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(Abstract: The chemistry of dirhodium(ll) catalysts is highly
diverse, and can enable the synthesis of many different mo-
lecular classes. A tool to aid in catalyst selection, independ-
ent of mechanism and reactivity, would therefore be highly
desirable. Here, we describe the development of a database
for dirhodium(ll) catalysts that is based on the principal com-
ponent analysis of DFT-calculated parameters capturing their
steric and electronic properties. This database maps the rele-
vant catalyst space, and may facilitate exploration of the re-
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activity landscape for any process catalysed by dirhodium(ll)
complexes. We have shown that one of the principal compo-
nents of these catalysts correlates with the outcome (e.g.
yield, selectivity) of a transformation used in a molecular dis-
covery project. Furthermore, we envisage that this approach
will assist the selection of more effective catalyst screening
sets, and, hence, the data-led optimisation of a wide range
of rhodium-catalysed transformations.

/

Introduction

Some metal-catalysed coupling reactions, such as the Suzuki
and Buchwald-Hartwig reactions, are widely used to underpin
the discovery of biologically active small molecules." However,
many other powerful metal-catalysed transformations are not
part of the narrow toolkit of robust transformations that is
widely exploited in drug discovery" and development.” The
reluctance to utilise a wider range of metal-catalysed reactions
to drive discovery may stem from insufficient knowledge of
substrate scope, and the perceived low likelihood of successful
reaction outcomes with functionalised substrates.”
Approaches that enable the rapid optimisation of challeng-
ing catalytic reactions may promote the adoption of a broader
reaction toolkit to drive drug discovery. Recently, the high-
throughput investigation of alternative catalyst systems for re-
actions involving hundreds of substrate pairs has been inte-
grated into discovery workflows."* In addition, design of ex-
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periment (DoE) approaches, in which ligand property descrip-
tors guide ligand selection,” have been exploited in the opti-
misation of a diverse range of challenging reactions including
specific Suzuki, Heck, Buchwald-Hartwig, Ullmann and borrow-
ing hydrogen-mediated N-alkylation reactions.”

The chemistry of rhodium carbenes is extremely diverse, and
includes insertion into C—H, N—H and O—H bonds, cyclopropa-
nation and ylid formation.”®’ As a result, Rh catalysis can enable
the exploration of diverse chemical space and, hence, the dis-
covery of many different classes of bioactive small molecule.”
The reactions catalysed by dirhodium(ll) complexes can often
be tuned through ligand effects, allowing high levels of
chemo-, regio- and stereoselectivity to be imparted in many
different contexts."” As a result, careful ligand selection can
provide exquisite control over the outcome of reactions that
have many possible outcomes.'™ This diversity, however,
makes detailed mechanistic studies challenging, for example
because catalyst modification can affect the selectivity be-
tween alternative reaction pathways including transition state
bifurcations." In such cases, accurate computational predic-
tions are difficult,"? meaning that, in general, only a few cata-
lysts can be evaluated mechanistically ahead of an experimen-
tal programme.™ Capturing the impact of catalyst diversity on
complex reaction pathways would thus benefit from a catalyst
selection approach that was independent of reaction mecha-
nism, with parameters chosen to be representative and trans-
ferable across the entire spectrum of reactivity.

In the domain of dirhodium(ll) catalysts used for C—H func-
tionalisation, approaches to catalyst parameterisation have
used calculated steric and electronic parameters for the sub-
strate”? or a surrogate,"% as well as structural analysis of the
interplay between catalyst and substrate structure."® In such
cases, careful selection of parameters could enable high corre-
lation with experimentally-determined free energy differences,
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supporting the derivation of predictive models specific to indi-
vidual reactions. In addition, substrate chemical space has
been explored further for reactions of a-diazo B-carbonyl es-
ters,'® where individual steric and electronic parameters for
substrates have been related to both calculated enthalpies of
activation for insertion into C(sp®)—H bonds and a range of ex-
perimentally-measured yields and selectivities. By necessity, the
models arising from these studies are reaction-specific and fo-
cussed on the substrate; we further note that selectivity pre-
diction poses significant computational challenges.'? '

