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Abstract: The reactivity of a representative set of 17 organo-
zinc pivalates with 18 polyfunctional druglike electrophiles
(informers) in Negishi cross-coupling reactions was evaluated
by high-throughput experimentation protocols. The high-fidel-
ity scaleup of successful reactions in parallel enabled the
isolation of sufficient material for biological testing, thus
demonstrating the high value of these new solid zinc reagents in
a drug-discovery setting and potentially for many other
applications in chemistry. Principal component analysis
(PCA) clearly defined the independent roles of the zincates
and the informers toward druggable-space coverage.

The late-stage functionalization of highly complex, hetero-
atom-containing molecules is an important step in the
optimization of pharmaceutically active molecules.!! C—C
bond-forming reactions are a critical component of the
toolbox of any medicinal chemist? and enable the introduc-
tion of functionalized aryl, heteroaryl, benzylic, and alkyl
substituents into a complex druglike molecule containing
multiple functionalities. Having access to building blocks with
functional-group tolerance and general reactivity towards
complex, physicochemically desirable, heteroatom-contain-
ing molecules allows for greater flexibility in optimizing
various druglike properties.

For many years, boron and zinc organometallics have
been the workhorses for sp>—sp” and sp’—sp® bond-forming
reactions.”! Boronates,*! boronic acids,®! and BF;K® salts
have proven to be robust and bench-stable, with excellent
behavior in sp>—sp? coupling reactions. Their ease of synthesis,
stability, and wide availability have made boronic derivatives
a favorite of medicinal chemists. However, they have several
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shortcomings, including the less-than-desirable reactivity and
inherent instability of some boron species.”! In contrast,
organozinc reagents display exquisite reactivity in most
coupling reactions. They also possess the distinct advantage
of reacting well in allylation,” benzylation, acylation, and
conjugate-addition reactions,””’ and in addition reactions with
aldehyde electrophiles.'” Standard organozinc reagents
(RZnX), however, are air- and moisture-sensitive species,
thus limiting their synthetic application. Knochel recently
demonstrated that organozinc pivalates (RZnOPiv) afford,
after solvent evaporation, solid organozinc compounds with
much improved air and moisture stability and with reactivity
comparable to that of RZnX.""!?l These reagents can be
weighed out on the benchtop and have the potential for
extended shelf life. Herein, we report that these functional-
ized organozinc pivalates (ArZnOPiv, BnZnOPiv, and
HetZnOPiv) are highly efficient reagents for the functional-
ization of various complex molecules, and hence represent
valuable building blocks for both synthetic and medicinal
chemists.

A set of polyfunctional benzylic, aryl, and heteroaryl zinc
pivalates 1-17 were prepared and stored in sealed/inerted
ampules containing approximately 0.125 mmol of each
reagent (Figure 1).1" These zinc pivalates were first evaluated
on the microscale in high-throughput mode by using 3-bromo-
5-phenylpyridine as a test substrate and surveying a variety of
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Figure 1. Set of polyfunctional aryl, benzyl, and heteroaryl zinc piva-
lates.
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ligands and reaction conditions. This initial screening led to
the identification of four high-performing catalyst systems:
PEPPSI-IPr,"! XPhos Pd G3,"”) QPhos Pd G3,I'" and NiX-

antPhos Pd G3.I'"!
g
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The densely functionalized bromopyridine X3 (Scheme 1)
was then treated with organozinc pivalates 1-17 and the four
high-performing catalysts from the first screen in THF at 50°C

Br o R-ZnOPiv 1-17
7 0 _ (12equv) _ U
&z
N" oy THF, 50 °C, 18 h
10 mol% catalyst
PEPPSI-IPr

XPhos Pd G3

QPhos Pd G3 SO,Me
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X3 NiXantPhos Pd G3 X3-(1-17)

Scheme 1. Screening of the 17 organozinc pivalates against aryl
bromide X3 and four precatalysts.

for 18 h to yield products X3-(1-17)."® Good to excellent
reactivities were observed for all four catalysts, and
XPhos Pd G3 and NiXantPhos Pd G3 showed the strongest
performance across all zincates. For this evaluation, the total
product area percentage in the ultra-performance liquid
chromatography (UPLC) trace was used as a crude measure
of reaction efficiency to provide information on conditions
suitable for scaleup in parallel mode (data not shown).!'”)
More accurate screening yields (Figure 2B) were later
determined by using product standards from larger-scale
reactions (see below). These initial microscale experiments
provided a solid platform for scaleup in parallel and
confidence in the reactivity of organozinc pivalates with
complex aryl halide substrates.

