
methyl 4-iodobenzoate (40.1 mg, 0.15 mmol, 1.5 eq.), AgOAc (25 mg, 0.15 mmol, 1.5 eq.) and 100 pL of stock
solution containing Pd(OAc)z (0.1 M), S,O-ligand L2 (0.1 M) and NBE N2 (0.5 M). The tubes were placed in a pre-
heated oil bath at 90 °C and stirred for the indicated time. The reaction tube was cooled in an ice bath and filtered
through Celite® and rinsed with DCM. To the crude mixture CH:Br; (7.08 pL, 0.1 mmol) was added as internal
standard, the mixture was dissolved in CDCl; and *H NMR was measured.

Table 11. Kinetic profile of catalytic reaction — DCE.

10 mol% Pd(OAc), o
10 mol% L1 OMe SCeF5
3 50 mol% N1 OH L1
1.5 eq. AgOAc Me Ar
/0.4 M DCE, 90 °C, time Ai\y/cone
3 N1

1H-NMR yield [%]

Kinteic profile - Catalytic reaction in DCE # time [h] 3
60 0 0 0
1 0,08 1
50 4
Iy e 2 0,17 4
= 40
) 3 0,25 6
£ 30 ° 4 g,so 12
- 5 75
20 4
; ® 6 1 17
10 7 2 20
0 8 6 29
0 5 10 15 20 25 30 9 24 50

Time [h]

Order of reagents via initial rate kinetics — HFIP
The reaction order of each reagent was determined using the initial rate method.???

Five-seven pressure tubes containing a suitable stirring were equipped with 3-methylanisole 1b (12.8 uL, 0.1 mmol,
1.0 eq.), methyl 4-iodobenzoate (40.1 mg, 0.15 mmol, 1.5 eq.), AgOAc (25 mg, 0.15 mmol, 1.5 eq.) and 100 pL of
stock solution in HFIP containing Pd(OAc). (0.05 M), S,0-ligand L2 (0.05 M) and NBE N2 (0.5 M) and 0.15 mL HFIP.
The tubes were placed in a pre-heated oil bath at 90 °C and stirred for 30 min. The reaction tube was cooled in an
ice bath, filtered through Celite® and rinsed with DCM. To the crude mixture CH2Br2(7.08 uL, 0.1 mmol) was added
as internal standard, the mixture was dissolved in CDCls and *H NMR was measured.

The amounts of reagents were varied according to the tables. For the determination of the order of catalyst and
NBE two separate stock solutions were made one only containing NBE N2 and one containing Pd(OAc)2/L2. In all
cases, the total solvent amount was adjusted to 0.25 ml (0.4 M).
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Table 12. Determination of reaction order of Anisole (0.15 mmol Ar-I, 0.05 mmol. NBE, 0.005 mmol Pd(OAc)./L1
and 0.15 mmol AgOAc — HFIP 0.4 M).

log

Anisole 1 Anisole 1 X 3 3 3 rate log (rate
(Anisole 1
[mmol] [mM] [%] [mmol] [mM] [mM:-h?] [mM:-h])
[mM])
1 0,030 120 2,1 8 0,008 32 64 1,8
2 0,050 200 2,3 8 0,008 32 64 1,8
3 0,075 300 2,5 9 0,009 36 72 1,9
4 0,100 400 2,6 8 0,008 32 64 1,8
5 0,125 500 2,7 8 0,008 32 64 1,8
6 0,150 600 2,8 8 0,008 32 64 1,8
80 2,0
y =-0,0026x + 66,245 = y =-0,0018x + 1,8193

< 2= - _

T 70 ® R"=0,0206 ; 15 R? = 0,0005

S ’

£ ) R R £ o

% 60 E 1,8 .. ...... . --------- ‘ -...

= )

o
50 1,7
0 200 400 600 18 23 28
Anisole [mM] log(Anisole [mM])

Table 13. Determination of reaction order of Ar-1 (0.1 mmol Anisole, 0.05 mmol NBE, 0.005 mmol Pd(OAc)./L1 and
0.15 mmol AgOAc — HFIP 0.4 M).

