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Mechanistic Investigation of the Nickel-Catalyzed Metathesis between
Aryl Thioethers and Aryl Nitriles

Philip Boehm,* Patrick Mdller,* Patrick Finkelstein, Miguel A. Rivero-Crespo, Marc-Olivier Ebert, Nils
Trapp and Bill Morandi*

ETH Zirich, Vladimir-Prelog-Weg 3, HCI, 8093 Zirich, Switzerland

ABSTRACT: Functional group metathesis is an emerging field in organic chemistry with promising synthetic applications. However,
no complete mechanistic studies of these reactions have been reported to date, particularly regarding the nature of the key functional
group transfer mechanism. Unravelling the mechanism of these transformations would not only allow for their further improvement,
but would also lead to the design of novel reactions. Herein, we describe our detailed mechanistic studies of the nickel-catalyzed
functional group metathesis reaction between aryl methyl sulfides and ary! nitriles combining experimental and computational results.
These studies did not support a mechanism proceeding through reversible migratory insertion of the nitrile into a Ni—Ar bond, and
provided strong support for an alternative mechanism involving a key transmetalation step between two independently generated
oxidative addition complexes. Extensive kinetic analysis, including rate law determination and Eyring analysis indicated the oxidative
addition complex of aryl nitrile as the resting state of the catalytic reaction. Depending on the concentration of aryl methyl sulfide,
either the reductive elimination of aryl nitrile or the oxidative addition into the C(sp?)-S bond of aryl methyl sulfide are the turnover-
limiting steps of the reaction. NMR studies, including an unusual *'P-2H HMBC experiment using deuterium-labeled complexes,
unambiguously demonstrated that the sulfide and cyanide groups exchange during the transmetalation step, rather than the two aryl
moieties. In addition, Eyring and Hammett analysis of the transmetalation between two Ni(Il) complexes revealed that this central
step proceeds via an associative mechanism. Organometallic studies involving the synthesis, isolation and characterization of all
putative intermediates and possible deactivation complexes have further shed light on the reaction mechanism, including the identi-
fication of a key deactivation pathway which has led to an improved catalytic protocol.

INTRODUCTION

Alkene metathesis is a powerful tool in organic chemistry for the construction and deconstruction of C=C bonds.> It is widely used
in a variety of fields ranging from natural product synthesis®® to materials science.® The full mechanistic elucidation of this reaction
was key to unlock the development of more active catalysts and further improve the substrate scope (Figure 1A).2610-12

In contrast, catalytic functional group metathesis, which proceeds through the exchange of two functional groups via reversible cleav-
age of two single bonds, has only emerged recently as a highly promising strategy in organic synthesis (Figure 1B).*® The Arndtsen
group and our group independently developed a palladium-catalyzed functional group metathesis between aryl iodides and aroyl
chlorides.**!® Yamaguchi and co-workers have reported the Ni-catalyzed transfer of an ester moiety to a range of aryl halides,® and
extended this methodology to the transfer of sulfides to different aryl electrophiles.’” Recently, we have disclosed the Ni-catalyzed
metathesis between aryl thioethers and aryl nitriles.*® The reaction exhibited a broad substrate scope in both aryl nitriles and aryl
sulfides, could be used to circumvent the need for hazardous reagents (such as cyanide salts or low-molecular weight thiols), and
proved useful in target-oriented synthesis (Figure 1C).

The limited number of reports on functional group metathesis underscores the challenge for further development of this class of
reactions. The design of more functional group metathesis reactions will benefit from a greater mechanistic understanding, especially
given the need to identify a suitable transfer mechanism to exchange two chemically distinct functional groups. Importantly, this
understudied transfer of two functional groups between two complexes of the same transition metal, in particular between two nickel
complexes, has broad relevance in catalysis, as it might be involved in several other reactions classes, e.g. cross-electrophile cou-
plings, C—H activation or polymerization reactions.'*2> Despite numerous reports on transmetalation between two transition metal
centers, 4282733 there is only scattered literature on transmetalation between two nickel centers.'”338 These studies were limited to
isolated experiments based either on product detection upon mixing of two complexes,'”*-3 or on the kinetic observation of second



order in catalyst concentration.®” Important key questions regarding the transmetalation, most notably whether the aryl groups or the
other X-type ligands were exchanged in these reactions, thus remain largely unanswered.

In this work, we report a detailed Kinetic and organometallic study of the Ni-catalyzed metathesis between aryl nitriles and aryl
thioethers.!® We used kinetic and spectroscopic analysis to identify the resting state and the turnover-limiting step of this reaction.

Figure 1. Context of this work.
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Activation parameters for important steps of the proposed catalytic cycle were determined in stoichiometric organometallic studies
and further supported by DFT calculations. Valuable information about the transmetalation step could be obtained by Hammett anal-
ysis and by using deuterium-labeled complexes. This accumulated knowledge finally helped us devise a strategy to overcome a newly
uncovered deactivation pathway and propose a catalytic cycle that is consistent with our observations (Figure 1D).