Predictive models built using reaction-specific parameters,
that is, those describing catalytic intermediates," could bias
models towards known reaction pathways, making them inef-
fective when a catalyst modification triggers a deviation from
the captured reactivity." We were therefore interested in
mapping dirhodium(ll) catalyst properties, and relating these
to observed catalyst reactivity. We have previously developed
ligand databases for both monodentate P-donor'"” and chelat-
ing PP- and PN-donor"® ligands by principal component analy-
sis (PCA) of steric and electronic parameters calculated with a
standard DFT approach (for a broader review of this area, see
reference [6]). These so-called knowledge bases can facilitate
the optimisation of diverse challenging metal-catalysed reac-
tions without recourse to mechanistic data.'”™ Here, we de-
scribe the development of a database for dirhodium(ll) cata-
lysts which shares this pragmatic philosophy. We show that
the database could have facilitated the design of reaction
arrays that underpinned a bioactive molecular discovery proj-
ect. In the longer term, we envisage that it may also facilitate
the optimisation of diverse Rh-catalysed reactions in discovery
and other contexts, supporting the design of diverse catalyst
screening sets, the visualisation of outcomes and how they
relate to catalyst properties, as well as further optimisation if a
cluster of active catalysts can be detected.

Results and Discussion

Design of a database of descriptors for dirhodium(ll)
catalysts

We sought to capture chemically relevant information about
dirhodium(ll) complexes that would be independent of the
mechanisms of their specific reactions. Structures were calcu-
lated, using DFT (see Supporting Information for full computa-
tional details), for the unbound dirhodium(ll) complexes 1 and
the representative carbene complexes 2 generated from a
symmetrical a-diazo malonamide precursor (Scheme 1). This

Unbound Complex Carbene Complex

1 1
i N2 K X=0N
O7X(Y) Rz)J\Rz 07™¥(Y) r2 Y =Ligand backbone
RH=R™~ th/—ﬁh/:& R' = Ligand Backbone
e v e 7
Pl N 1 2 R2=CO,NMe,
1 2

Scheme 1. Dirhodium complexes modelled using standard DFT (BP86/6-
31G(d), with MWB28 on Rh).
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acceptor-acceptor carbene acts as a reporter for the effect of
changes in the catalyst structure on a model substrate, and we
note that other types of carbene could have fulfilled the same
function. We calculated structures for the dirhodium(ll) com-
plexes 1 and 2 bearing 48 different bidentate ligands
(Figure 1) using the standard BP86 functional™ with the 6-
31G(d) basis set® on all atoms apart from rhodium, where the
MWB28 effective-core potential basis set was used®"” (see Sup-
porting Information for full computational details and com-
ments on the exploration of conformational space). Here,
structural and electronic parameters (note that we use the
term descriptors interchangeably) were obtained for dirhodiu-
m(ll) complexes with a wide range of bidentate carboxylate
(0,0) or carboxamidate (N,0) ligands (Table 1).

The parameters were chosen to capture the range of possi-
ble electronic and steric effects arising from different ligand
types in this coordination environment. Parameter selection for
inclusion in the final principal component analysis is explored
more fully in the Supporting Information. The ligands were se-
lected or designed to ensure an even distribution of features
such as donor atom types and substitution patterns, and syn-
thetic feasibility was also considered (for additional parameters
that were captured, but ultimately not used, see Supporting
Information).

Ligands with modifications such as fluorination (3e-3i, 4t,u
and 4w-4x), unsaturation (4i, 41, 4o and 4r) and heteroatom
substitution (e.g. 4d, 4h, 4k, 4n and 4q) were designed to in-
vestigate the electronic effect of the ligand backbone on the
complex. Ligands with different cyclic carboxamidates were
also included to investigate structural changes induced by ring
size (4a-4x). Several ligands with substituents which may in-
trude into the metal coordination sphere (e.g. 3r-3u and 4d,
49, 4m and 4s) were included because such catalysts have
been reported to enable highly selective insertions into some
unactivated C—H bonds.""*"

