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ABSTRACT: Owing to the unknown correlation of a metal’s ligand and its resulting preferred speciation in terms of oxidation state,
geometry and nuclearity, a rational design of multinuclear catalysts remains challenging. With the goal to accelerate the identification
of suitable ligands that form trialkylphosphine-derived dihalogen-bridged Ni® dimers, we herein employed an assumption-based
machine learning approach. The workflow offers guidance in ligand-space for a desired speciation without (or only minimal) prior
experimental data points. We experimentally verified the predictions and synthesized numerous novel Ni® dimers as well as explored
their potential in catalysis. We demonstrate C-I selective arylations of polyhalogenated arenes bearing competing C-Br and C-Cl sites
in under 5 min at room temperature using 0.2 mol% of the newly developed dimer, [Ni®(u-Br)PAda(n-Bu)],, which is so far unmet

with alternative dinuclear or mononuclear Ni- or Pd catalysts.

INTRODUCTION

Bulky trialkylphosphine ligands, such as P(¢-Bu)s, have been
transformative to the field of Pd-catalyzed cross coupling reac-
tions, owing to their favoring of monophosphine Pd species in
catalytic transformations, which in turn is imperative to reactiv-
ity and selectivity (Figure 1).! By contrast, the impact of these
ligands in the closely related field of Ni-catalyzed coupling re-
actions is, comparably, much smaller,? which might be related
to the differences in speciation of the two metals in terms of
their accessible ligation and oxidation states. The putative key
catalytic PdOL; species is frequently formed in situ from suita-
ble Pd® precursors with readily displaceable auxiliary ligands,
such as Pd,dbas. This strategy is not generally transferrable to
the field of Ni-catalysis, however. For example, adding P(z-Bu);
to the widely employed precursor Ni(COD), (in the absence or
presence of a halogenated arene)® does not lead to COD-
displacement; P(z-Bu); and Ni(COD), remain unchanged in so-
lution (see Figure 1 & SI for details).*> When suitable function-
alities are present in the substrate, such as a carbonyl group,
partial COD-displacement and formation of a carbonyl-bound
Ni®P(z-Bu); species has been observed (in 17% yield) by
Doyle.

To enable substrate-independent access to Ni-species that
carry bulky trialkylphosphine ligands therefore requires a dif-
ferent approach.” In the field of Pd-catalysis, dinuclear Pd®
complexes of the form [PdP(u-X)P(z-Bu);], have been shown
to be efficient pre-catalysts to Pd® species, if X = Br.!"®° They
constitute an attractive alternative to circumvent the above men-
tioned ligand exchange and also avoid reductive approaches
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Figure 1. Differences of Ni- and Pd-catalysis in the chemistry with
bulky trialkylphosphines, and this work.

from e.g. PdY precursors, which can be accompanied with
different speciation resulting in side-species that can influence
the catalytic activity.!® By contrast, for the Pd?¥ dimer, the Pd®



species is liberated directly through a nucleophile-induced dis-
proportionation,'! leading to a monophosphine Pd© species di-
rectly, which in turn gives rise to a dramatic rate acceleration in
cross-coupling reactions as compared to alternative pre-cata-
lysts.’ Depending on the bridging halogen (X = Br is signifi-
cantly more labile than X = I), Pd?” dimers can also be direct
catalysts, and knowledge has been gained over the past years on
the factors that dictate the precise mechanistic role. 5101112

Although oxidation state one is much more common for Ni
than Pd and numerous Ni® complexes (monomeric as well as
dimeric)"® have been isolated and characterized,”™'* the analo-
gous dihalogen-bridged Ni®¥ dimers carrying such bulky trial-
kyl-phosphine ligands are so far unexplored.!* NHC-based di-
halogen-bridged Ni? dimers have been reported!® and have
been shown to display promising reactivities.!”

In light of the significant potential to be direct catalysts'’*® or
efficient precursors, and hence the prospect of potentially ena-
bling straightforward and substrate-independent access to trial-
kylphosphine bound Ni-catalytic species, we set out to explore
dihalogen-bridged trialkylphosphine Ni® dimers. To accelerate
the identification of suitable ligands that would favor the de-
sired oxidation state, geometry and nuclearity, we employed
machine learning®!®?° and subsequently experimentally inves-
tigated the algorithm-suggested candidates. This approach led
to several dihalogen-bridged trialkylphosphine derived Ni®¥ di-
mers. We also explored the potential of these new dimers to ad-
dress pertinent challenges in catalysis and demonstrated the
iodo-selective arylation of arenes that also carry C-Br and C-C1
competing sites, which is so far unmet with mono- and dinu-
clear Ni and Pd catalysts.?!