RESULTS AND DISCUSSION
Mechanistic Hypotheses

At the outset of our studies, we proposed two possible mechanisms based on observations made during reaction development,*® as
well as literature precedent that included a proposed transmetalation between two catalytically active nickel centers (Scheme 1).1734
37 A specific consideration related to the reversibility of our reaction is the need for fully symmetrical catalytic cycles, i.e. bonds are
formed and cleaved through the same mechanism and transition states, consistent with the microscopic reversibility principle.®

Hypothetical mechanism A (Scheme 1) commences with the reported oxidative addition of the dcype-ligated Ni(0) catalyst into the
C(sp?)-S bond of the aryl methyl sulfide starting material.>** The formed Ni(ll) complex next reacts with the C=N bond of the nitrile
substrate through a migratory insertion mechanism. Such migratory insertions of nitriles into Ni(ll)-aryl species have been proposed
previously, albeit with the assistance of Lewis acids coordinating to the nitrile nitrogen.“>** By undergoing the formal reverse reaction
of migratory insertion — B-carbon elimination — the formed Ni(ll)-iminyl species then releases a new aryl nitrile. The p-carbon elim-
ination step has been extensively studied for rhodium and palladium.*-% However, only recently it has been proposed as a potential
mechanistic pathway in a Ni-catalyzed reaction.5? The formed aryl-Ni(l1)-SMe complex could then reductively eliminate®*! to re-
lease the aryl methyl sulfide and close the catalytic cycle. This mechanistic hypothesis was primarily based on the observation of N-
arylated diarylimine by GC-MS analysis during the optimization of the metathesis reaction.*®

For hypothetical mechanism B (Scheme 1), independent oxidative additions of the Ni/dcype catalyst into the C-SMe bond of the aryl
methyl sulfide and the C—CN bond of the aryl nitrile generate two oxidative addition complexes. These elementary steps are known
for either the Ni/dcype- or related catalyst systems.404153-55 |n g central transmetalation event between two nickel complexes, either
the thiolate and cyanide moieties or the two aryl groups of the two complexes exchange to form the two scrambled Ni(ll) complexes.



Similar transmetalation processes have already been proposed for nickel-catalyzed reactions.'”337 Both complexes can then undergo
final reductive elimination to regenerate the active Ni(0) catalyst and release both products.

Scheme 1. Plausible proposed mechanisms for the nickel-catalyzed metathesis ([Ni] = [Ni(dcype)] or [Ni(dcype)(cod)]).
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We have chosen a model reaction to study the nickel-catalyzed metathesis between aryl thioethers and aryl nitriles, (Scheme 2). The
substrates 4-(trifluoromethyl)benzonitrile (1) and 4-methoxythioanisole (2) have been selected due to their commercial availability,
and the high yield of both products 4-(trifluoromethyl)thioanisole (3) and 4-methoxybenzonitrile (4) in the previously reported me-
tathesis reaction.®

Scheme 2. Model reaction for the functional group metathesis.
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Mechanism involving B-Carbon Elimination

With proposed mechanism A in mind, we commenced our study with the synthesis of the oxidative addition complex of the
[Ni(cod),]/dcype catalyst system into the C(sp?)-S bond of 4-methoxythioanisole (2). Similar complexes had been synthesized pre-
viously.*# Unfortunately, direct synthesis via oxidative addition into the C(sp?)-S bond proved to be challenging due to difficulties
during the purification of the complex. We therefore synthesized the oxidative addition complex [Ni(dcype)(ArOMe)(SMe)] (6)
(ArOMe = p-CsH4OMe) via a two-step route starting with the oxidative addition of [Ni(cod).]/dcype into the C-Br bond of 4-meth-
oxybromobenzene (5), followed by salt metathesis with sodium thiomethanolate. (Scheme 3A). We then investigated the synthesis
of the putative nickel-iminyl intermediate, which might stem from the migratory insertion of the C=N bond of 4-(trifluoromethyl)ben-
zonitrile (1) into the Ni—Ar bond of 6 (Scheme 3B). After deprotonation of the appropriate unsymmetrical diaryl imine with butyl
sodium (see S, chapter 2 for details), we reacted the resulting iminyl sodium 7 with [Ni(dcype)(SMe)] (8) to form Ni-iminyl complex
9. The identity of 9 was confirmed by single-crystal X-ray and NMR analysis. According to the crystal structure, the C=N bond is in
Z-configuration, with the Ni-fragment and the p-methoxyphenyl group on the same side. The Ni-N—Cininy1 angle measures 138.4(3)°.
Assuming syn addition of the aryl and the nickel fragment during the migratory insertion, free rotation around the Ni—N—Ciminyi axis
is required for a productive B-carbon elimination. Although the presence of the E-isomer could not be detected by 3P{*H}-NMR
spectroscopy, DFT calculations support the possibility of isomerization under our reaction conditions (see Sl, chapter 8).



Scheme 3. Synthesis of putative reaction intermediates and probing the key steps of mechanism A.