Ar-12 Ar-12 log (Ar-12 3 3 3 rate log (rate

[mmol] [mM] [mM]) [%] [mmol] [mM] [mM-h] [mM-h1])
1 0,025 100 2,0 3 0,003 12 24 1,4
2 0,050 200 2,3 5 0,005 18 36 1,6
3 0,075 300 2,5 6 0,006 24 48 1,7
4 0,100 400 2,6 7 0,007 28 56 1,7
5 0,125 500 2,7 8 0,008 32 64 1,8
6 0,150 600 2,8 9 0,009 36 72 1,9
7 0,175 700 2,8 10 0,010 40 80 1,9

90 2,1
y=0,0914x + 17,714 @ = y=0,6178x +0,1424
= 70 2 _ .-'. = 19 2_ [ ]
T R?=0,9903  g- : R?=0,9992 o
- s @
= R 4 € ®
€ 50 [ XN = 1,7
— [}
[ . = .
5 R c @
T 30 ..,. g 15 @
o o
10 1,3
0 200 400 600 800 1,8 2,3 2,8
Ar-1 [mM] log(Ar-1 [mM])
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Table 14. Determination of reaction order of NBE (0.1 mmol Anisole, 0.15 mmol Ar-I, 0.005 mmol Pd(OAc)./L1 and
0.15 mmol AgOAc — HFIP 0.4 M).

“ NBE N1 NBE N1 log (NBE N1 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM:-h?] [mM-h1])

1 0,010 40 1,6 12 0,012 48,000 96 2,0

2 0,025 100 2,0 12 0,012 48,000 96 2,0

3 0,050 200 2,3 11 0,011 44,000 88 1,9

4 0,075 300 2,5 10 0,010 40,000 80 1,9

5 0,100 400 2,6 9 0,009 36,000 72 1,9

6 0,125 500 2,7 8 0,008 32,000 64 1,8

110 2,1

100 = =
_ Y y =-0,0733x + 101,49 Too | oo
£ 90 e, R?=0,9856 5 @ -, ®
s Q.,.. = Y

€ 80 e... Ew ] 0 T ®
270 ‘®.... © y=-0,1522x+2,2506 @

c ‘® w18 2=0,7871

60 8 R*=0,
50 1,7
0 200 400 600 1,5 2,0 2,5 3,0
NBE [mM] log(NBE [mM])

Table 15. Determination of reaction order of Pd(OAc)2/L2 (0.1 mmol. Anisole, 0.15 mmol Ar-I, 0.05 mmol NBE and
0.15 mmol AgOAc — HFIP 0.4 M).

M Pd/L1 Pd/L1 log (Pd/L1 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM-h] [mM:-h1])
1 0,0010 4 0,6 1,00 0,001 4,000 8 0,9
2 0,0025 10 1,0 4,00 0,004 16,000 32 1,5
3 0,0050 20 1,3 9,00 0,009 36,000 72 1,9
4 0,0075 30 1,5 12,00 0,012 48,000 9 2,0
5 0,0100 40 1,6 16,00 0,016 64,000 128 2,1
140 2,3
120 . = ..0
T 100 . ; 18 y=11961x+024 @~
s 80 e £ R? = 0,9843
g 4618 . <"y =3,2871x-1,1707 £ 13
- o R?=0,9915 - -
20 2 P
o L® 0,8
0 10 20 30 40 50 0,0 0,5 1,0 15 2,0
Pd/SO [mM] log(Pd/SO [mM)
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Table 16. Determination of reaction order of AgOAc (0.1 mmol Anisole, 0.15 mmol Ar-1, 0.005 mmol Pd(OAc)./L1,
0.05 mmol NBE — HFIP 0.4 M).