A wide-range of descriptors was calculated to capture the
electronic and steric properties of each dirhodium(ll) complex,
and the set of 14 descriptors (listed in Table 1) were chosen
based upon the quality of clustering observed in the top-per-
forming PCA models (for data and full details of descriptor se-
lection, see Supporting Information). Features that each de-
scriptor captures can be classified into three categories: de-
scriptors capturing electronic properties (HOMO, 1, LUMO, 1, Q
Rh, Q(L, mean) and AE(FMO)); descriptors capturing a mixture
of electronic and steric properties (r(Rh-Rh), X (Rh-Rh-L), X (O-
C-X), %(C—C-C) and AE(coord)); and descriptors capturing
steric properties (Heg and |wV|). |wV|?? gives a measure of
the steric bulk of a ligand by considering the proximity of the
ligand to an important atom, in this case the rhodium atom
bound to the carbene (Figure 2). The Heg descriptor also cap-
tures the steric influence of ligand substituents by modelling
the approach of a reactant to a ring of eight helium atoms
(Figure 2), a modified version of steric descriptors described
previously."” |wV| and He, were calculated using the opti-
mised geometry of the carbene complex, with the carbene
ligand then removed and Heg aligned with the Rh—Rh bond.

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. The 48 ligands in the dirhodium(ll) complexes that were used to generate the database. Ligands are drawn with coordinating atoms at the bottom.
The labels correspond to the corresponding dirhodium(ll) complexes bearing these ligands. Catalysts that are commercially available (circle) or that were in-

vestigated in high-throughput experiments (square) are indicated.

Correlation analysis was then performed on the dataset to
evaluate the performance of our chosen parameters and to
contextualise the information captured (Figure 3). Strong corre-
lations between r(Rh-Rh) and x (Rh-Rh-L), with |R| values rang-
ing from 0.8-1.0, reflect the rigidity of the Rh,L, scaffold.
Changes to the Rh-donor distances, either through electronic
effects or steric clashes, affect the Rh-Rh bonding, along with
the geometry of the ligand coordination. A different form of
steric effect, best described as the extent to which the ligand’s
substituents intrude in the site of reaction, is important for
controlling the geometry of the metal carbene and the subse-
quent angle of attack of reactants; this likely gives control over
regio- and stereochemistry."” Catalysts 3r-3u and 4d, 4g, 4m
and 4s have the largest distance-weighted volume, |wV|,??
values due to ligand projection over the axial face. Weak corre-
lations between |wV| and all other parameters confirm that
this is a unique and purely steric term, with |R| values ranging
between 0 and 0.4. Electronic effects are also important, mod-
ulating the Lewis acidity of the complex and control the che-
moselectivity of a reaction where two competing pathways
occur.!¥

We performed a principal component analysis (PCA) using
the 14 computationally-derived parameters (Table 1, see Sup-
porting Information for further details on parameter selection).
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PCA enables correlated variables to be converted into fewer
principal components, that is, linear combinations of the origi-
nal parameters that are orthogonal and capture most of the
variation in the data.”® The first two principal components
(PC1/PC2) capture 75% of the combined variance in the data-
set for all 48 catalysts, whilst the first three principal compo-
nents capture 86% of the combined variance (Figure 4, further
details shown in Supporting Information, Figures S6-S12 and
Tables S5-S7).

PCA is designed to pick up the largest sources of variation
in the data, and PC1 alone separates most of the dirhodium
complexes bearing carboxylate (3) and carboxamidate (4) li-
gands into distinct regions of the map, as expected from this
approach. Increased fluorination of the carboxylate ligands
leads to decreased PC2 values, suggesting that PC2 captures
the Lewis acidity of the complexes. Furthermore, the ring size
of carboxamidate ligands is also captured by PC2, producing
clusters of complexes with 5- and 6/7-membered carboxami-
date ligands. The first three principal components capture
around 86% of the combined variance and separate the com-
plexes with carboxylate and carboxamidate without intermix-
ing; in addition, the five complexes with “intrusive” carboxylate
ligands (3d, 3r-3u) and the four complexes with “intrusive”
carboxamidate ligands (4d, 4g, 4m and 4s) form distinct clus-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202003801

Table 1. Calculated descriptors for the catalyst database, data included in Supporting Information.