A is of Oxidative Addition Complex 6
X-ray structure of 6
1) Ni(cod),, deype
Br )P h(CN )2, deyp oy cy
toluene, r.t. EP\N SMe
P/ I
2) NaSMe Cy
OMe THF, r.t. y
58% over 2 steps OMe
5 6
B—m—— of Nickel-Iminyl Complex 9
Cy Cy
EP\ ,sMe Sy c X-ray structure of 9
P\ /SMe
Cl Cy \
toluene rt.
MeO CFy 61% CFs
C ———————— Probing Migratory Insertion into the Nitrile
Cy ¢ CN Cy SMe
(o P
P sMe P\ ,CN |: ¥ /SME
[P/ ' +
c I\Cy\©\ toluene- déi / Cy I Cy \ O
y variable T
OMe  CF3 O CFy
6 1
MeO 9 - not observed
D Probing B-Carbon Elimination
Cy C
Y
Cy, CN
EP\N ,SMe with and without 2 sue
P’ \ added dcype Sai”
“oy ) > ition to e *
cy O toluene-d unidentifiable products o \Cy\©\
O CF3  variable T R R
MeO 9 R = CF3, OMe - not observed

After the successful synthesis of these two nickel-complexes, we stoichiometrically probed the migratory insertion of the C=N bond
of 1 into the Ni-Ar bond of [Ni(dcype)(ArOMe)(SMe)] 6. We reacted equimolar amounts of 6 with 1 in toluene-dg® at different
temperatures and monitored the reaction in situ by *H- and *!P{*H}-NMR spectroscopy (Scheme 3C). Instead of observing the signals
corresponding to the migratory insertion product 9, we observed two new sets of doublets in the 3'P{*H}-NMR spectrum, which
matched the signals of the oxidative addition complex of 4-(trifluoromethyl)benzonitrile, [Ni(dcype)(ArCF3)(CN)] (10)
(ArCF; = p-CsH4CF3). When analyzing the reaction mixture by GC-MS, we could also observe free 4-methoxythioanisole (2). These
results suggest that rather than undergoing migratory insertion of the aryl nitrile C=N bond, complex 6 reductively eliminates to
release 2 and subsequently undergoes oxidative addition into aryl nitrile 1 to form the oxidative addition complex 10. Similarly, we
also probed the B-carbon elimination from Ni-iminyl complex 9 (Scheme 3D). We heated complex 9 in toluene-ds both with and
without additional dcype ligand* at different temperatures and followed the reaction by *H- and 3!P{*H}-NMR spectroscopy. We
anticipated observing either aryl nitriles 1 or 4 stemming from B-carbon elimination and one of the two corresponding oxidative
addition complexes of thioanisole or their reductive elimination products, respectively. Instead, we could only observe a complex
mixture of unidentifiable products by NMR analysis. GC-MS analysis of the same reaction mixture only showed the corresponding
diaryl ketone resulting from imine hydrolysis. This result indicates that f-carbon elimination from this nickel-iminyl complex does
not appear to be accessible under these reaction conditions. In addition, complex 9 proved to be catalytically, but not kinetically
competent under the standard reaction conditions (see Sl, chapter 4 for details). Collectively, these results show that the reaction is
most likely not proceeding via a pathway including migratory insertion of the aryl nitrile C=N bond to form a Ni-iminyl complex and
subsequent B-carbon elimination.

Mechanism involving Transmetalation
Synthesis of Oxidative Addition Complexes

After showing that mechanism A is most likely not operative under the reaction conditions, we turned our attention towards proposed
mechanism B (Scheme 1). Four key hypothetical intermediates are proposed for this mechanism, the two oxidative addition com-
plexes 6 and 10 of the two starting materials 1 and 2, and the two oxidative addition complexes 11 and 12 of the two products 3 and
4 (Figure 2). Complex 6 had already been synthesized for the investigation of mechanism A; therefore, we focused our efforts on
synthesizing the remaining three complexes. The oxidative addition complex of the [Ni(cod).]/dcype catalyst into the C(sp?)-S bond
of 4-(trifluoromethyl)thioanisole (3) proceeded smoothly and afforded complex 11 in 93% yield. The oxidative addition of
[Ni(cod),]/dcype into the C-CN bond of aryl nitriles has not been described in literature so far. Jones and co-workers reported the
oxidative addition of a related Ni-system with a similarly electron-rich ligand, 1,2-di(iso-propylphosphino)ethane (dippe).>*> We
were able to access complex 10 by direct oxidative addition of [Ni(cod).]/dcype into the C-CN bond of 4-(trifluoromethyl)benzo-
nitrile (1) in 97% yield. Similarly to complex 6, we were not able to access complex 12 via direct oxidative addition into the C—-CN
bond of 4-methoxybenzonitrile (2). Instead, we synthesized 12 in an analogous manner to complex 6, using tetrabutylammonium
cyanide for the salt metathesis. The structures of all complexes were confirmed by single-crystal X-ray and NMR analysis. All four



complexes proved to be kinetically competent under the standard reaction conditions (see Sl, chapter 4 for details), supporting their
key role in the catalytic cycle.

Figure 2. Synthesized intermediates for proposed mechanism B and their X-ray crystal structures.
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Kinetic Analysis of the Catalytic Reaction

Having synthesized and confirmed the kinetic competence of all the putative intermediates, we performed kinetic analysis of the Ni-
catalyzed metathesis between aryl sulfides and aryl nitriles to pinpoint the nature of the resting state and turnover-limiting step, as
well as gather information about possible deactivation pathways. When analyzing the reaction progress by gas chromatography, we
observed that the standard reaction (Scheme 2) does not exhibit an induction period, but rather a steady increase in product concen-
tration with complete conversion achieved within approximately 5 hours (see Sl, chapter 4 for more details). In addition, we noticed
minor catalyst deactivation when running same excess experiments, as described by Blackmond.%”%¢ We did not detect product inhi-
bition under the same conditions with added products 3 and 4.

