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Reductive Hydroxymethylation of 4-Heteroarylpyridines

Hamish B. Hepburn and Timothy J. Donohoe*®

Abstract: The activation of pyridinium salts with electron-
withdrawing heterocycles enables an iridium-catalyzed re-
ductive hydroxymethylation reaction to proceed smoothly,
facilitating the preparation of useful 3D heteroaryl-substi-
tuted functionalized piperidines. The methodology is used
to prepare 3-hydroxymethylated analogues of pharma-
ceutical agents. Mechanistically, formaldehyde acts as
both a hydride donor and the electrophile, leading to the
formation of two new carbon-hydrogen bonds and one
new carbon-carbon bond under relatively mild condi-

tions.
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Heterocyclic compounds are highly privileged structural motifs
present in a large variety of important molecules, including
but not limited to, pharmaceuticals, agrochemicals, natural
products, and functional materials."”” Heterocycles can be
found in their fully saturated, partially saturated or unsaturated
forms, all of which are highly sought after compounds of great
synthetic utility.

Nitrogen-containing heterocycles are of particular impor-
tance due to their chemical and physical properties. A 2014
survey discovered that 59% of all FDA approved unique small
molecule pharmaceuticals contained a nitrogen heterocycle,
highlighting their unique importance among medicinally rele-
vant structural motifs.” A wide variety of key nitrogen-contain-
ing heterocyclic compounds feature both the saturated and
unsaturated form in their molecular skeleton, and, in some
cases, heterocycles of differing oxidation levels are adjacent to
each other in the molecule. For example, the antipsychotic
pharmaceutical Risperidone features an unsaturated benzisoxa-
zole adjacent to a saturated piperidine and a top selling fungi-
cide Zorvec contains an aromatic thiazole adjacent to a piperi-
dine (Scheme 1a).

Recently, we have reported an iridium-catalyzed interrupted
transfer hydrogenation process that leads to the reductive hy-
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Scheme 1. Heterocyclic compounds.

droxymethylation of electron-deficient pyridinium salts using
cheap and readily available paraformaldehyde as both the hy-
dride source and the electrophile (Scheme 1b).B4

During our investigations, we determined pyridines bearing
4-carbonyl substituents were excellent substrates for the trans-
formation, but 4-arylpyridines were insufficiently electron poor
to undergo the reductive hydroxymethylation. Analysis
showed that this was due to the resulting pyridinium salt
being unactivated towards to the initial dearomative addition
of iridium-hydride. Given that is it well precedented in the liter-
ature that certain heterocycles are electron-withdrawing in
nature and can activate adjacent olefins towards nucleophilic
addition,”® combined with the continuing need for the syn-
thetic methodologies that both access saturated heterocycles
and install small functional groups, such as CH,OH,”® we de-
cided to investigate whether 4-heteroaryl pyridines were suffi-
ciently activated to be utilized in the reductive hydroxymethyl-
ation reaction (Scheme 1c). Not only would this approach pro-
vide rapid access to 4-heteroaryl-tetrahydropiperidines bearing
multiple functionality but it would also allow the modular
preparation of 3D analogues of potential agrochemicals and
pharmaceuticals from readily available (flat) pyridine starting
materials.

To investigate the potential of heteroarylpyridines as suitable
substrates, 4-benzoxazolepyridinium iodide 1a was chosen as
a model substrate and was subjected to conditions for the iri-
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dium-catalyzed hydroxymethylation, [IrCp*Cl,], (1 mol%),
Mg(OMe), (0.75 equiv), paraformaldehyde (20 equiv), and po-
tassium iodide (4 equiv)’” in MeOH at 65°C for 16 hours
(Table 1, entry 1).®! Pleasingly, 65% of the hydroxymethylated

Table 1. Iridium-catalyzed hydroxymethylation of 1a.

