Check for
updates

ChemCatChem Chemistry

The European Society Journal for Catalysis EUEIRCER (Crioites]

Societies Publishing

Supported by

GE(ATS

GERMAN
CATALYSIS
SOCIETY

Accepted Article

Title: Late-stage Pd-catalyzed cyanations of aryl/heteroaryl halides in
aqueous micellar media

Authors: Bruce Howard Lipshutz, Ruchita Thakore, Balaram Takale,
Vani Singhania, and Fabrice Gallou

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Atrticle.

To be cited as: ChemCatChem 10.1002/cctc.202001742

Link to VoR: https://doi.org/10.1002/cctc.202001742

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202001742&domain=pdf&date_stamp=2020-10-26

ChemCatChem

10.1002/cctc.202001742

WILEY-VCH

Late-stage Pd-catalyzed cyanations of aryl/heteroaryl halides in

aqueous micellar media

Ruchita R. Thakore,®T Balaram S. Takale,™ Vani Singhania,®® Fabrice Gallou,™ and Bruce H.

Lipshutz®?*

Dedicated to Novartis with warm thanks, for 10 years and running, of a great collaboration!

[a] Dr. R. R. Thakore, Dr. B. S., Takale, V. Singhania, Prof. Dr. B. H. Lipshutz

Department of Chemistry and Biochemistry

University of California, Santa Barbara

California 93106, USA

E-mail: bhlipshutz@ucsb.edu and balaram_takale@ucsb.edu
[b] Dr. F. Gallou,

CHAD, Novartis Pharma

AG, 4056 Basel, Switzerland

TThese authors contributed equally.

Supporting information for this article is given via a link at the end of the document.

Abstract: New technology is described that enables late stage ppm
Pd-catalyzed cyanations of highly complex molecules, as well as a
wide variety of aryl and heteroaryl halides possessing sensitive
functional groups. These reactions are efficient in water containing
nanomicelles, enabled by a commercially available and inexpensive
surfactant. The implications for advancing drug synthesis and
discovery are significant.

Among the many hurdles facing modern synthetic organic
chemistry, and the pharmaceutical industry, in particular, are
sufficient opportunities for generating new composition of matter
entities based on late stage functionalization,! most notably
applied to existing drugs. In recognition of this challenge, recent
contributions (Figure 1a) have focused, e.g., on aminations using
known catalyst-derived formation of isolable Pd(ll) intermediates
that subsequently readily participate in otherwise very difficult C-
N bond constructions.!'¥ Likewise, methylation of aromatic rings
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found within a variety of complex substrates has also been
accomplished via C-H activation, here as well using stoichiometric
amounts of metal, in this case a commercially available dicationic
Co catalyst.'d These high-profile reports, while accomplishing
their intended goals, clearly point to the challenges and limitations
to be overcome by future efforts in catalysis. Moreover, in all
cases, a timely discussion addressing the impact that such
chemistry has on the use of elevated loadings of endangered
metals, or the environment due to waste creation, is lacking.
Hence, raising the bar still higher in this regard adds another level
of complexity to goals in catalysis that have yet to be routinely
achieved. One C-C bond-forming reaction that could dramatically
expand opportunities initially in drug discovery followed by usage
in process development via late stage functionalization is
cyanation.” Aside from the existence of several pharmaceuticals
that contain this appendage (Figure 1b),? technology for insertion
of the CN group under regio-controlled cross coupling conditions
on complex educts has yet to appear.™

CN CN
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Figure 1. Background. (a) Recent late stage functionalizations vs. current cyanation. (b) Representative pharmaceuticals containing a nitrile group.
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Existing approaches for introducing a nitrile group onto
aromatic and hetero-aromatic rings typically involve relatively
simple educts, and oftentimes call for non-scalable and
unsustainable levels of catalyst loadings (i.e., in the 2-15 mol %
range).l'®#a Moreover, and invariably, such methodologies take
place in waste-generating organic solvents, and oftentimes rely
on an investment of energy in the form of elevated temperatures
over time to achieve reasonable conversions. Thus, in the spirit of
creating options for medicinal chemistry and beyond,?! and with
attention to the impact that such chemistry will have on the
environment,’® we now describe a new, indeed unique and
reproducible '@ technology. This advancement enables late stage
cyanations that addresses all of these major concerns, including
its: (1) application to highly functionalized substrates; (2) reliance
not only on catalysis, but conditions that feature low loadings of
Pd; and (3) utilization under very mild conditions in recyclable
water (Figure 1a).1589