M AgOAc AgOAc log (AgOAc 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM:-h1] [mM:-h?])
1 0,0050 20 1,3 2,20 0,002 8,8 18 1,2
2 0,0075 30 1,5 3,80 0,004 15,2 30 1,5
3 0,0100 40 1,6 4,70 0,005 18,8 38 1,6
4 0,0125 50 1,7 6,40 0,006 25,6 51 1,7
5 0,0150 60 1,8 7,00 0,007 28,0 56 1,7
6 0,0200 80 1,9 9,80 0,010 39,2 78 1,9
100 _ 20 ®
T 80 P T 18 ly=1,0409x-0,0988 g.-@"
: e S 16 R?=0,9904 ..@""
S s 9904, .
E® o® Eqa | ¢
@ 40 o 3 PR
£ 50 .. y =0,9874x - 0,88 812
L R?=0,992 10
0 0,8
0 20 40 60 80 100 1,2 1,4 1,6 1,8 2,0
AgOAc [mM] log (AgOAc [mM])

Order of reagents via initial rate kinetics — DCE
The reaction order of each reagent was determined using the initial rate method.???

5-6 pressure tubes containing a suitable stirring were equipped with 3-methylanisole 1b (12.8 pL, 0.1 mmol, 1.0
eq.), methyl 4-iodobenzoate (40.1 mg, 0.15 mmol, 1.5 eq.), AgOAc (25 mg, 0.15 mmol, 1.5 eq.) and 100 pL of stock
solution in DCE containing Pd(OAc) (0.1 M), S,0-ligand L1 (0.1 M) and NBE N1 (0.5 M) and 0.15 mL DCE. The tubes
were placed in a pre-heated oil bath at 90 °C and stirred for 30 min. The reaction tube was cooled in an ice bath
and filtered through Celite® and rinsed with DCM. To the crude mixture CH2Br2 (7.08 uL, 0.1 mmol) was added as
internal standard, the mixture was dissolved in CDCl; and *H NMR was measured.

The amounts of reagents were varied according to the tables. For the determination of the order of catalyst and
NBE two separate stock solutions were made one only containing NBE N1 and one containing Pd(OAc)/ L1. In all
cases the total solvent amount was adjusted to 0.25 ml (0.4 M).
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Table 17. Determination of reaction order of Anisole (0.15 mmol. Ar-I, 0.05 mmol NBE, 0.01 mmol Pd(OAc)./L1 and
0.15 mmol AgOAc — DCE 0.4 M).

log

M Anisole1  Anisole 1 (Anisole 1 3 3 3 rate log (rate
nisole
[mmol] [mM] (mM)) [%] [mmol] [mM] [mM:-h?] [mM-h1])
m
1 0,050 200 2,3 7,00 0,007 28 56 1,7
2 0,075 300 2,5 8,00 0,008 32 64 1,8
3 0,100 400 2,6 10,00 0,010 40 80 1,9
4 0,125 500 2,7 11,00 0,011 44 88 1,9
5 0,150 600 2,8 12,00 0,012 48 96 2,0
110 2,1
TlOO y:02,104X+35,2 .._‘ fzo y=0,512X+0,5603
g 90 R?=0,9826 e < R?=0,9812 Pt
E 8 Q. Eao O
.-' Q *
g 70 o &
" 60 o« B8 o
50 1,7
100 300 500 700 22 24 26 28
Anisole [mM] log (Anisole [mM])

Table 18. Determination of reaction order of Ar-1 (0.1 mmol Anisole, 0.05 mmol NBE, 0.01 mmol Pd(OAc),/L1 and
0.15 mmol. AgOAc — DCE 0.4 M).