Descriptor Derivation Diagram
R1
r(Rh-Rh) Rh—Rh bond length (A), 1 and 2 OF7IX(Y)
Rh—Rh
R1
X(Rh-Rh-L) average Rh—Rh—ligand bond angle, 1 and 2 OA\*,X(Y)
Rh-—Rh
R1
X.(0-C-X) average ligand bite angle, 1 O%\tX(Y)
Rh—Rh
R1
OA\‘X Y) R2
% (C-C-Q) carbene C—C—C angle, 2 DT TTX(Y) R
Rh—Rh=X
R’Z
HOMO, 1 energy of HOMO for complex 1 (a.u.) Supporting Information Figures S3-S5
LUMO, 1 energy of LUMO for complex 1 (a.u.) Supporting Information Figures S3-S5
QRh, 1 charge on rhodium atoms -
Q(L, mean), 1 Mean charge on ligands -
AE(FMO) AE between HOMO and LUMO (a.u.) -
[wV | distance-weighted volume,?? 1 )
n
VW, k| = ZH d
Heg interaction energy for 1 and ring of 8 helium atoms"” [kcalmol™] Figure 2, Heg=E(Heg[Rh-Rh]))—E(Heg)—E([Rh-Rh]))
AE(coord) energy for diazo precursor to form the carbene complex [kcalmol™'], 2 (Scheme 1) AE(coord) = (E1 + EDiazo)—(E2 + EN,)

Dirhodium Complex

Heg ring
interaction

e.g.3d and 3r e.g. 3s,3tand 3u

Figure 2. Steric parameters captured. The He, ring was positioned 1.9 A
from the Rh atom forming the carbene bond."’*" |wV | was aligned along
the vector of the Rh-Rh bond™®? (see Figure S21 for examples).

ters, along with a separate cluster for the carboxamidate li-
gands (4y-4aa) with acyclic backbones (Figure 4; see Support-
ing Information for descriptor loadings (Table S6) and eigenval-
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ues (Table S7). We note that ligand 3q, which is the only
ligand with two donor pairs, does not stand out in the PCA,
suggesting that the tethered backbone does not contribute
substantially to variation in this dataset.

Figure 4 also shows the loadings of individual descriptors in
this PCA model and here we note that most descriptors load
highly on all three principal components, with the exception
of |wV|, which is only picked up on PC3. The correlations iden-
tified between descriptors (Figure 3) are also reflected in their
loadings. Since PCA is not statistically robust, we will avoid a
detailed interpretation to attach meaning to individual PCs, re-
lying instead on the chemical interpretations of catalyst clus-
tering set out above. Note, however, that PC1 loads parame-
ters focussed on the metal centres highly, while PC2 captures
ligand effects, with a particular focus on Lewis acidity. The dis-
tance-weighted volume |wV|, which captures intrusion of li-
gands into the coordination sphere, along with electronic
ligand-based parameters, load quite highly on PC3, potentially
helping to resolve data within the two main subsets.

Relation of the catalyst map to a reaction exploited in bio-
active molecule discovery

Recently, the high-throughput investigation of alternative cata-
lyst systems has been integrated into drug discovery work-
flows.™® This practice has been prompted because, often, no
individual catalyst system is best for all pairs of functionalised
substrates. In a project directed towards the discovery of an-
drogen receptor modulators,®” we harnessed Rh-catalysed re-
actions of diazo amides because alternative cyclisation path-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. Effect of catalyst on the outcome of a reaction that underpinned the discovery of the androgen receptor agonist 6. Panel A: Reaction overview.
Panel B: HPLC yield of the f-lactam 6 as a function of catalyst and solvent shown within the context of the catalyst map (green, circles scaled according to
yield, with darker shades also corresponding to higher % yield of 6); catalysts that were not investigated experimentally are also shown (grey, 4z labelled).
Panel C: Ratio of HPLC peak areas corresponding to the alternative products 6 and 7 (circles scaled according to conversion, with red favouring 6 and blue
favouring 7) (see Figure 1 for details of catalysts and Figures S13-S17 for PC1/PC3 maps and correlations).

ways were possible and so could yield different molecular scaf-
folds. In the case of the a-diazo amide 5, (at least) two cyclisa-
tions were possible, leading to either the -lactam 6 (by inser-
tion into an aryl C—H bond) or the oxindole 7 (by insertion
into a benzylic C—H bond) (Figure 5, Panel A). As part of this
project, we screened both dirhodium(ll) catalysts and solvents,
because it was not obvious at the outset which conditions
would be both successful and selective with the functionalised
substrate 5 (Panels B and C). We note, in retrospect, that the
catalysts screened reside in all four quadrants of the catalyst
map that is presented here. In this discovery workflow, the re-
actions had been performed in 96-well plate format, and had
been assembled from stock solutions (reaction volume:
100 pL; final concentrations: a-diazo amide, 100 mwm; catalyst,
1 mm); reaction outcomes were determined by HPLC.