RESULTS & DISCUSSION

Unsupervised Machine Learning Workflow

As Ni¥ complexes can occur in various geometries and nu-
clearities (monomeric or dimeric),'* and as there is currently no
rationale available to derive the impact of a given ligand on the
speciation, we initially set out to explore which bulky trial-
kylphosphine ligands might be suitable candidates to ultimately
form the desired Ni® dimers. We recently reported the potential
of machine learning to address such speciation challenges in the
context of Pd® dimer formation.?? Using only a handful of ex-
perimental data points paired with in silico data acquisition and
ligand databases, we were able to identify ligands that give rise
to Pd® dimers of analogous geometry and properties.

We had started our investigation from an in silico generated
database of 348 monodentate phosphine ligands, developed by
Fey, Harvey, Orpen and colleagues (so-called LKB-P).!3¢% The
database contains information on the ligand properties and their
interactions in different model complexes, aiming to reflect a
ligand’s properties as generally as possible with a multidimen-
sional parameterization approach. About 1/3 of the ligands in
the database are non-commercial or have never been made, un-
derscoring the potential of this approach to also explore novel
phosphine space for the problem at hand. We had initially clus-
tered the LKB-P with the k-means algorithm?* on the basis of
their general properties (i.e. the descriptors in the database).
This allowed to identify groups of ligands that feature the same
general characteristics. We then proceeded with those clusters
that contained the four known Pd-dimer-forming trial-
kylphosphines and disregarded the other clusters. (At this point

there is in principle the possibility to test representative ligands
of the other clusters to potentially identify more ‘positive clus-
ters’ and hence more ligands). Following this initial ‘filtering’,
the remaining ligands that were grouped with the positive ref-
erences (= 66) were subsequently parametrized with DFT-based
descriptors related to the specific problem of Pd speciation and
re-subjected to the clustering algorithm. Overall, this sequential
clustering strategy led to the prediction of several new ligands,
including never made ones, which we subsequently verified ex-
perimentally. We envisioned that the analogous machine-learn-
ing approach could be similarly enabling to identify trial-
kylphosphine based dihalogen-bridged Ni®¥ dimers.

A key challenge in transferring our approach to Ni-speciation
arises from the absence of any known dihalogen-bridged trial-
kylphosphine-based Ni®¥ dimer, which in turn could be used as
a reference for our unsupervised-machine learning workflow.
As a first approximation, we therefore decided to consider the
same 66 ligand subspace that originated from the LKB-P clus-
tering and contained the ligands that are similar to bulky trialkyl
phosphines, such as P(z-Bu); and PAd,(n-Bu). To further sub-
categorize the 66 ligands, we then provided guesses to the algo-
rithm by assuming/assigning that a certain ligand will lead to a
Ni® dimer of the desired geometry, while another ligand will
not (Figure 2C). We labelled P(z-Bu); as a pseudo-positive ref-
erence in this context. As a pseudo-negative reference, we chose
tri(neopentyl)phosphine since our prior work showed that it
does not form a Pd® dimer.?> Given the smaller size of Ni as
compared to Pd, and the fact that Br-bridges made Pd® dimers
excellent pre-catalysts, we decided to focus our search on Br-
bridged Ni® dimers.

By analogy to our previous report,?? we introduced problem-
specific descriptors for the 66 ligands to guide the selection pro-
cess to the specific task of identifying ligands similar to P(z-
Bu); that would generate a dihalogen-bridged Ni® dimer spe-
cies. The descriptors were generated in silico through quantum
mechanical (DFT) calculations (see SI for details). To this end,
we calculated various features of the free ligands, mono- and
bisligated Ni©, Ni® and Ni™ complexes as well as the desired
dibromo-bridged Ni® dimer.

As a result, we obtained 184 descriptors (as compared to the
42 we previously derived in the case of palladium)?®* that capture
the electronic and steric effects of the different phosphines re-
lated to nickel speciation. The number (and in part also type) of
calculated descriptors differ from our previous study with Pd®,
as we have meanwhile generated an in-house automated work-
flow, which allows to readily generate a multitude of de-
scriptors rapidly. Moreover, while we have previously involved
structural descriptors such as bond distances, angles and Ster-
imol parameters to describe sterics in Pd speciation, this time
we additionally included percent buried volume (% V), acces-
sible molecular surface (AMS), bond vibration frequencies, and
several more (see SI for details).