A A

S Kl (X equiv.) b
X -(CH20),- X
(X equiv.) o
| X [IrCp*Clz]2 (1 mol%) A
I:I/ _  Mg(OMe); (0.75 equiv.) N
Bn ! MeOH, temp, 16h Bn
1a 2a
Entry Paraformaldehyde (equiv) KI (equiv) T[°C] Yield [%]
1 20 4 65 65
2 20 4 45 66
3 20 2 45 66
4@ 20 2 45 0
5 25 2 45 71
30 2 45 73
7 40 2 45 63
8t 30 2 45 73
9 30 2 25 76
109 30 2 45 0

[a] Using NaOMe (1.5 equiv) as base. [b] Using 1.5 equiv of Mg(OMe),.
[c] With no iridium.

tetrahydropiperidine 2a was isolated, indicating that benzoxa-
zoles were sufficiently electron-withdrawing to facilitate initial
reduction of the pyridinium salt. With this result in hand, an

@ () (1 mol%) HO
Kl (2.0 equiv.)
Mg(OMe) (0.75 equiv.)

= MeOH:CH,0 [4:1]
45°C, 16 h
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optimization was initiated, aiming at increasing the isolated
yield of the product 2a (Table 1). Reducing the temperature to
45°C was found to have minimal effect (entry 2) as did de-
creasing the equivalents of Kl from four to two (entry 3).
Switching base to NaOMe resulted in complete consumption
of 1a but led to no formation of 2a (entry 4). However, it was
found that increasing the loading of paraformaldehyde to 25
(719%, entry 5) and 30 equivalents (73 %, entry 6) had a positive
effect on the yield, but 40 equivalents led to a decrease in
yield (63%, entry 7). Additionally, doubling the equivalents of
base, led to no improvement (entry 8) but reducing the tem-
perature to room temperature led to a small yet appreciable
increase to 76% vyield (entry 9). Finally, a control experiment
determined that no product was formed in the absence of iri-
dium (entry 10).

Having developed optimal conditions for the transformation,
the scope of the 4-benzoxazolepyridine substrates was ex-
plored. However, an issue of solubility was rapidly encoun-
tered; many of the pyridinium salts exhibited very limited solu-
bility in methanol at room temperature, leading to low conver-
sions. This issue was overcome by increasing the temperature
of the reaction to 45°C which lead to a fully homogeneous re-
action mixture, despite the slight reduction in isolated yield for
some more soluble substrates. The simple reduced product 3
was observed in almost all cases in around 10% yield."” How-
ever, these compounds were easily removed by column chro-
matography (Scheme 2).

A variety of substituents are tolerated on the carbocyclic
ring of the benzoxazole, including electron-rich (2b-2d) and
electron-withdrawing functional groups (2e), in both the 5-,
and 6- positions with good yields (62 to 75%). Undertaking
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Scheme 2. Scope of the reductive hydroxymethylation of 4-benzoxazole pyridines.
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the reaction at a scale of 1.5 mmol proceeded well delivering
2b in 71% yield. Unfortunately, the presence of a fluoride
group (2f) on the benzoxazole lead to degradation of the
starting material and no product was observed in the '"H NMR
spectrum of the reaction mixture. The 3-position of the pyri-
dine ring could be substituted with a range of different
groups, giving good yields throughout, including simple (2g-
h) and more complex ethers (2i) along with aryl rings (2j). The
substituent on the pyridine nitrogen atom can also be varied
greatly, alternative protecting groups, such para-methoxyben-
zyl (PMB) are tolerated (2k), as are other functionalized alkyl
chains (21-0) opening the possibility to install functionality
before the reductive hydroxymethylation, removing the neces-
sity for a protecting group. Furthermore, these examples show
that a variety of potentially sensitive functional groups are well
tolerated under the conditions, including —NHTs (2m, 73 %),
—OH (2n, 72%) and —CO,Et (20, 73%). Entry 20 is of particular
interest as it demonstrates that a) despite the basic conditions,
the presence of enolizable protons did not hinder the reaction
progress and b) despite the presence of methoxide and an
excess of methanol, the ethyl ester was conserved. Interesting-
ly, when substrate 1p, bearing an N-4-chlorobutyl group was
subjected to the standard reaction conditions, the expected
product was not obtained, but rather spirocyclic ammonium
species 2p was isolated in 73% yield. This can be rationalized
due to the expected tetrahydropyridine product featuring a
nucleophilic nitrogen atom which can undergo a spontaneous
intramolecular attack onto the alkyl chloride, forming 2p and
forging two new carbon-carbon and two new carbon-hydro-
gen bonds. This example indicates that with judicious sub-
strate design, this methodology presents the opportunity to
develop cascade processes to prepare more complex mole-
cules in one synthetic step.