Ar-12 Ar-12 log (Ar-12 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM-h] [mM-h1])
1 0,050 200 2,3 6 0,006 24 48 1,7
2 0,075 300 2,5 8 0,008 32 64 1,8
3 0,100 400 2,6 10 0,010 40 80 1,9
4 0,125 500 2,7 11 0,011 44 88 1,9
5 0,150 600 2,8 12 0,012 48 96 2,0
120 2,1
100 v=?,12x+27,2 e f y = 0,6395x + 0,2189 «®
T R*=0,9698 X S 19 R?=0,9885 [ Yh
S 80 .. =
e | g = =
= 60 .o [
2 ._.. © 1,7 ‘..
40 E
20 1,5
100 300 500 700 21 23 2,5 2,7 29
Ar-l [mM] log (Ar-1 [mM])
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Table 19. Determination of reaction order of NBE (0.1 mmol. Anisole, 0.15 mmol. Ar-I, 0.01 mmol Pd(OAc)./L1 and
0.15 mmol AgOAc — DCE 0.4 M).

M NBE N1 NBE N1 log (NBE N1 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM:-h?] [mM-h1])
1* 0,010 40 1,6 6 0,006 24 48 1,7
2 0,025 100 2,0 12 0,012 48 96 2,0
3 0,050 200 2,3 12 0,012 48 96 2,0
4 0,075 300 2,5 12 0,012 48 96 2,0
5 0,100 400 2,6 12 0,012 48 96 2,0
*For the determination of the order entry 1 was excluded.
110 21
105 =
T100 ;
395 @ - @eene @ -oenen ® E20
% 90 j;i ‘ ........... ‘. ..... .‘ '
"8 &
80 1,9
0 100 200 300 400 500 1,8 2,0 2,2 2,4 2,6 2,8
NBE [mM] log (NBE [mM])

Table 20. Determination of reaction order of Pd(OAc)2/L1 (0.1 mmol. Anisole, 0.15 mmol Ar-I, 0.05 mmol NBE and
0.15 mmol AgOAc — DCE 0.4 M).

“ Pd/L1 Pd/L1 log (Pd/L1 3 3 3 rate log (rate
[mmol] [mM] [mM]) [%] [mmol] [mM] [mM-h1] [mM-h1])
1 0,0050 20 1,3 5,5 0,006 22 44 1,6
2 0,0075 30 1,5 7,5 0,008 30 60 1,8
3 0,0100 40 1,6 9,0 0,009 36 72 1,9
4 0,0125 50 1,7 11,0 0,011 44 88 1,9
5 0,0150 60 1,8 13,5 0,014 54 108 2,0
140
120 =21
—100 | e L] ; y = 0,7948x + 0,6024 .9
< @ R?=0,9915
s 80 .o E 19
o 60 e 2 ~ g o
40 Lo y =10t 12 £17 e
R?=0,9928 W e
20 o
0 1,5
10 20 30 40 50 60 70 1,2 14 1,6 1,8
Pd/SO [mM] log (Pd/SO [mM)
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Table 21. Determination of reaction order of AgOAc (0.1 mmol Anisole, 0.15 mmol Ar-I, 0.01 mmol Pd(OAc)./L1,
0.05 mmol NBE — DCE 0.4 M).

log

AgOAc AgOAc 3 3 3 rate log (rate
# (AgOAC
[mmol] [mM] [%] [mmol] [mM] [mM:-h?] [mM-h1])
[mM])
1 0,0050 20 1,3 0,008 0,008 31 62 1,8
2 0,0075 30 1,5 0,009 0,009 34 69 1,8
3 0,0100 40 1,6 0,010 0,010 38 76 1,9
4 0,0125 50 1,7 0,010 0,010 38 77 1,9
5 0,0150 60 1,8 0,010 0,010 38 77 1,9
6 0,0200 80 1,9 0,009 0,009 34 68 1,8
2,2
100
— =21
= 80 <
; .........‘....Q...Q ..... ° < 20
60 [ J c
£ =19 e.90.0....
@ 40 & 18 6 @ ®
o y =0,1074x + 66,32 = y=0,1021x + 1,6858
R?=0,1389 o 17 R?=0,323
0 1,6
0 20 40 60 80 100 12 14 16 18 20
AgOAc [mM] log (AgOAc [mM])
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Kinetic profile of stochiometric reaction in HFIP