Since the construction of machine learning models generally
requires the number of features/descriptors to be less than the
number of samples in a dataset,”® we subsequently set out to
lower the feature dimensionality (Figure 2D). We applied Pear-
son correlation coefficient analysis in the selection process and
removed those features exceeding 90% correlation, which re-
sulted in a total number of 126 descriptors. Subsequently, we
analyzed how well each descriptor separated the pseudo-posi-
tive and pseudo-negative references.



A Sequential unsupervised machine learning workflow
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Figure 2. A) Overview of the sequential clustering workflow with problem-specific refinement. B) Results of the initial clustering!'®l. C)
Pseudo-reference ligands. D) Illustration of the feature selection workflow using pseudo-references (see SI for details). E) Results of the
problem-specific clustering and final candidates for Ni¥ dimer formation.

We decided to focus on the 33 descriptors that provide the
widest differentiation between these reference ligands, so that
the number of features was overall half the number of ligands
in our dataset. Subsequently, principal component analysis
(PCA) was performed to obtain an appropriate representation of
the problem-specific feature space and to verify the contribution
of each of the chosen descriptors to the variance in the dataset
(see SI).

Following the generation of the problem-specific data, we
proceeded with k-means clustering. On the basis of the elbow

method as well as average and per-sample silhouette scores and
Davies-Bouldin-score, the cluster number &£ = 5 was chosen.
The default number of centroid seeds was set at 5000 to ensure
that the resulting clusters represent the best possible fit to our
data. To account for potential statistical fluctuation in our re-
sults, the clustering was performed 1000 times using different
random states, tracking how many times a ligand was stored in
the same cluster as the pseudo-positive reference, i.e., was part
of the final candidates (see SI for details). With this approach,
the algorithm grouped 15 phosphine ligands together with P(z-



Bu); (cluster C2°, Figure 2E) in 100% of cases and one ligand
(L17) in >80% of the 1000 clusterings. These 16 candidates (in
addition to P(#-Bus)) include various bulky trialkyl phosphines
(e.g. L1 - L8), but also ferrocenyl-containing phosphines (L15
- L17) as well as constrained phosphinanone derivatives
(L9/10). Interestingly, for several of these ligands there appear
to be no reports of uses in the field of Ni-catalysis (e.g. L3, L8,
L9, L13, L16).5% In fact, for L13 there are, to the best of our
knowledge, only two reports of a use in catalysis in general (for
any metal, in this case with Pd),?” and L9 had never even been
made before our recent exploration with Pd® dimers.?* This re-
flects a key-benefit of the machine learning-based workflow
(i.e. database-mining) as being able to assess ligand space that
might be completely unknown or unexplored.

The pseudo-negative reference was stored among seven other
ligands in a separate cluster (cluster C4’). Another cluster con-
tained a variety of smaller alkyl- as well as aryl-phosphines
(cluster C1°) whereas Buchwald-type biaryl phosphines were
found in two clusters (Cluster CO’ and C3’) (see SI for all the
clusters and their ligands).

Ni® Dimer Synthesis

We next set out to attempt the synthesis of Ni®¥ dimers with
the predicted ligands. To this end, we adapted the procedure
known to form NHC-based dihalogen-bridged Ni® dimers,'®
which relies on a comproportionation approach of Ni® and Nit®
species. While trialkylphosphine ligands do not efficiently dis-
place COD from Ni(COD), (as discussed above), we reasoned
that Ni(COD), and NiBr; might undergo comproportionation
and the resulting species may then be prone to COD displace-
ment by the phosphine, as work by Krossing has shown that
electron deficient Ni(COD)," would undergo COD-
displacement with trialkylphosphines.*

The addition of NiBry(dme) to a solution of Ni(COD), and
the trialkylphosphine ligand PAd,(n-Bu) (L12) in THF and ad-
ditional stirring for 1 min at r.t. led to a color change from yel-
low to green. Our subsequent crystal growth through vapor dif-
fusion (hexane/THF) at -30 °C pleasingly led to suitable crys-
tals for X-ray crystallographic analysis within two days, which
confirmed the formation of the dibromo-bridged Ni® dimer
D12 (see Figure 3). Further analysis by >'P NMR spectroscopy
showed a signal at 64.1 ppm upon dissolving the dimer in ben-
zene. While only a single signal in *'P NMR was observed,
there is remaining uncertainty as to whether the dimeric form
observed in the solid state is retained in solution. We therefore
turned to computational studies to calculate the expected *'P
NMR chemical shift of the dimer as well as alternative species.