Pleasingly, the structure of the activating aromatic heterocy-
cle is not limited to the use of benzoxazole and a variety of
other electron-withdrawing heterocyclic groups were success-
fully used as activating substituents (Scheme 3). Heterocycles
that can be utilized include benzothiazole (2q, 66 %), oxadi-
azoles (2r-s, 52-57 %), thiazole (2t, 54 %), and oxazoles (2 u-w,

el
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up to 65%). Additionally, benzisoxazole, a motif featured in
pharmaceuticals such a Risperidone in Scheme 1, was found to
give the expected product 2x in moderate yield. This flexibility
in activating the heterocycle, allows for the synthesis of wide
variety of useful 3-hydroxymethylated-4-heteroaryl piperidines
with relative ease, allowing access to a range of useful prod-
ucts.

To showcase the versatility of this method and its relevance
to the drug discovery process, we utilized it in the late-stage
preparation of analogues of medicinally relevant 4-heteroaryl
piperidines, such as the anti-psychotic pharmaceutical lloperi-
done (Scheme 4). This approach is highly modular and conver-
gent: in step | aromatic and aliphatic components are joined
together by alkylation, thus activating the pyridine; next, the
dearomative functionalization reaction (step Il) was performed
which led to structures with ample functionality for further de-
rivatisation and exploration of 3D chemical space (step ll).
Thus, a set of medicinal lead inspired 4-heteroarylpyridines and
functionalized alkyl iodides were heated together to furnish
highly decorated pyridinium salts (1aa-ad) which were then
subjected to the iridium-catalyzed process, delivering the 3-hy-
droxymethylated analogues 2 aa-ad in good yields.""'¥

This synthetic sequence is operationally simple and delivers
products bearing multiple new functional groups, such as an
activated electron-deficient alkene and a primary alcohol, al-
lowing many possibilities for the additional functionalization
reactions which are essential for structure-activity relationship
studies. Furthermore, in part due to the relatively mild condi-
tions for transition-metal catalysis (45°C and a mild base), a
wide range of potentially sensitive functional groups, such as
cyclic imides, aromatic halides, enolizable ketones, electron-
rich heterocycles, and aromatic ethers, were all tolerated under
reaction conditions and do not hinder the catalytic reaction.

Mechanistically, we believe the reaction proceeds under a
pathway that is depicted in Scheme 5.54 Addition of methanol
to formaldehyde generates hemiacetal 5, which is then oxi-
dized by iridium to generate methyl formate and an iridium-
hydride species. Addition of iridium-hydride occurs at the C*
position of 1a due to the presence of the electron-withdraw-

a5
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Scheme 3. Scope of the reductive hydroxymethylation of heterocycle-activated pyridines.
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ing heterocycle in the C*position, resulting in the formation of
enamine 6. The trapping of formaldehyde by 6, leads to the
formation of a new carbon-carbon bond and the iminium 7,
which is readily reduced by a second equivalent of iridium-hy-
dride to furnish product 2a. Supporting this pathway, '"H NMR
analysis of the crude reaction indicated the presence of for-
mate byproducts, consistent with the oxidation of formalde-
hyde.

In conclusion, we have developed the iridium-catalyzed re-
ductive hydroxymethylation of activated 4-heteroaryl pyridines,
giving rise to highly useful decorated 4-heteroarylpiperidines
using methanol and formaldehyde as reagents. The methodol-
ogy has been used in the late-stage preparation of medicinally
relevant scaffolds demonstrating its importance for medicinal
chemistry and its tolerance of a wide range of functional
groups. In our laboratory we are continuing to investigate
other activation strategies and substrates which have the po-
tential to be proficient in this methodology.

Chem. Eur. J. 2020, 26, 1963 - 1967 www.chemeurj.org

1966

TJ.D. thanks the EPSRC (EP/L023121/1) for funding. HBH
thanks the European Commission for a Marie Sktodowska-Curie
Actions fellowship (Grant: 792562 H2020-MSCA-IF-2017).

Conflict of interest

The authors declare no conflict of interest.