We can now combine these screening results with our map
of catalyst space. The outcome of the reaction varied widely as
a function of catalyst (Figure 5, Panels B and C), with the yield
of 6 ranging from 0-70% across all catalysts and the three sol-
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2407

vents (DCM, toluene and EtOAc). In terms of selectivity, the [3-
lactam 6 was the major product with catalysts at positive PC2:
3a and 3c (which bear aliphatic carboxylates); 3q (Rh,esp,,
which has a bridging dicarboxylate ligand); and 4a (with a
cyclic carboxamidate N,O ligand). Conversion was generally
good with these catalysts, and high yields of 6 were observed
by HPLC. In contrast, the reaction had poor conversion with
4d and 4m which have N,O ligands based on cyclic ureas or
oxazolidinones (and negative PC1 and PC2). The oxindole 7
was generally selectively formed, and formed in good HPLC
yields, with 3e and 3 h which bear perfluoroalkyl carboxylates
(and have positive PC1 and negative PC2). Although not inves-
tigated in this study, we note that 4z (with trifluoroacetami-
date ligands), which also has negative PC2, has been reported
to induce selective cyclisation of related, but less functional-
ised, substrates to yield oxindoles.”” Based on this observation,
and the descriptors which load highly on PC2, this shows that
changes to catalyst Lewis acidity modulate the reaction selec-
tivity more profoundly than the nature of the ligand donor

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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atoms. Both carboxylate and carboxamidate ligands can lead
to high yields of 6 in this reaction.

We note that our catalyst map could have guided catalyst
selection in this discovery project® both to help identify
promising catalyst classes, and to optimise selective syntheses
of both 6 and 7 based on visualising the outcomes as shown.
The most promising reactions were scaled up 50-fold, enabling
both products to be isolated in good yield: the -lactam ago-
nist 6 (75% yield with Rh,esp, 3q in EtOAc) and the oxindole 7
(92% vyield with Rhytfa, 3e in CH,Cl,). In common with other
studies,*?**9 we found that similar outcomes were observed
on both scales, confirming that the analysis of microscale reac-
tions can facilitate the optimisation of preparative dirhodiu-
m(ll)-catalysed reactions.

Summary and Conclusions

We envisage that our catalyst map and the underlying data-
base will facilitate the optimisation of novel Rh-catalysed trans-
formations. Crucially, our parameterisation was independent of
mechanism and reaction mode, which may enable our data-
base to support the exploration of the reactivity landscape for
any process catalysed by dirhodium(ll) complexes. We have
shown that the alternative outcomes of the cyclisation of a
functionalised substrate correlated with the catalyst location
within the map, highlighting clusters of catalysts favouring dif-
ferent products. The map can assist the selection of catalyst
screening sets for application in Design of Experiments (DoE)
approaches to optimisation.’*'7*? Such catalyst sets may
have value in high-throughput reaction optimisation within
either a drug discovery or a process chemistry context. To
enable identification of fertile regions for experimental investi-
gation, catalyst sets could benefit from the addition of novel
catalysts that complement currently-available rhodium(ll) com-
plexes, that is, which occupy areas not sampled on the current
maps. The catalyst map presented here may therefore also
spur the development of catalysts with properties that comple-
ment those of currently available dirhodium(ll) catalysts. We
have shown that our database, capturing a diverse range of
catalysts, could have supported the discovery of a series of an-
drogen receptor agonists, and this approach may help more
broadly to expand the reaction toolkit for molecular discovery.

Computational Section

Optimised geometries for all rhodium(ll) complexes were calculat-
ed with the Gaussian09 software package (see Supporting Informa-
tion for full citation) in isolation using the standard BP86!" density
functional as implemented in Gaussian with the DZP basis set 6-
31G(d)®” on all atoms apart from rhodium where the Stuttgart/
Dresden effective core potential MWB28%" was used. Optimisations
used “tight” convergence criteria. Vibrational frequencies were not
computed, and so the energetic data do not include a correction
for zero-point energy, although we would expect this to be quite
small. In the absence of frequency calculations, stationary points
have not been verified as minima. However, most ligands and com-
plexes are large and optimization to transition states seems unlike-
ly for these carefully built low symmetry starting geometries. Ge-
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ometry optimisations were started from crystal structure geome-
tries of the complex of interest (see CSD refcodes in Table S3), or
by careful structural modification of related complexes.

Full computational details have been given in the Supporting In-
formation.
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