For the determination of the experimental rate law, we used the method of initial rates (up to 15% conversion, see Sl chapter 4 for
more details). By varying the concentration of the [Ni(cod),]/dcype-catalyst (0.01875-0.0375 M), we observed a first-order depend-
ence of the rate of the reaction on catalyst concentration (see Figure 3). Furthermore, we observed an inverse first order in aryl nitrile
1 when varying its concentration (0.125-0.375 m). The order in aryl methyl sulfide 2 changed with varying concentrations, revealing
a change in the reaction regime. We observed a first order dependence in 2 for low concentrations and a zero-order dependence at
higher concentrations. The experimentally-derived rate law from those observations is depicted in Figure 3 and the parameters a and
b were obtained by fitting the experimental data to the kinetic model (see SI, chapter 4 for more details and derivations of the theo-
retical rate law). Despite the fact that the model is a simplification of the real reaction system, the experimental data fits within the
prediction interval of the theoretical model at 95% level of confidence.

Figure 3. Experimental rate equation and comparison of the initial rates of the reactions with different initial concentrations of catalyst,
1 and 2. The experimental data is shown as scattered dots and the theoretical model including the prediction interval at 95% (20)
level of confidence as solid lines.
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From the inverse first-order dependence on the concentration of 1 and also the in situ NMR studies (vide infra), we can assume that
a nickel-aryl nitrile adduct (with 1 being either coordinated or oxidatively added) is the resting state of the catalyst. The positive order
in 2 at low concentrations implies that the oxidative addition into the C(sp?)-S bond of 2 occurs before or during the turnover-limiting
step of the metathesis reaction. Decoordination of substrate 1 has to occur by ligand exchange with 2, and this competition for the
Ni(0)-intermediate explains the inverse first order in 1. At higher aryl methyl sulfide concentrations, this step becomes fast enough
that the turnover-limiting step shifts to either the reductive elimination or decoordination of 1 from the nickel catalyst.

Eyring Analysis

To gain a deeper insight into the reaction mechanism, Eyring analysis of the oxidative addition/reductive elimination of both aryl
nitriles and both aryl methyl sulfides were conducted. The activation parameters were determined in the 60 to 100 °C temperature
range by *H-NMR analysis. The oxidative addition and reductive elimination of the aryl nitriles were studied starting from the coor-
dination complex 13 and the oxidative addition complex 12 (Table 1A). At 75 °C, the barriers (AG#s-c) for the oxidative additions
do not depend on the para-substituent of the aryl moiety and are 27 kcal-mol* in both cases. However, the Gibbs free energy of
activation for the reductive elimination step depends on the substituent of the aryl moiety and is smaller for the electron-rich para-



methoxypheny!| substituted complex 12 (25 kcal-mol™?) compared to the electron-poor trifluoromethyl substituted analogue 10
(28 kcal-mol ™). A similar trend was observed in the oxidative addition/reductive elimination reactions of aryl methyl sulfides 2 and
3. The apparent Gibbs free energy of activation for the oxidative addition starting from [Ni(dcype)(cod)] (15) and 2 or 3 is independent
of the electronics of the aryl methyl sulfide (24 kcal-mol? at 75 °C) whereas the apparent Gibbs free energy of activation of the
reductive elimination is lower if an electron-rich para-methoxyphenyl ligand is present (25 kcal-mol™?). In fact, the apparent barrier
for the reductive elimination starting from complex 11 was too large to be measured below 100 °C (Table 1B).

To further support the experimental findings and bridge the gap to the catalytic reaction conditions at 140 °C, the relative energies of
the different elementary steps for the nitrile reactions were calculated by DFT (Table 1 and Sl, chapter 8). The data from the Eyring
analysis of the aryl nitriles was used to benchmark a series of different functionals for the electronic energy to determine which one
could be used to give the closest values to the experiments. Calculations were run with ORCA 5.0.15%% and all geometries were
optimized with the BP86 functional,®-%? the def2-tzvp(Ni)/def2-svp(other atoms) basis sets,*® and the D3BJ dispersion correction.546°
The PBEO functional® with the def2-qzvp(Ni)/def2-tzvp(other atoms) basis sets and the D3BJ dispersion correction was used for the
electronic energy, as this gave the smallest energy differences compared to the experimental values (see Sl, chapter 8 for full details).
For substrates 13 and 10, the calculated barriers at 75 °C for the oxidative addition and reductive elimination were 27.3 kcal-mol?
and 28.4 kcal-mol™, respectively, showing a very good agreement with the experimental values. Similarly, for substrate 14 and 12,
the calculated barriers for the oxidative addition and reductive elimination were 27.2 kcal-mol™ and 25.6 kcal-mol™, respectively.