Keywords: aromatic heterocycles hydroxymethylation
iridium - organic synthesis - reductive functionalization

[1] a) A. F. Pozharskii, A. Soldatenkov, A. R. Katritzky, Heterocycles in Life and
Society: An Introduction to Heterocyclic Chemistry, Biochemistry and Ap-
plications, 2nd ed., Wiley, 2011; b)J. A. Joule, K. Mills, Heterocyclic
Chemistry, 5th ed., Wiley, 2010.

[2] E. Vitaku, D.T. Smith, J. T. Njardarson, J. Med. Chem. 2014, 57, 10257 -
10274.

[3] a) A. Grozavu, H.B. Hepburn, P.J. Smith, H. K. Potukuchi, P.J. Lindsay-
Scott, T.J. Donohoe, Nat. Chem. 2019, 11, 242-247; b)B. M. Reeves,
H.B. Hepburn, A. Grozavu, P.J. Lindsay-Scott, T.J. Donohoe, Angew.
Chem. Int. Ed. 2019, 58, 15697 -15701; Angew. Chem. 2019, 131, 15844 -
15848.

[4] a)S.-G. Wang, S.-L. You, Angew. Chem. Int. Ed. 2014, 53, 2194-2197;
Angew. Chem. 2014, 126, 2226-2229; b)B. Sundararaju, M. Achard,
G. V. M. Sharma, C. Bruneau, J. Am. Chem. Soc. 2011, 133, 10340-10343.

[5] For a review see: D. Best, H. W. Lam, J. Org. Chem. 2014, 79, 831-845.

[6] a) A. Hoffman, M. W. Farlow, R.C. Fuson, J. Am. Chem. Soc. 1933, 55,
2000-2004; b)H. Gilman, G.C. Gainer, J. Am. Chem. Soc. 1949, 71,
2327-2328; ¢) C. Mathis, T. E. Hogen-Esch, J. Am. Chem. Soc. 1982, 104,
634-635; d) M. Lautens, A. Roy, K. Fukuoka, K. Fagnou, B. Martin-
Matute, J. Am. Chem. Soc. 2001, 123, 5358-5359; e) L. Rupnicki, A.
Saxena, H. W. Lam, J. Am. Chem. Soc. 2009, 131, 10386-10387; f) J. Pan-
teleev, L. Zhang, M. Lautens, Angew. Chem. Int. Ed. 2011, 50, 9089 -
9092; Angew. Chem. 2011, 123, 9255-9258; g) A. Saxena, B. Choi, J. Am.
Chem. Soc. 2012, 134, 8428-8431; h) A. A. Friedman, J. Panteleey, J.
Tsoung, V. Huynh, M. Lautens, Angew. Chem. Int. Ed. 2013, 52, 9755-
9758; Angew. Chem. 2013, 125, 9937-9940; i) J. Tsoung, J. Panteleev, M.
Tesch, M. Lautens, Org. Lett. 2014, 16, 110-113; j) I. D. Roy, A. R. Burns,
G. Pattison, B. Michel, A. J. Parker, H. W. Lam, Chem. Commun. 2014, 50,