The accurate reproduction of absolute chemical shifts using
DFT is challenging. However, the relative shift change, i.e. by
how many ppm a signal would shift for a ligand when bound to
a metal (= §y;,) compared to its free form (= §,), can be pre-
dicted with much greater precision (see SI for details).?

Our calculations predicted a *'P NMR shift of §y;, — &, =43
ppm for Ni¥ dimer D12, which was very close to the measure-
ment in benzene (6y;;, — 6, =39 ppm). Notably, THF has a pro-
nounced impact on the 3P NMR shift as dissolving the same
dimer in THF leads to a 20 ppm more downfield signal at 84.1
ppm.

Applying the same comproportionation-based synthesis in
THF and also in benzene® for the trialkylphosphine ligands P(z-
Bu),(i-Pr) (L2), P(z-Bu),Cy (L3) and P(z-Bu),Bn (L8) as well
as the more unusual phosphinanone L9, we saw the analogous

color changes to green taking place upon NiBry(dme) addition
to the Ni(COD),/phosphine solution, while for QPhos (L.17) the
mixture stayed deep red. The 3'P NMR analyses of the reaction
mixtures in THF and in benzene showed a defined new signal
in each case, indicating that a new species had formed for each
of these ligands also. The measured *'P NMR shifts of the newly
formed species in benzene resembled those calculated for the
corresponding Ni®¥ dimers very well, deviating only by 1- 5
ppm (see Figure 3).2° Our attempts to grow crystals in these
cases were successful and we unambiguously confirmed the
formation of dibromo-bridged Ni?’ dimers D2, D3, D8, D9 and
D17 by X-ray crystallography (for details see SI).>!

The analogous synthesis attempts involving P(-Bu),Ph (L4),
P(-Bu)x(2-Ad) (L6), PCy,BnFlu (L.13) and the dialkylaryl an-
alogue P(z-Bu),[FeCp,] (LL16) also led to a single observable
species in each case, as judged by *'P-NMR measurement. Alt-
hough the calculated *'P-NMR shifts of the corresponding di-
mers deviated from the measured signals in benzene by 10-16
ppm,*2D4, D6, D13 and D16 could also be unambiguously con-
firmed by X-ray crystallography (Figure 3).3! **

Interestingly, when we employed P(z-Bu),Ad (L5) in the syn-
thesis, one dominant species* was also observed by *'P NMR.
However, it was surprisingly downfield and observed at 142.0
ppm in benzene (and 167.9 ppm in THF). Our DFT calculations
suggested 105.7 ppm for the corresponding Ni?¥ dimer D5 in
benzene, which as opposed to the above discussed cases is a
substantial deviation by 36 ppm. Despite this discrepancy, X-
ray crystallographic analysis revealed that [Ni®(u-Br)P(z-
Bu);Ad], (D5) had formed (Figure 3). The analogous discrep-
ancy was observed also for P(¢-Bu),Np L7, for which a 3'P-
NMR signal at 121.5 ppm in benzene (and 143.0 ppm in THF)
was observed in our attempted dimer synthesis (along with re-
maining free ligand), deviating by 44 ppm from our computa-
tional predictions for D7. Yet, the corresponding Ni dimer D7
could be confirmed in the solid-state by X-ray crystallographic
analysis.’! We speculate that the downfield 3'P NMR shifts of
the dissolved dimers might potentially indicate a disparity be-
tween the solid state and solution state speciation in these cases.

Our analogous attempts to synthesize a Ni® dimer with
P(#-Bu); (D1) similarly resulted in an instantaneous color
change of the reaction mixture to green. Our analysis of the re-
action mixture gave a dominant *'P NMR signal at 128.7 ppm
in benzene (and 147.6 ppm in THF) alongside free ligand. Also
here, DFT predicted a 20 ppm more upfield shift (108.5 ppm).