19 pressure tubes containing a suitable stirring were equipped with 3-methylanisole 1b (6.36 uL, 0.05 mmol, 1.0
eq.), N2 (7 uL, 0.05 mmol, 1.2 eq.), Pd(OAc)2 (11.3 mg, 0.05 mmol, 1.0 eq.), S,0-ligand L2 (14.3 mg, 0.05 mmol, 1.0
eq.), methyl 4-iodobenzoate (19.6 mg, 0.075 mmol, 1.5 eq.) and in 10 pressure tubes AgOAc (12.5 mg, 0.075 mmol,
1.5 eq.). 0.125 mL HFIP was added and the tubes were placed in a pre-heated oil bath at 90 °C and stirred for the
indicated time. After cooling in an ice bath, the reaction was filtered through Celite® and rinsed with DCM. To the

crude mixture CH2Br(3.54 uL, 0.05 mmol) was added as internal standard, the mixture was dissolved in CDCls and

'H NMR was measured.

OMe
OMe 1 eq. Pd(OAc), OMe
1eq. L1 X H
1 eq. N1 \ GoFs,
Me \desﬁ
Me ! (15 eq. AgOAc) Me Ar o :
! 0.4 M HFIP, 90 °C, time CO,Me
1 2 3 c1

Table 22. Kinetic profile of stochiometric reaction in HFIP with AgOAc.

Ar

o
}><SCGF5

OH L1

: ijcozm

N1

Stochiometric reaction HFIP - with AgOAc # time [h]
C1 SP1
100
= 1 0,08 15 0
%80 o ®* ° ¢ 2 017 7 0
2 €0 . 3 025 2 0
<40 | o 4 0,50 0 0
=
220 |g 5 075 0 0
0 6 1 0 1
000 050 100 150 2,0 ’/ 2 0 !
' 8 6 0 6
Time [h] 9 15 0 7
® Product 3 - Complex C1 - AgOAc 10 24 0 7
AcNAr
Table 23. Kinetic Profile of Stochiometric Reaction in HFIP without AgOAc.
i 'H-NMR yield [%
Stochiometric Reaction HFIP - w/o AgOAc # time y %l
[h] c1 SP1 1
100
_ 1 0,08 46 0 26
X80 2 017 44 0 21
% 60 3 0,25 37 0 31
'>_-40 4 0,50 38 0 35
o
s 5 0,75 30 1 35
z20 o . 6 1 25 2 43
0 le®® _© @ 7 2 20 2 60
0,00 0,50 1,00 1,50 2,00 8 6 20 5 67
Time [h] -2 e g G 0
® Product 3 w/o AgOAc Complex C1 w/o AgOAc
Ansiole 1
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Kinetic profile of stochiometric reaction in DCE with AgOAc

19 pressure tubes containing a suitable stirring were equipped with 3-methylanisole 1b (6.36 uL, 0.05 mmol, 1.0
eq.), N2 (7 uL, 0.05 mmol, 1.2 eq.), Pd(OAc)2 (11.3 mg, 0.05 mmol, 1.0 eq.), S,0-ligand L2 (14.3 mg, 0.05 mmol, 1.0
eq.), methyl 4-iodobenzoate (19.6 mg, 0.075 mmol, 1.5 eq.) and in 9 pressure tubes AgOAc (12.5 mg, 0.075 mmol,
1.5 eq.). 0.125 mL DCE was added and the tubes were placed in a pre-heated oil bath at 90 °C and stirred for the
indicated time. After cooling in an ice bath, the reaction was filtered through Celite® and rinsed with DCM. To the

crude mixture CH2Br(3.54 uL, 0.05 mmol) was added as internal standard, the mixture was dissolved in CDCls and

'H NMR was measured.

1 eq. Pd(OAc),
1eq. L1
1eq. N1
1 >
| (1.5eq. AgOAc) Me
/0.4 M DCE, 90 °C, time

OMe

Me

OMe

Table 24. Kinetic profile of stochiometric reaction in DCE with AgOAc.