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm501100b
https://doi.org/10.1021/jm501100b
https://doi.org/10.1038/s41557-018-0178-5
https://doi.org/10.1038/s41557-018-0178-5
https://doi.org/10.1038/s41557-018-0178-5
https://doi.org/10.1002/anie.201908857
https://doi.org/10.1002/anie.201908857
https://doi.org/10.1002/anie.201908857
https://doi.org/10.1002/anie.201908857
https://doi.org/10.1002/ange.201908857
https://doi.org/10.1002/ange.201908857
https://doi.org/10.1002/ange.201908857
https://doi.org/10.1002/anie.201309876
https://doi.org/10.1002/anie.201309876
https://doi.org/10.1002/anie.201309876
https://doi.org/10.1002/ange.201309876
https://doi.org/10.1002/ange.201309876
https://doi.org/10.1002/ange.201309876
https://doi.org/10.1021/ja203875d
https://doi.org/10.1021/ja203875d
https://doi.org/10.1021/ja203875d
https://doi.org/10.1021/jo402414k
https://doi.org/10.1021/jo402414k
https://doi.org/10.1021/jo402414k
https://doi.org/10.1021/ja01332a034
https://doi.org/10.1021/ja01332a034
https://doi.org/10.1021/ja01332a034
https://doi.org/10.1021/ja01332a034
https://doi.org/10.1021/ja01175a017
https://doi.org/10.1021/ja01175a017
https://doi.org/10.1021/ja01175a017
https://doi.org/10.1021/ja01175a017
https://doi.org/10.1021/ja00366a053
https://doi.org/10.1021/ja00366a053
https://doi.org/10.1021/ja00366a053
https://doi.org/10.1021/ja00366a053
https://doi.org/10.1021/ja010402m
https://doi.org/10.1021/ja010402m
https://doi.org/10.1021/ja010402m
https://doi.org/10.1021/ja904365h
https://doi.org/10.1021/ja904365h
https://doi.org/10.1021/ja904365h
https://doi.org/10.1002/anie.201103692
https://doi.org/10.1002/anie.201103692
https://doi.org/10.1002/anie.201103692
https://doi.org/10.1002/ange.201103692
https://doi.org/10.1002/ange.201103692
https://doi.org/10.1002/ange.201103692
https://doi.org/10.1021/ja3036916
https://doi.org/10.1021/ja3036916
https://doi.org/10.1021/ja3036916
https://doi.org/10.1021/ja3036916
https://doi.org/10.1002/anie.201303659
https://doi.org/10.1002/anie.201303659
https://doi.org/10.1002/anie.201303659
https://doi.org/10.1002/ange.201303659
https://doi.org/10.1002/ange.201303659
https://doi.org/10.1002/ange.201303659
https://doi.org/10.1021/ol4030925
https://doi.org/10.1021/ol4030925
https://doi.org/10.1021/ol4030925
https://doi.org/10.1039/C4CC00340C
http://www.chemeurj.org

.@‘* ChemPubSoc
O Europe

[7

Chem. Eur. J. 2020, 26, 1963 - 1967

1

2865-2868; k) B. Choi, A. Saxena, J. J. Smith, G. H. Churchill, H. W. Lam,
Synlett 2015, 26, 350-354; 1) J. M. Rebelo, S. Kress, A. A. Friedman, M.
Lautens, Synthesis 2016, 48, 3155-3164; m)J. ). Smith, D. Best, Chem.
Commun. 2016, 52, 3770-3772; n) H. B. Hepburn, P. Melchiorre, Chem.
Commun. 2016, 52, 3520-3523; o) R. P. Jumde, F. Lanza, M. J. Veenstra,
S. R. Harutyuyan, Science 2016, 352, 433-437; p) F. Lied, H. Brodnik Zu-
geji, S. Kress, B. Stefane, F. Glorius, M. Lautens, ACS Catal. 2017, 7,
1378-1382; q) H. Lam, J. Tsoung, M. Lautens, J. Org. Chem. 2017, 82,
6089-6099; r) R. P. Jumde, F. Lanza, T. Pellegrini, S. R. Harutyunyan, Nat.
Commun. 2017, 8, 2058-2067; s) K. Cao, S. M. Tan, R. Lee, S. Yang, H.
Jia, X. Zhao, B. Qiao, Z. Jiang, J. Am. Chem. Soc. 2019, 141, 5437 -5443;
t) W. Mao, W. Xue, E. Irran, M. Oestreich, Angew. Chem. Int. Ed. 2019, 58,
10723-10726; Angew. Chem. 2019, 131, 10833 -10836.

D. C. Blakemore, L. Castro, I. Churcher, D. C. Rees, A. W. Thomas, D. M.
Wilson, A. Wood, Nat. Chem. 2018, 10, 383-394.

a) J. Moran, A. Preetz, R. Mesch, M. J. Krische, Nat. Chem. 2011, 3, 287 -
290; b)V.J. Garza, M. J. Krische, J. Am. Chem. Soc. 2016, 138, 3655-
3658.