To complement the screening of multiple zinc pivalates
against a single aryl halide, we next turned our attention to
reactions of a single zincate with a chemistry informer
library™ of 18 complex aryl halides (Figure 2 A, Scheme 2).
The informer library is a set of complex molecules that was
designed to best capture the broad array of chemical
functionality encompassed in “druglike” space, and to help
evaluate the performance of chemistry across aryl halides; it
has previously been bench-marked against the Pd, Cu, and Ni
C—N coupling-reaction literature.”! RZnOPiv 16, which was
shown to have excellent reactivity in prescreening, was
evaluated against the informer library in reactions carried
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organozincate 16
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Scheme 2. C(sp®)—C(sp?) coupling reactions of the organozinc pivalate
16 with the R—X informer plate.

out with the four preferred catalysts in THF at 50°C for 18 h
(Scheme 2). This evaluation, based on total product area
(data not shown), revealed conclusively that XPhos Pd G3
was superior to the other three catalyst systems for high-
complexity substrates.

We next turned to the parallel scaleup and MS-directed
high-throughput purification (HTP) of compounds X3-(1-17)
and (X1-X18)-16. For the sake of experimental simplicity,
parallel chemistry is preferably performed with a single set of
reaction conditions if possible, but a more customized
approach with specific catalyst systems for each substrate on
the basis of screening data can be used.”" In this case, we
chose the former approach, and subjected bromopyridine X3
to the best overall set of conditions identified in our screening
experiments; thus, we treated X3 with 3 equivalents of each
organozinc pivalate and XPhos Pd G3 (10 mol %) in THF at
50°C for 18 h (Table 1). Overall, there was good correlation
between the early screening results and the yields observed
for the isolated products. The success rate, as defined by the
isolation of 1-2 mg of pure product, which typically supports
Tier 1 assays®” for many drug-discovery programs, was also

Table 1: Library scaleup and high-throughput purification of organo-
zincates 1-17 with informer X3 and organozincate 16 with informers X1-
X18.

Product Isolated mass [mg]/ Product Isolated mass [mg]/
yield [%]® yield [%]!
X3-1 18/ 6 X1-16 0/0
X3-2 0/0 X2-16 12/18
X3-3 5/9 X3-16 21/33
X3-4 16/30 X4-16 24/39
X3-5 42/71 X5-16 2/2
X3-6 9/17 X6-16 7/12
X3-7 22/43 X7-16 0/0
X3-8 20/40 X8-16 29/48
X3-9 22/37 X9-16 2/3
X3-10 7/13 X10-16 0/0
X3-11 39/62" X11-16 0/0
X3-12 2/4 X12-16 1/2
X3-13 13/23 X13-16 0/0
X3-14 7/124 X14-16 21/36
X3-15 15/2719 X15-16 8/14
X3-16 21/33 X16-16 29/43
X3-17 40/67 X17-16 16/22
X18-16 39/63

[a] Reaction conditions: XPhos Pd G3 (10 mol %), THF, 50°C, 18 h.

[b] Reaction conditions: PEPPSI-IPr (10 mol %), THF, 50°C, 18 h. No
product was isolated when the standard conditions with XPhos Pd G3
were used. [c] Reaction conditions: Qphos Pd G3 (10 mol %), THF,
50°C, 18 h. No product was isolated when the standard conditions with
XPhos Pd G3 were used.
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Figure 2. A) Informer plate of 18 polyfunctional “druglike” electrophiles. B) Microscreening results for informer X3 with 17 zincates (1-17) across
four precatalysts. For experimental details, see the Supporting Information. C) Microscreening results for zincate 16 with 18 informers (X1-X18)
across four precatalysts. For experimental details, see the Supporting Information. D1) Products formed from Negishi coupling reactions of
zincate 16 with informers X1-X18 (yellow), informer X3 with zincates 1-17 (green), and a virtual library of the remaining combinations in the grid
X1-X18 by 1-17 (blue) mapped onto the principal component analysis of marketed drugs (red). D2) Products formed from Negishi coupling

reactions of 405 virtual zincates with informers X1-X18 mapped onto the p

impressive (94 %, 16/17). Organozinc pivalates 5 and 17,
which showed high conversion in screening (data not shown),
were isolated in 71 and 67 % yield, respectively, after high-
throughput purification. As predicted by screening, zincate 11
demonstrated low conversion to the product during scaleup
when subjected to these conditions with XPhos Pd G3. Since
13920
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rincipal component analysis of marketed drugs.

higher conversion was observed with PEPPSI-IPr in the
screening mode, zincate 11 was tested on scale under the
alternative conditions with PEPPSI-IPr, and the desired
product was isolated in 62 % yield. Similarly, QPhos Pd G3
was used to give pure samples in reactions of X3 with zincates
14 and 15. These results show the accuracy of the screening
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data and also point to the value of applying a customized set
of conditions for each building block that did not react
successfully under the general set of conditions to improve
overall success in a library.*"