Stochiometric Reaction DCE - with AgOAc

100

NMR Yield [%]
5 o ®
S © o

(]
(]
[ )

N
o
[ J

0 o®
0 0,5 1
Time [h]
®  Product 3 - with AgOAc

15 2

Table 25. Kinetic profile of stochiometric reaction in DCE without AgOAc.

Stochiometric Reaction DCE - w/o AgOAc

100
g 80
S 60
2
<
o 40 PY )
> o © L
= 20 °

0 o®
0 0,5 1 1,5 2
Time [hl

®  Product 3 - without AgOAc

OMe  aweeeesssssaseseas
: CO,Me o
‘ X Qer /@\ ! SCgF5
Me™ P /s:é : i OH 11
Pd, : Ar Ar
0" o H
CO,Me . Ajcone
c1 SR P10 N1
'H-NMR vyield [%]
#  time [h]
- c1 SP1
1 0,08 0 0
2 0,17 0 0
3 0,25 0 0
4 0,50 0 0
5 0,75 0 0
6 1 0 1
7 2 0 9
8 6 0 10
9 24 0 10
'H-NMR vyield [%]
#  time[h]
C1 SP1
1 0,08 0 0
2 0,17 0 0
3 0,25 0 1
4 0,50 0 4
5 0,75 0 6
6 1 0 6
7 2 0 10
8 6 0 13
9 15 0 15
10 24 0 18
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Synthesis of complex C1

The optimization for the synthesis of complex C1 was performed by adding 3-methylanisole (12.8 pL, 0.1 mmol,
1.0 eq), Pd(OAc)2(22.8 mg, 0.1 mmol, 1.0 eq), N1 (15.2 mg, 0.1 mmol, 1.0 eq), L1 (28.6 mg, 0.1 mmol, 1.0 eq) and
HFIP (0.25 mL, 0.4 M) in a pressure tube and the mixture stirred at the indicated temperature and for the indicated
time. After cooling to room temperature, the reaction was filtrated through Celite® and rinsed with DCM. The
solvent was removed under reduced pressure and to the crude mixture CH2Br2(7.08 pL, 0.1 mmol) was added as
an internal standard, the mixture was dissolved in CDCls and *H NMR was measured.

Table 26. Optimization of conditions to obtain complex C1.

OMe
1 eq. Pd(OAc), o§><
M
PMe 1eq. L1 CeFs SCeFs

‘ AN
eq. N1 >X L
Me \ g

/
- = Pd_

0 =
Me HFIP, T, t 0" o COMe
CO,Me 2

1 c1 N1
1eq.
" Solvent Temp. Time IH-NMR yield [%]
0.4M [°c] [h] Cla
1 HFIP 90 2 70
2 HFIP 90 4 40
3 HFIP 60 0.25 76
4 HFIP 60 0.5 85
5 HFIP 60 1 70
6 HFIP 60 2 70
Complex C1
OMe Complex C1 was synthesized by adding 3-methlanisole (12.8 uL, 0.1 mmol, 1.0 eq), Pd(OAc).
| X CeFs (22.8 mg, 0.1 mmol, 1.0 eq), N1 (15.2 mg, 0.1 mmol, 1.0 eq.), L1 (28.6 mg, 0.1 mmol, 1.0
Me \ /s‘ eq) and HFIP (0.25 mL, 0.4 M) in a pressure tube and the mixture stirred for 30 min at 60
Pd\o o °C. After cooling to room temperature, the reaction was filtrated through Celite® and rinsed
CO,Me with DCM. The solvent was evaporated under reduced pressure. To the crude mixture
c1 CH2Br; (7.08 uL, 0.1 mmol) was added as internal standard, the mixture was dissolved in