Table 1. Activation parameters of the oxidative addition/reductive elimination of aryl nitriles 1 and 4 and apparent activation param-
eters for the oxidative addition/reductive elimination of aryl methyl sulfides 2 and 3.
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Next, the relative energies of the proposed pathway (mechanism B) were computed at 140 °C (Figure 4). In agreement with the
observed rate law and based on the computed barriers for the stochiometric reactions, the oxidative addition complex
[Ni(dcype)(ArCF3)(CN)] (10) is proposed as the resting state of the catalytic reaction rather than the coordination complex 13. The
oxidative addition of 2 (29.9 kcal-mol?) is likely to be the turnover-limiting step, in line with the kinetic data. However, due to the
low energy difference between the barriers for the oxidative addition into 1 and 2, the resting state and turnover-limiting step may
change during the course of the reaction. Unfortunately, no transition state for the transmetalation could be found (see Sl, chapter 8),
but experimental data suggests that the barrier is lower than the preceeding steps (vide infra). After transmetalation, the two complexes
11 and 12 can both reductively eliminate to release the products of the reaction (both pathways are shown, the nitrile pathway is
dashed for clarity). As we had assigned 10 to be the resting state, we proposed that the product release is aided by coordination of
another molecule of starting material 1, i.e. pushing the equilibrium; in both cases leading to the coordinated intermediate 13. This
can then either exchange with starting material 2, or undergo oxidative addition to participate in the transmetalation.



Figure 4. Calculated Gibbs free energy profile for mechanism B. The optimized transition states for TSi13 10 and TSecoord 6 are de-
pictetd.
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Study of the Transmetalation Step

After studying the two oxidative additions into both the C-CN bond of 4-(trifluoromethyl)benzonitrile (1) and into the C(sp?)-S bond
of 4-methoxythioanisole (2), as well as the two reductive eliminations to form 4-(trifluoromethyl)thioanisole (3) and 4-methoxyben-
zonitrile (4), we turned our attention towards the key transmetalation step. In the proposed mechanism B (Scheme 1), a transmetalation
between the two oxidative addition complexes 6 and 10 would give the corresponding scrambled complexes 11 and 12, which would
then undergo reductive elimination to release the two products and close the two catalytic cycles. There are only scarce studies of the
transmetalation between two nickel oxidative addition complexes,'*¢*° calling for a careful study of this elementary step.

In a first qualitative experiment, we mixed complexes 6 and 10 in equimolar amounts in toluene-ds and monitored the reaction via
SIP{*H}-NMR analysis (Scheme 4). At 60 °C, we could observe the slow disappearance of the signals at § = 60.4 ppm and 65.3 ppm
(blue dots) and at 6 = 63.3 ppm and 74.8 ppm (blue diamonds) of the two starting complexes 6 and 10, respectively. Concomitantly,
we could observe the formation of two new sets of doublets at 6 = 60.5 ppm and 65.2 ppm (red dots) and & = 62.6 ppm and 73.7 ppm
(red diamonds), corresponding to the two complexes 11 and 12, respectively.



Scheme 4. Qualitative transmetalation between complexes 6 and 10 by 3!P{*H}-NMR analysis. The intensity of the cyano complexes
is low due to their moderate solubility in toluene-ds.
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In their recent report, Yamaguchi and co-workers propose that the exchange reaction between aryl electrophiles (esters, carbonates,
carbamates and halides) and aryl thioethers proceeds through aryl group exchange.'” After showing that the transmetalation between
the two oxidative addition complexes 6 and 10 proceeds readily, we questioned whether the thiolate and the cyanide, or the two aryl
ligands are exchanging in our system. To be able to distinguish between those two options, we synthesized a labeled version of the
dcype ligand, containing a deuterated backbone. We anticipated that if mixing a deuterated complex with a non-deuterated complex,
we should be able to differentiate via 3'P{*H}-NMR shifts and *'P-2H-correlation whether a thiolate/cyanide or an aryl group exchange
has occurred upon heating. Since direct observation of 3P-2H splitting (2Jep) in the 3P{*H}-NMR spectrum was not possible,*” we
successfully adapted a gradient-selected HMBC experiment to determine which complexes bear a deuterated ligand backbone (see
S, chapter 5). Due to the moderate solubility of the cyano complexes 10 and 12, we used the oxidative addition complex of 4-
phenylthioanisole 17 and the oxidative addition complex of unsubstituted benzonitrile 18 for these model reactions in more polar 1,2-
difluorobenzene as solvent.

Starting from labeled complex 17-d4, and non-labeled complex 18, there are two possible scenarios: 1) if scrambling between the
thiolate and the cyanide ligand occurs, complexes 19-ds and 20 should form, with complex 19-d4 bearing the deuterated ligand back-
bone (Scheme 5A), resulting in an emerging cross peak in the 3'P-2H-HMBC correlating to the *!P-NMR signals of complex 19-ds;
2) if scrambling between the two aryl groups occurs instead, complexes 20-d4 and 19 should form (Scheme 5B), resulting in an
emerging cross peak correlating with the 3!P-NMR signals of complex 20-ds. Before performing the 3'P-2H-HMBC experiment, we
first performed control experiments to exclude that undesired rapid phosphine ligand scrambling is occurring on the time-scale of our
measurements. No significant exchange between the non-deuterated complexes 17 and 18 and dcype-ds could be detected (see S,
chapter 5), thus indicating that phosphine ligand exchange does not occur to any extent that would deteriorate the results of the 3!P-
2H-HMBC experiment.