Although the ratio between Ir to Kl is large (200:1), it was shown by
Xiao and co-workers that ratios of up to 2000:1 were beneficial for the

[10]

[l

[12]
[13]

[14]

CHEMISTRY

A European Journal
Communication

reduction of pyridinium salts: see: a)J. Wu, C. Wang, W. Tang, A. Pett-
man, J. Xiao, Chem. Eur. J. 2012, 18, 9525-9529; b) J. Wu, D. Talwar, S.
Johnston, M. Yan, J. Xiao, Angew. Chem. Int. Ed. 2013, 52, 6983 -6987;
Angew. Chem. 2013, 125, 7121-7125.

a)J. Wu, W. Tang, A. Pettman, J. Xiao, Adv. Synth. Catal. 2013, 355, 35—
40; b)D. Talwar, H.Y. Li, E. Durham, J. Xiao, Chem. Eur. J. 2015, 21,
5370-5379.

G. Zhang, Y. Chen, X. Xu, S. Zhao, M. Yu, Chinese Patent, CN103242219,
2013.

J. Yuan, C. Yuan, G. Chen, H.-G. Xia, Patent, WO2011143444, 2011.

E. Burstein, A.E. Knapp, R. Olsson, J. Eskildsen, F. Ek, Patent,
W02007079239, 2007.

R.B. Kilaru, C.S. Kuruva, V.R. Katla, N.R. Chamarthi, Asian J. Chem.
2013, 25, 5307-5310.

Manuscript received: January 6, 2020

Accepted manuscript online: January 9, 2020

Version of record online: January 30, 2020

www.chemeurj.org

1967

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1039/C4CC00340C
https://doi.org/10.1039/C4CC00340C
https://doi.org/10.1039/C4CC00340C
https://doi.org/10.1039/C6CC00603E
https://doi.org/10.1039/C6CC00603E
https://doi.org/10.1039/C6CC00603E
https://doi.org/10.1039/C6CC00603E
https://doi.org/10.1039/C5CC10401G
https://doi.org/10.1039/C5CC10401G
https://doi.org/10.1039/C5CC10401G
https://doi.org/10.1039/C5CC10401G
https://doi.org/10.1126/science.aaf1983
https://doi.org/10.1126/science.aaf1983
https://doi.org/10.1126/science.aaf1983
https://doi.org/10.1021/acscatal.6b03209
https://doi.org/10.1021/acscatal.6b03209
https://doi.org/10.1021/acscatal.6b03209
https://doi.org/10.1021/acscatal.6b03209
https://doi.org/10.1021/acs.joc.7b00568
https://doi.org/10.1021/acs.joc.7b00568
https://doi.org/10.1021/acs.joc.7b00568
https://doi.org/10.1021/acs.joc.7b00568
https://doi.org/10.1021/jacs.9b00286
https://doi.org/10.1021/jacs.9b00286
https://doi.org/10.1021/jacs.9b00286
https://doi.org/10.1002/anie.201905934
https://doi.org/10.1002/anie.201905934
https://doi.org/10.1002/anie.201905934
https://doi.org/10.1002/anie.201905934
https://doi.org/10.1002/ange.201905934
https://doi.org/10.1002/ange.201905934
https://doi.org/10.1002/ange.201905934
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/s41557-018-0021-z
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1038/nchem.1001
https://doi.org/10.1021/jacs.6b01078
https://doi.org/10.1021/jacs.6b01078
https://doi.org/10.1021/jacs.6b01078
https://doi.org/10.1002/chem.201201517
https://doi.org/10.1002/chem.201201517
https://doi.org/10.1002/chem.201201517
https://doi.org/10.1002/anie.201300292
https://doi.org/10.1002/anie.201300292
https://doi.org/10.1002/anie.201300292
https://doi.org/10.1002/ange.201300292
https://doi.org/10.1002/ange.201300292
https://doi.org/10.1002/ange.201300292
https://doi.org/10.1002/adsc.201201034
https://doi.org/10.1002/adsc.201201034
https://doi.org/10.1002/adsc.201201034
https://doi.org/10.1002/chem.201500016
https://doi.org/10.1002/chem.201500016
https://doi.org/10.1002/chem.201500016
https://doi.org/10.1002/chem.201500016
https://doi.org/10.14233/ajchem.2013.14169
https://doi.org/10.14233/ajchem.2013.14169
https://doi.org/10.14233/ajchem.2013.14169
https://doi.org/10.14233/ajchem.2013.14169
http://www.chemeurj.org