In stark contrast, our attempted Ni® dimer synthesis with
PAdx(z-Bu) (LL11) led to the immediate formation of an insolu-
ble blue-green solid, which could not be further analyzed. It
therefore remains inconclusive whether the obtained solid is the
desired Ni® dimer. (Our problem-specific data did not include
descriptors that characterize solubility.) On the other hand, for
the Ni® dimer synthesis with phosphinanone L10, the 3'P NMR
analysis gave no signal, which might indicate that a paramag-
netic species resulted in this case, e.g. a monomeric Ni®, con-
trasting the observations with the structurally very similar L9,
for which we obtained the dimer D9. For cBRIDP ligand L14,
there was no change observed in the *'P NMR spectrum upon
attempted Ni®¥ dimer synthesis. Only free ligand was seen.

The bulkiness of this particular ligand makes its coordination
to a metal challenging; indeed our previous attempts to synthe-
size a Pd® complex with this ligand bound to it had also failed.?
The ligand might also be too bulky to displace COD in our pre-
sent attempts. Consequently, the lack of indication of Ni® dimer



1 equiv. 1 equiv. benzene, rt.,

Ni®(CcoD), + Ni!"Bry(dme) + I ——
2 - 45 min

2.0- 2.5 equiv.

Me R
me—( By, tBu

t-Bu—P—Ni—Ni—P—t-Bu
/ N/
t-Bu Br t-Bu
D1
Py, = 128.7 ppm  31P_. = 108.5 ppm

THF, r.t., 1 min g |
gipig or g ; o B0 i g tBu () Bry tBu

P N|—N|—P
/

Br

t-Bu Br t-Bu
t-Bu—/P—Ni\—/Ni—P—t-Bu t-Bu—P—Nl—NI—P—t-Bu t- Bu—/P—NI—NI—P—t-Bu
t-Bu Br >—Me t-Bu t-Bu Br
D2 Me D3 D4
P = 92.8 ppm 3P, = 91.7 ppm 3Pep = 95.9 ppm  3'P_,. = 92.0 ppm Py = 76.5 ppm  3'P_,. = 89.8 ppm
@ X-ray verified @ X-ray verified @ X-ray verified
HE 'y
Me
oBry tBu ,tBu Me o/BLy tBu
t-Bu—/P—NI—/NI—P—t-BU t-Bu—P—Nl—Nl—P—t-Bu t-Bu—/P—Ni\—/Ni—P—t—Bu
t-Bu Br t-Bu r t-Bu Br Me
D5 D6 D7 Me
Me
¥"Pexp = 142.0 ppm  *'P; = 105.8 ppm *Pex, = 105.6 ppm %P, = 90.3 ppm Pexy =121.5 ppm 3P, = 77.7 ppm
@ X-ray verified @ X-ray verified @ X-ray verified
t- Bu—/P—Nl—Nl—P—t-Bu N|—N|—P n-Bu—P—Nl—Nl—P—n Bu
t-Bu Br t-Bu Br
D8 D9 D12
[o}
TP = 86.9 ppm 3P,y = 81.9 ppm TPy = 92.8 ppm 7P, = 96.8 ppm Py = 64.1ppm 3P, = 67.5 ppm
@ X-ray verified @ X-ray verified @ X-ray verified
Ph
Ph
Ph

o} Q

Fe
X F Ph
Ph
0 B’() £y 0B tBu Br tBu

(1) ,7R\(

Cy—P—NI—NI—P Cy t- Bu—P—Nl\—Nl—P‘—t-Bu t-Bu—P—Ni—Ni—P—¢-Bu

Cy/ Bf By Bf +BU BY
D13 Ph . D16 Ph
Fé D17 pp »

O

Py, = 97.7 ppm 3P, = 86.3 ppm 1P, = 68.6 ppm

7/
% *1P,p = 73.3 ppm Ph

1Py = 84.3 ppm P, = 758ppm PADL

@ X-ray verified @ X-ray verified @ X-ray verified
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shaded way behind the structures (for details see SI).*!

formation in this case may not necessarily reflect an inability
of the ligand to stabilize Ni® but instead the challenges associ-
ated with ligand exchanges as a result of the chosen precursors
and synthetic route. For our pseudo-negative reference tri(neo-
pentyl)phosphine (L.19), the same synthesis effort did not result
in a new *'P NMR signal, but gave black nickel flakes alongside
free ligand.