Scheme 5. Differentiation between SMe/CN exchange and aryl group exchange with deuteration pattern after transmetalations.
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Scenario 2: Aryl groups are exchanging. Complex 20-d, is deuterated.

We next performed the transmetalation experiment between complex 17-d4 and complex 18 in 1,2-difluorobenzene. Similar to the
previous experiment depicted in Scheme 4, we observed new signals in the $:P{*H}-NMR spectrum upon heating to 60 °C, confirming
that the transmetalation with the deuterated ligand backbone and the different aryl substituents proceeds smoothly. The results of the
31p-2H-HMBC are depicted in Scheme 6. Initially, there are two cross peaks visible in the 3!P-2H-HMBC spectrum, corresponding to



the two phosphorus nuclei of the dcype-d. ligand of complex 17-ds correlating to the deuterium nuclei of the ligand backbone (Scheme
6A). After approximately 2 hours at 60 °C, two additional signals become visible, indicating the presence of another complex with
deuterated ligand backbone (Scheme 6B). The diagnostic chemical shifts of the two doublets in the 3'P{*H}-NMR spectrum indicate
that this complex bears a cyanide ligand, clearly showing that the predominant pathway proceeds through cyanide/thiolate rather than
aryl group exchange. The inherent low propensity of these complexes to transfer aryl groups (over cyanide and thiolato groups) might
also explain why biaryl coupling products were not observed under either stoichiometric or catalytic conditions. This selectivity thus
effectively prevents an otherwise possible catalyst decomposition through a cross-electrophile coupling pathway that would lead to
biaryl formation and presumably inactive [Ni(dcype)X,] complexes.'®%

Scheme 6. Indication of SMe/CN exchange in the 3!P-2H-HMBC experiment of the transmetalation. The intensity of the thiolato
complexes is low due to their moderate solubility in 1,2-difluorobenzene. In spectrum B small additional peaks (74.1, 65.0, 63.1, 61.0
ppm) are visible that arise from slow side reactions. For example, the Ni(Il) complexes can undergo reductive elimination under the
reaction conditions. Exchange of the ArCN, resp the ArSMe ligands followed by oxidative addition, results in a formal scrambling
of dcype and dcype-ds. As the transmetalation is significantly faster than this side reactions, the outcome of the experiment is not
affected by it.
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To gain further insight into the mechanism of transmetalation between the two nickel species, the orders in cyano complex 10 and
methylthiolato complex 6 were determined (see Sl, chapter 5). A first-order dependence in 6 and 10, indicative of an associative
mechanism, was observed. After having established that a cyanide/thiolate exchange is occurring, we wanted to probe the effect of
electronics on the transmetalation step. A Hammett analysis was performed by varying the electronic properties of the aryl moiety.
Two model reactions were investigated; [Ni(dcype)(ArOMe)(SMe)] (6) was reacted with differently substituted cyano complexes 10,
18 and 19; and [Ni(dcype)(ArCF3)(CN)] (10) was reacted with methylthiolato complexes 6, 17 and 20, respectively. The rate constants
of the reactions were obtained by 3!P{*H}-NMR spectroscopy at 70 °C in 1,2-difluorobenzene. The data shows that the rate of
transmetalation is affected by substituents that can donate or withdraw electron density through resonance. An enhanced rate can be
measured when electron-withdrawing substituents on the aryl ligand of the cyano complex are present, since a w-acceptor ligand (CN)
is exchanged by a n-donor ligand (SMe). For the same reason, an enhanced rate is observed when electron-donating substituents are
present on the aryl group of the methylthiolato complex (see Sl, chapter 5). Under similar conditions as for the Hammett study, the
apparent activation parameters for the transmetalation between [Ni(dcype)(ArCF3)(CN)] (10) and [Ni(dcype)(ArOMe)(SMe)] (6)



were determined in the temperature range of 50 °C to 70 °C (Scheme 7). The apparent entropy of activation was found to be highly
negative (-29+5 cal-mol-K™), which further supports an associative mechanism. Based on these collective results, we surmise that
the transmetalation step is proceeding through the bimolecular exchange of the cyanide and thiolate ligands through an associative
transition state. Unfortunately, no suitable transition state could be located by computational studies.

Scheme 7. Eyring study of the transmetalation.
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Based on these experimentally determined apparent activation parameters, the Gibbs free energy of activation (AG;Q‘0 o) of the
transmetalation at 140 °C, which is the temperature of the catalytic reaction, was calculated to be 26+2 kcal-mol™* using the Gibbs-
Helmholtz equation. Since the barrier for transmetalation relative to the proposed resting state is still smaller than for the computed
steps (Figure 4), it is unlikely that the transmetalation is the turnover-limiting step of the reaction. Furthermore, the observed order
in catalyst (first order) is not in agreement with a turnover-limiting transmetalation step, as in such a scenario a second order depend-
ence is expected. This result together with the other experimental evidence points towards the oxidative addition of the Ni/dcype-
catalyst into the C(sp?)-S bond of aryl methy! sulfide 2 as turnover-limiting step.