We next moved to the library scaleup and high-through-
put purification of a single zinc reagent with the complex-
molecule informer library (Figure2A). Zinc reagent 16
(3 equiv) was treated with each aryl halide and XPhos Pd G3
(10 mol %) in THF at 50°C for 18 h. The screening data (not
shown) once again correlated well with the yields observed in
the library synthesis (Table 1). The yields for many reactions
are not particularly high, but lower yields are not unusual or
critical for parallel chemistry and HTP workflows, since yield
has limited impact in early drug-discovery space. Within these
limitations, the overall success rate was again very satisfying
(72 %, 13/18).

The isolation of pure products during the parallel scaleup
efforts enabled the calculation of assay yields from the
original microscreen conversion data (Figure 2B,C). In our
second screen (Scheme 2), we found that 9/18 informer
substrates exhibited good reactivity (>20% assay yield) in
the presence of the XPhosPd G3 catalyst system, with
another three compounds giving useful conversion into
desired product (>10% yield). This result compares favor-
ably with the best Pd C—N reactions from our initial bench-
marking study with this same informer compound set,”” and
is similar to those observed under the best copper-catalysis
conditions we identified in that study, thus giving us con-
fidence that the coupling of zincates with the XPhos Pd G3
protocol is a valid synthetic approach. When the less complex
substrate 3-bromo-5-phenylpyridine (initial screen) was used,
or only aryl halide X3 (Scheme 1), there appeared to be no
discernable difference among catalysts (Figure 2B). This
study very clearly underlines the problem of using simple
model substrates to demonstrate the utility of a chemical
transformation and highlights the value of the chemistry
informer library approach (Scheme 2, Figure 2 A), in which
only the use of application-relevant complexity can reveal the
true value of a synthetic method.

A fully developed chemistry informer library approach to
synthetic-reaction appraisal, along with cheminformatic
methods, also enables a holistic understanding of chemical-
space coverage. To demonstrate how the compounds we
prepared fit within druglike chemical space, we performed
principal component analysis (PCA)?*! on various sets of
products derived from zincates and members of the highly
complex informer library (Figure 2D). This analysis enables
powerful visualization of the important aggregate physico-
chemical properties, such as AlogP and the number of H-
bond donors/acceptors of informer-zincate-derived products,
relative to actual drug structures. As expected, the yellow dots
cover a wider space (driven by the high structural diversity of
the larger informers), whereas the green dots offer a higher
level of granularity within a defined subspace (defined by the
informer X3), thus demonstrating that zincates 1-17, although
smaller, do provide chemical-space-coverage enrichment.
This discrepancy reflects a drug-discovery setting, in which
different cores (informers) allow for diverse chemical-sub-
space access, and final optimization is performed with multi-

Angew. Chem. 2016, 128, 1391813922
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ple reagents of the same type (zincates). The evaluation of all
remaining virtual products [1-17]*[X1-X18] (blue) from the
current set clearly illustrates the combined value of informers
and zincates, thus providing yet further chemical-space-
coverage enhancement. To expand our analysis, we carefully
selected a virtual library of 405 organozincates that could be
derived from commercially available halides.”! Figure 2 D2
illustrates the products of such zincates with informers X1-
X18, along with the added level of granularity obtained by
expanding the zincate set from 17 to 405 members.

In conclusion, we have shown that functionalized solid
aryl, heteroaryl, and benzylzinc pivalates are excellent
reagents for Negishi coupling reactions relevant to highly
complex molecules typically found in drug discovery. Our
results serve to extend the scope of the use of organozinc
pivalates beyond traditional methodology studies by provid-
ing insight into the performance (positive or negative) of
these reagents in previously unprecedented, challenging
cross-coupling reactions. Good correlation of screening con-
version with scaleup yield was observed, thus resulting in
a high success rate for isolation of the 1-2 mg quantity of
product typically required for analyzing on- and off-target
activity invitro (94%, 16/17 and 72%, 13/18; Table 1).
Principal component analysis demonstrated that the mole-
cules synthesized are highly relevant to the desirable druglike
physicochemical property space. This powerful performance
should provide medicinal chemists with a high degree of
confidence to apply these new, solid organozinc pivalates in
their drug-discovery campaigns. Efforts to employ chemin-
formatic and screening methodologies to drive the design,
preparation, and deployment of additional novel organozinc
pivalate reagents are ongoing.

Keywords: druglike molecules - high-throughput screening -
late-stage functionalization - medicinal chemistry -
organozinc reagents
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