Overall, our synthesis attempts with the algorithm-predicted
ligands led to numerous dibromo-bridged Ni® dimers. The al-
gorithm identified ligands that have so far only found limited,
if any, prior use in Ni-catalysis, which underscores the value of
this workflow to identify ligands for which no experimental
data currently exists. This approach therefore offers a means to



accelerate the identification of ligand candidates through filter-
ing the vast possible ligand space, and the various clusters can
further be evaluated with representative candidates to increase
the number of predictions. Our chosen approach focused on
identifying ligands that are ‘similar’ to P(¢#-Bu); and a P(¢-Bu)s-
derived bromine-bridged Ni®¥ dimer with the overarching goal
and assumption that the multiparameter-based similarity of lig-
and will ultimately also lead to similar structure/speciation and
reactivity. (Our approach was not directed at identifying all pos-
sible ligands for Ni®¥ dimer formation.)

As X-ray crystallography is ultimately required to unambig-
uously prove the identity (and structure) of the Ni®’ dimers, al-
ternative approaches via e.g. high-throughput screening would
not lead to the identification of new dimers any faster than trial-
and-error experimentation. Moreover, our approach allows to
assess ligand space that is currently unknown (i.e. never synthe-
sized or non-commercial).

Ni®” Dimer Application

With these novel complexes in hand, we subsequently set out
to investigate their potential in catalysis. The selective function-
alization of polyhalogenated arenes is of significant interest as
it enables a rapid and modular approach to diversely substituted
arenes.>® In this context, our group showed that the dinuclear
complex [PdP(u-I)P(z-Bu);]> enables a substrate-independent
and a priori predictable functionalization of C-Br bonds in the
presence of C-OTf (or C-OSO,F) and C-Cl bonds in
poly(pseudo)halogenated arenes at r.t. in less than 5 min reac-
tion time.>® However, the same Pd" dimer was unable to dis-
criminate C-I from C-Br. The exclusive functionalization of C-I
bonds in the presence of C-Br and C-Cl bonds could only be
achieved using a Pd trimer.?!

In the context of Ni-catalyzed cross couplings chemoselec-
tive C-I bond alkylation of polyhalogenated arenes was recently
achieved with Ni/photoredox dual catalysis following a radical
mechanism employing a Ru-based photocatalyst and an al-
kylsilicate as transmetalation agent within 16 h at room temper-
ature.”” Arylation was not amenable to the latter approach how-
ever. Other isolated examples of C-I selective alkylations have
also been reported as part of method developments, involving
reductive cross-couplings.*® Similarly, our group showed a few
examples of C-I selective C-SeCF5 couplings (in the presence
of competing C-Br or C-ClI sites) involving a NHC-based Ni®
dimer and likely dinuclear catalysis.!”

In light of the promising prior findings for Ni®¥ as well as the
ever-growing interest in greater sustainability and hence catal-
ysis with less-precious metals, we wondered whether selective
arylations could potentially be achieved using our newly devel-
oped trialkylphosphine derived Ni® dimers. To this end, we
mixed the di(adamantanyl)(butyl)-phosphine-derived dimer
D12 at r.t. with aryl Grignard and the electrophile in THF. We
observed selective C-1 couplings in the presence of C-Br (and
C-Cl) in under 5 min reaction time. Our further studies revealed
that 0.2 mol% of the catalyst D12 was sufficient to selectively
arylate the C-I bond of numerous substrates (see 1 - 13, Figure
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Figure 4. Scope of the Kumada cross coupling with Ni¥ dimer D12
as the catalyst. Reaction conditions: aryl halide (1.0 equiv.), Gri-
gnard reagent (1.0 equiv.), D12 (0.2 mol%) in THF (0.4 M). Yields
of isolated products are given.

Electron-poor and electron-rich substrates rapidly reacted
with both electron-rich and electron-poor Grignard reagents.
Substituents in ortho-position to the C-I bond (1, 2, 3) were also
tolerated. Polyhalogenated substrates (4 - 9) carrying additional
-Cl or -F substituents were also selectively coupled at C-I to
deliver the cross-coupling products in good yields. Additional
functionalities such as halogen-substituents (3, 6, 8) or meth-
oxy-groups (1, 4, 9 - 11) could also readily be introduced via
the Grignard reagents.

Given the high reactivity (less than 5 min at r.t.) and the high
C-I selectivity, we wondered what species might potentially be
reactive. The cross-coupling reactions proceed equally well in
benzene. Upon mixing Ni’ dimer D12 (1 equiv.) with substrate
1-bromo-4-iodo-2-methoxybenzene (2 equiv.) in benzene or
THF, a second signal is observed upon immediate analysis by
3P NMR spectroscopy.** However, the majority of the dimer
stays untouched and 94% of the iodo arene remained unreacted
in benzene (88% in THF). The remainder of the material re-
sulted in homocoupled starting material, which was not seen
under the catalytic coupling conditions however (or if at all,
only in traces, see SI). On the other hand, addition of 2 equiv.
of Grignard reagent (i.e. p-tolylmagnesium bromide) to 1 equiv.
of D12 leads to immediate consumption of D12 and formation
of a new phosphine-containing species.*!