In situ NMR Analysis and Improved Protocol for the Metathesis between Aryl Sulfides and Aryl Nitriles

We continued our mechanistic investigation of the nickel-catalyzed metathesis between aryl thioethers and aryl nitriles with in situ
NMR analysis of the catalytic reaction. The standard reaction was run in o-xylene-dso, and was monitored by H- and 3P{*H}-NMR
spectroscopy at 140 °C (see Sl, chapter 5 for details and spectra). By comparison of the chemical shifts and the coupling constants of
the signals in the 3'P{*H}-NMR spectrum with the 3:P{*H}-NMR spectra of the synthesized samples, we could identify the oxidative
addition complex of 4-(trifluoromethyl)benzonitrile [Ni(dcype)(ArCFs)(CN)] (10) as a dominant species under catalytic reaction
conditions, further supporting our hypothesis that 10 is the catalyst resting state. Apart from the oxidative addition complex 10, we
could also observe the two thioanisole oxidative addition complexes 6 and 11. However, the in situ NMR studies of the Ni-catalyzed
metathesis reaction revealed more signals observable in the 3'P{*H}-NMR spectrum at 140 °C than originally anticipated. In addition,
we observed the formation of undesired organic side-products, such as diaryl sulfides 21, 22 and 23 (Figure 5) by GC-MS. Additional
side-reactions were also observed during the Eyring study of the oxidative addition of the nickel catalyst into the aryl methyl sulfides
2 and 3. These observations, combined with the results from the kinetic analysis (vide supra) indicate that an undesired deactivation
pathway is occurring under the reaction conditions. We therefore set out to understand this deactivation pathway and develop an
improved protocol for the Ni-catalyzed metathesis between aryl nitriles and aryl sulfides.

Figure 5. Deactivation products observed by GC-MS analysis.
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After studying the *H-NMR, the 3P{*H}-NMR and the *H-3'P-HMBC NMR spectra of the reaction mixture, we observed upfield
shifted signals in the *H-NMR spectrum that might correspond to a methyl group bound to the nickel-center (see Sl, chapter 5 for
details).®*"* We hypothesized that these complexes might originate from undesired oxidative addition of the Ni/dcype-catalyst into
the C(sp®)-S bond of the aryl methyl sulfide starting material, forming complex 24 (Scheme 8).7274 Similar to the SMe- and the CN-
groups, the arylthiolato group can then likely exchange with other complexes such as 10 to form complexes 25 and 26. Complex 25
can then undergo reductive elimination to form diaryl sulfide 23, which was observed as a side-product.



Scheme 8. Potential Deactivation Pathway.
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To mechanistically support our hypothesis of catalyst deactivation through formation of Ni-Me complexes, we set out to inde-
pendently synthesize all contemplable Ni-complexes to compare their analytical data with the data we obtained from the in situ NMR
studies (see Sl, chapter 5 for details). Eventually, we could identify the major signals as the already assigned productive intermediates
6, 10, and 11. In addition to complexes 24 and 26, we were also able to observe complexes 27 and 28 by comparison of the 3:P{*H}-
NMR shifts and the coupling constants (Figure 6, see Sl, chapter 5 for details). This result supports the hypothesis that undesired
oxidative addition into the C(sp®)-S bond of 4-methoxythioanisole (2) and subsequent ligand exchange with other complexes present
in the reaction mixture is occurring under the reaction conditions. Even though the barrier for oxidative addition into the C(sp®)-S
bond is significantly higher compared to the barrier for oxidative addition into the C(sp?)-S bond, DFT calculations support that this
step is generally accessible (see Sl, chapter 8). Since all the identified complexes (24, 26, 27 and 28) are catalytically and/or kinetically
incompetent under the standard reaction conditions, we assume that those species are the major deactivation complexes.

Figure 6. Identified unproductive complexes in the reaction mixture.
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The identification of the oxidative addition into the C(sp®)-S bond as side-reaction also explains the presence of diaryl sulfides as
sole organic side-products, whereas biaryls were not observed. The diaryl sulfides might originate from oxidative addition into the
C(sp®)-S bond of the aryl methyl sulfides, subsequent ligand exchange and reductive elimination.

After identification of the deactivation pathway in the nickel-catalyzed metathesis between aryl thioethers and aryl cyanides, we
harnessed this knowledge to suppress the undesired oxidative addition into the C(sp®)-S bond of the 4-methoxythioanisole (2) starting
material. We envisioned that if the undesired oxidative addition is blocked by increased steric bulk on the thioether, selective oxidative
addition into the desired C(sp?)-S bond should occur. Therefore, we synthesized three new aryl alkyl sulfides with a tert-butyl, an
isopropyl and a neopentyl substituent. Those substrates were then tested under the standard catalytic reaction conditions.