Cyanations were conducted in aqueous micellar media, in
which it was determined that nanoreactors composed of
inexpensive surfactant Brij-30 (2 wt %) afforded the best results
(Table S3). Readily available Zn(CN)2 (0.55 equiv), and only this
source of CN, provided the appropriate amount of cyanide ion.
Screening pre-catalysts led to the finding that Xantphos-
containing palladacycle P8 was favored (Table S1), and unlike all
other known methods for cyanation, late stage or otherwise, only
0.50-0.70 mol % of pre-catalyst P8 at 55-65 °C was sufficient in
all cases (Schemes 1, 2, 4 and 5). Several representative, highly
functionalized substrates from the Merck informer library!™® and
drug like molecules were subjected to these standardized
conditions leading to products 1-14, as shown in scheme 1. Thus,
treatment of the aryl bromide used in preparation of Pfizer's
crizotinib, which reportedly required 10 mol % Pd in hot DMF,
efficiently led to the nitrile-containing product 11.144 An especially
complex starting material possessing sensitive functional groups
likewise underwent smooth cyanation to give the desired product
12 in high chemical yield. Late stage functionalization of the aryl
chloride fenofibrate led to adduct 13. Noteworthy is the finding that
base-sensitive functionality remained intact (e.g., see product 2),
as the reaction mixture, albeit aqueous, is not especially basic.l'!]
Moreover, highly acidic conditions that might give rise to HCN are
also easily avoided (page S5). Although isolated yields were
variable, in all cases the remaining mass was the starting halide;
hence, these reactions are all quite clean.

Additional assessment of the prognosis for this cyanation to
be especially useful for drug syntheses can be found in the
preparation of known intermediates en route to several
candidates of current interest (Scheme 2). For example, nitrile-
containing adducts, such as the Boc-protected precursor to (a)
Bristol-Myers-Squibb’s IMPDH inhibitor BMS-566419 15, a
potential candidate in the treatment of fibroitic renal disease;!'?
(b) the antitumor agent bicalutamide, an essential WHO medicine
16;'?°1(c) a drug candidate for a thrombin inhibitor 17,['*and (d)
a lead molecule of known analgesic activity 1824 were all
efficiently prepared using these catalysis conditions.
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Scheme 1. Robust late stage cyanation of Merck informer library and drug-like
molecules using Pd catalysis (0.25 — 1.0 mol %): Conditions: Reactions were
conducted on a 0.1 mmol scale; isolated yields are shown; quantitative yields
brsm. 2Compounds 1-4, 10, 12, 13 were obtained using 0.7 mol % P8.
"Compounds 5-7, 9 were obtained using 1.0 mol % P8 at 70 ‘C. “Compound 8
was obtained using 1.0 mol % P8. {Compound 11 was obtained using 0.7 mol %
P8 at 70 "C. ®*Compound 14 was obtained using 0.25 mol % P8.
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Scheme 2. Cyanation of drug intermediates. Conditions: Reactions were
conducted on 0.25 mmol scale using 0.70 mol % of P8 using optimized
conditions; isolated yields are shown. 2Compound 15 was obtained at 55 'C.
bCompound 17 was obtained using 0.5 mol % P8.
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Importantly, the presence of polymethylhydrosiloxane
(PMHS; 21.0 equiv) was essential for successful cyanation, as
observed previously, presumably helping to reduce Pd(ll) to Pd(0)
and thus minimizing the impact of excess cyanide and/or oxygen
that may be present in the reaction mixture.['"¥ The dramatic effect
of this additive can be seen from comparison studies outlined in
Figure 2a. Interestingly, temperature appears to play a major role,
which is atypical for reactions run under micellar catalysis
conditions where the localized concentrations are usually high
and, therefore, oftentimes sufficiently independent of this reaction
parameter (ca. 2 M)." Nonetheless, as the model cyanation
revealed (Figure 2b), over a reaction time of 90 minutes,
cyanation of 23 was sluggish until 45 °C, at which point a relatively
rapid coupling takes place up to 65 °C, leading to 93% conversion
to desired product 24. Raising the temperature to 75 °C furthered
the yield, but to only 97%.