This parallels our prior observations with Pd?¥ dimers, which
similarly form a new species instantaneously upon exposure to
the organometallic reagent. A bimetallic complex of oxidation
state one could result that incorporates carbon bridges. Indeed,
such a species has been successfully characterized for NHC
based Ni®¥ dimers.!”® However, it cannot be ruled out that alter-
native species might be liberated in the process, such as
Ni®PR;. Our experiments employing Ni(COD),* or
Ni(COD),/ PAd,(n-Bu) or [(TMEDA)Ni(o-tol)C1]/PAd,(n-Bu)
(14) in couplings of 1-bromo-2-chloro-4-iodobenzene with 4-
methoxyphenyl-magnesium bromide did not lead to formation
of coupling product (4) within the same reaction time. Instead,
only unreacted starting material was observed. Similarly, em-
ployment of the same catalyst/ligand combinations to the cou-
pling of 1-bromo-4-iodo-2-methoxybenzene with p-tol-
ylmagnesium bromide (to form 12) resulted in an analogous
outcome for Ni(COD), and 14 and only 5% of product for-
mation alongside unreacted starting material when using
Ni(COD),/PAd,(n-Bu). Extension of reaction time barely led to
more formation of product; significant de-iodination of starting
material (presumably due to competing metal halogen ex-
change) was instead dominant.**

Collectively, these results suggest that the reactive species
derived from the Ni® dihalogen-bridged dimer D12 is either
unique or less readily accessible when starting from Ni(COD),
or Ni™ complex 14. The data does not allow to unambiguously
differentiate between Ni® or Ni® dimer catalysis (or alterna-
tives), however. Nevertheless, to the best of our knowledge, the
first C-I selective arylation (in competition with C-Br) was ac-
complished under Ni-catalysis.

CONCLUSIONS

In summary, this work focused on the development of trial-
kylphosphine-derived dibromo-bridged Ni® dimers for poten-
tial applications in catalysis as either direct catalysts or as pre-
catalysts to trialkylphosphine-bound Ni® species. The latter
Ni©® complexes are otherwise not readily accessible from com-
monly used precursors, such as Ni(COD),, owing to a lack (or
low efficiency) of COD-displacement by bulky trialkyl-
phosphines, such as P(-Bu)s. As the required ligand properties
and overall factors that dictate Ni-speciation in terms of favored
oxidation state, geometry and nuclearity are currently unknown,
we employed machine learning to identify suitable ligands. To
this end, we performed sequential ~-means clustering of a data-
base of phosphine ligands that was complemented with in-silico
generated (i.e. DFT calculated) problem-specific data. Owing
to the absence of any known trialkylphosphine-derived dihalo-
gen-bridged Ni®¥ dimers, we provided guesses as positive and
negative ligand references to guide the clustering and identify
ligands that are similar to our positive reference for the specia-
tion problem at hand. While the workflow, as conducted, is not
exhaustive in identifying all possible ligands for Ni®¥ dimers
(which it has the potential to be however, if complemented with
experimental tests), it led to 17 suggested ligands, many of
which have not found any prior use in Ni-catalysis. We experi-
mentally tested these candidates, and overall were able to un-
ambiguously confirm by X-ray crystallography the identity of
12 dibromo-bridged Ni® dimers. For several of these dimers our
calculated 3'P-NMR data also agreed with the measurements of
the dissolved dimers in benzene. We also explored their poten-
tial in catalysis and observed the iodo-selective arylation of pol-
yhalogenated arenes that contain competing C-I, C-Br and C-Cl
sites in less than 5 min reaction time at room temperature with

0.2 mol% loading of [Ni®(u- Br)PAda(n-Bu)J,. Such selectivity
paired with high speed has not previously been achieved for ar-
ylations of C-I bonds in such competition scenarios with alter-
native mono- or dinuclear Pd or Ni catalysts. Overall, this work
further manifests the power of applying machine learning to ac-
celerate the identification of new catalysts from currently un-
known or unexplored ligand-space.
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