The tert-butyl substrate did not afford any product and only starting material was observed by gas chromatography. Excess steric
bulk possibly prevents the oxidative addition into both C—S bonds. The isopropyl and the neopentyl substrate 29 and 30, on the other
hand, gave 95% of aryl sulfide 31 and quantitative yield of aryl sulfide 32, respectively (Scheme 9A). This is a substantial increase
compared to the 86% yield reported for the corresponding methyl-substrate 3.1 Additionally, no diaryl sulfide products 21, 22 or 23
were observed by GC-MS analysis. We attribute this increased yield and the absence of side products to the increased steric bulk of
the alkyl group at the sulfur, which still allows for oxidative addition into the C(aryl)-S bond, while preventing unproductive oxidative
addition into the C(sp®)-S bond. When running the reaction for a longer time (72 hours), the catalyst loading could be reduced to
5 mol% nickel instead of the original 10 mol%, with only a minor decrease in yield. The isopropyl substrate afforded the desired
exchanged product 31 in 87% yield, the neopentyl substrate gave 91% yield of the scrambled product 32 (Scheme 9B). In comparison,
the original methyl-substituted substrate 2 gave a reduced 76% yield of 3 when running the reaction with 5 mol% catalyst loading for
72 hours.



Scheme 9. Improved protocol for the Ni-catalyzed metathesis between aryl sulfides and aryl nitriles. Yields obtained by GC-FID with
n-dodecane as internal standard.
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Proposed Catalytic Cycle

On the basis of the combined results from the kinetic analysis, the organometallic studies, the in situ NMR experiments and DFT
studies, we propose the following catalytic cycle for the nickel-catalyzed functional group metathesis between aryl sulfides and aryl
nitriles (Scheme 10). By kinetic analysis (initial rate studies and Eyring analysis) and in situ NMR studies, we were able to identify
[Ni(dcype)(ArCF3)(CN)] (10) as the resting state of the catalytic reaction. Kinetic analysis also revealed that if the concentration of
aryl methyl sulfide 2 is high, the reductive elimination of aryl nitrile 1 from the Ni(ll) resting state is the turnover-limiting step. In
contrast, at low concentrations of 2, the oxidative addition into the C(sp?)-S bond to form [Ni(dcype)(ArOMe)(SMe)] (6) becomes
turnover-limiting. These results are supported by DFT calculations, showing a small energetic difference in the barriers of the two
aforementioned steps, further indicating that a switch in the turnover-limiting step can easily occur by changes in the concentrations.
By in situ NMR studies and independent synthesis of the complexes, we were able to identify the undesired oxidative addition into
the C(sp®)-S bond of the aryl methyl sulfide as a deleterious deactivation pathway. After oxidative addition, transmetalation between
[Ni(dcype)(ArOMe)(SMe)] (6) and [Ni(dcype)(ArCFs)(CN)] (10) occurs through exchange of the SMe and CN ligands, as deter-
mined by 3P-2H-HMBC experiments using deuterium-labeled complexes. The two scrambled complexes [Ni(dcype)(ArCFz)(SMe)]
(11) and [Ni(dcype)(ArOMe)(CN)] (12) can then reductively eliminate to afford both products 3 and 4.

Scheme 10. Proposed mechanism for the nickel-catalyzed metathesis between aryl sulfides and aryl nitriles based on the obtained
results.
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CONCLUSION

By combining advanced in situ NMR spectroscopy, stoichiometric organometallic reactions with putative catalytic intermediates,
kinetic analysis, and computational studies, we were able to shed light on the mechanism of the nickel-catalyzed functional group
metathesis between aryl sulfides and aryl nitriles and answer key questions.

e A mechanism proceeding via migratory insertion of the aryl nitrile C=N bond into the Ni—Ar bond, followed by B-carbon
elimination was ruled out. In contrast, a mechanism proceeding through parallel oxidative addition into both the C—~CN bond
of the aryl nitrile and the C(sp?)-S bond of the aryl methyl sulfide, followed by transmetalation and reductive elimination
to release the two scrambled products emerged as the most consistent mechanistic hypothesis based on the data obtained.

o We determined by kinetic analysis and NMR spectroscopy that [Ni(dcype)(ArCF3)(CN)] (10) is the catalyst resting state of
the reaction. Eyring plots of all elementary steps, as well as determination of orders in catalyst and reagents revealed that,
depending on the concentration of aryl methyl sulfide 2, either oxidative addition of the nickel catalyst into the C(sp?)-S
bond of 2 or reductive elimination/decoordination of aryl nitrile 1 are the turnover-limiting steps of the metathesis reaction.

e We propose an associative transition state for the transmetalation between two nickel(ll) centers based on Eyring and Ham-
mett studies. In situ NMR spectroscopy showed that transmetalation already occurs at temperatures as low as 60 °C.

e By labeling the backbone of the dcype ligand, it was possible to show that the transmetalation occurs via exchange of the
SMe and the CN ligands, rather than exchange of the aryl groups in 1,2-difluorobenzene. The preferred exchange of the X-
type ligands over the aryl groups further explains the absence of biaryl side-products under the reaction conditions, which
is an indication that the same may be true for the catalytic conditions.

e A catalyst deactivation pathway via oxidative addition into the C(sp%)-S bond of the aryl methyl sulfide and subsequent
ligand exchange has been identified, which explains the presence of diaryl sulfides as side-product. By varying the sterics
of the alkyl substituent on the aryl sulfide, this catalyst deactivation process could be successfully suppressed and the catalyst
loading could be halved.

These conclusions should provide a general foundation for the understanding of functional group metathesis reactions and the devel-
opment of new reactions. We believe the detailed studies of the transmetalation step will have broader implications for the field of
nickel catalysis.
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