CDCls and *H NMR was measured, providing the complex C1 in 85% *H NMR yield. Attempts
to purify the crude by column chromatography on silica gel using Cy / EtOAc / MeOH (1:1:0-0:9:1 v/v) or by
crystallization were unsuccessful as new impurities appeared. [Note: we assume, that complex C1 is less stable due
to steric hinderance in comparison to complex C1a, which might explain the difficulties to isolate it purely]. Due to
the clear crude NMR, we decided to give proton signals of the complex in the crude and compare the signals with
Cla. Two Rotamers in a ratio of a:b = 2:1 are observed and about 10% of 3-methylanisole 1a remains in the crude
NMR. *H NMR (400 MHz, CDCl3) 6 8.22 (d, J = 8.9 Hz, 1Hs), 7.97 (d, J = 7.7 Hz, 1Ha), 6.98 — 6.84 (m, 2Ha+s), 4.00 (s,
3Ha), 3.85 (s, 3Hs), 3.78 (s, 1Ha+s), 3.40 (s, 3Ha), 3.31 (s, 3Hs), 3.13 (d, J = 10.4 Hz, 1Hp), 3.03 (d, J = 10.1 Hz, 1H4),
2.83 (s, 1Ha+b), 2.38 (s, 3Ha+b), 2.19 (s, 1Haw), 1.74 — 1.02 (m, 11Ha+).
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Reaction of complex C1 with Ar-l 2

5 pressure tubes containing a suitable stirring were equipped with 2-methylanisole 1b (12.8 uL, 0.1 mmol, 1.0 eq.),
Pd(OAc)2(22.8 mg, 0.1 mmol, 1.0 eq.), S,0-ligand L2 (28.6 mg, 0.1 mmol, 1.0 eq.) and NBE N2 (15.2 mg, 0.1 mmol,
1.0 eq.). HFIP (0.25 mL, 0.4 M) was added and the tubes were placed in a pre-heated oil bath at 60 °C and stirred
for 30 min. After cooling in an ice bath, the reaction was filtered through Celite® and rinsed with DCM. To one of
the crude mixtures CH2Br2(7.08 pL, 0.1 mmol) was added as internal standard, the mixture was dissolved in CDCl3
and *H NMR was measured (Table SX - entry 1). To the other four crude mixtures methyl 4-iodobenzoate (40.1 mg,
0.15 mmol, 1.5 eq.) and to only two of these four crude mixtures AgOAc (25 mg, 0.15 mmol, 1.5 eq.) (Table SX -
entry 2+4) was added. HFIP or DCE (0.25 mL, 0.4 M) were added and the reactions were placed in a pre-heated oil
bath at 90 °C and stirred for the 2 h. After cooling to room temperature, the reaction was filtered through Celite®
and rinsed with DCM. To the crude mixtures CH2Br2(7.08 pL, 0.1 mmol) was added as internal standard, the mixture
was dissolved in CDCls and *H NMR was measured.

Table 27. Reaction of Complex C1 with Ar-| 2.

ome 1€ Pd(OAD, OMe
:eq-:: ‘ > CefFs, \ (1.5 00, AgOAQ) OMe 0§><SCGF5
eq. Me \ /é *, /@\ OH L1
Me HEIP, 60 °C, 30 min Pd\o o! HFIP or DCE, 90°C, 2h a
CO,Me | _CO,Me ; LJX\\V/COZMe
1 c1 2 3 N1
1eq. 1.5eq.
M Solvent AgOAc 1H-NMR yield [%] 1H-NMR yield [%]
04 M [eq.] 3a C1
1 HFIP - n.a. 85
2 HFIP 1.5 eq. 75 -
3 HFIP - 10 41
4 DCE 1.5 eq. 70 -
5 DCE - 61 10
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NMR Experiments of complex C1 and Cla

OMe
2x-Me (L1)

-COMe ’/J

0 6.5 6.0 5.5 5.0 4.0

4.5
f1 (ppm)
Figure 3. Structure assignment of complex C1 in *H-NMR (Crude NMR — contains 10% 1a 2-Methylanisole, CH2Br,

DCM, HFIP and AcOH).
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