One feature associated with this chemistry in water is the
likelihood that the levels of residual palladium®®9 in each
product will be below the imposed FDA limit of 10 mg/dose/day.["®!
Using product 20 as a representative example, isolated without
special processing, ICP-MS analysis (Scheme 3a; Figure S2 for
other representative compounds) indicated that only 2 ppm Pd
was present. On the other hand, the amount of residual palladium
increased by an order of magnitude under literature cyanation
conditionsd to arrive at the same target, adding an additional
layer of cost required for Pd-scrubbing to remove this impurity.

Opportunities to introduce a labeled source of CN (i.e.,
3C'SN) using commercially available material presented no
complications.["®! Three representative examples (products 20,
25’, and 26’), each involving a hetero-aromatic halide precursor,
can be found in scheme 3b. A reaction above the gram scale
leading to pyrimidine 26 in high yield (92%; Scheme 3c) is
suggestive of the facile handling of these aqueous reaction
mixtures, as product isolation, following “in-flask” extraction with
minimal EtOAc, involved filtration through a short plug of silica.
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Figure 2. Reaction profile. (a) Impact of PMHS on cyanations conducted in open
air. ®Reaction was conducted with 10 % THF as a co-solvent. (b) Effect of
temperature on the rate of reaction of educt 24.
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Scheme 3. Reactions were conducted on a 0.25 mmol scale and 0.5 mol% Pd
using optimized conditions. (a) Residual Pd in product 20 vs that found using
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To further highlight the significant differences between
existing cyanations*®*l and this unique chemistry in recyclable
water (Figure S5), several cyano-substituted heteroaromatics (20,
24, and 26-28) were selected for direct side-by-side comparisons
(Scheme 4). As the results indicate, reaction efficiency in every
case was improved, notwithstanding use of 2-8 times less
palladium, and with 90% removal of any organic solvent from the
reaction medium. To fully establish the generality of cyanations in
water, several additional (albeit not nearly as functionalized)
examples were also studied (Scheme 5). Highly substituted
aryl/heteroaryl halides resulted in very good chemical yields of the
desired products. Selective cyanation of iodide in the presence of
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chloride could also be performed (entry 34). Several halopyridines,
either electron-rich or -deficient were found to afford good
chemical yields of the antipated cyanopyridines (entries 34-36,
50-53). Halo-pyrimidines, -quinolines, and -triazines are also quite
amenable substrates (entries 28-32). Comparatively difficult
heterocyclic halides such as halo-indole, -thiophene, -indazole, -
furopyridine, -quinoxaline, all led in high chemical yields to the
corresponding products (entries 37-41). Protecting groups,
including triisopropylsilyl (TIPS; entries 30 and 44), benzyl (entry
19), acetyl (entry 22), and butyloxycarbonyl (Boc, entry 43) were
all well-tolerated by these mild reaction conditions. Cyanation
could be effected on not only aryl bromides or aryl iodides (entries
34 and 46) but also aryl chlorides (entries 32, 35, 41, 47, 49) at
the ppm level of Pd.

current conditions hetaryl—Br literature conditions®
5000 ppm Pd = l < 20000-40000 ppm Pd
water organic solvents
AN CN
\ S
o
95%, 18 h 202 63%, 18 hl4al
N CN
~
o
98%,3 h 242 45%, 3 hi4al
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N N
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NF ‘ cN
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N
s
S
93%, 4 h 28 trace, 3 hi*cl

Scheme 4. Comparison of cyanation reactions. Conditions: Reactions were
conducted on a 0.25 mmol scale using optimized conditions; isolated yields are
shown. 2Without co-solvent. PLiterature conditions; see Figure S3.
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In summary, utilization of micellar catalysis as an enabling
technology allows for cyanations of especially complex, highly
functionalized substrates to be realized under mild, aqueous
conditions. Unprecedented levels of a palladacycle suffice as
catalyst precursor, while the crucial role of PMHS in these
couplings has been uncovered. Overall, cyanations in water are
faster and higher yielding relative to existing alternatives that rely
on organic solvents as media, even with far less demanding
substrates. Prospects for applications to targets in medicinal
chemistry, as well to pharmaceuticals made at scale that benefit
from this environmentally responsible chemistry, look very
encouraging.
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Late stage cyanation made environmentally responsibly! Safely introducing a nitrile group into complex molecules under mild
conditions in recyclable water offers new opportunities for discovering, and synthesizing, pharmaceuticals.
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