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Iron-Catalyzed Borrowing Hydrogen C-Alkylation of

Oxindoles with Alcohols

Mubarak B. Dambatta,”” Kurt Polidano,” Alexander D. Northey,” Jonathan M. J. Williams,®’

and Louis C. Morrill*!]

A general and efficient iron-catalyzed C-alkylation of oxindoles
has been developed. This borrowing hydrogen approach em-
ploying a (cyclopentadienone)iron carbonyl complex (2 mol %)
exhibited a broad reaction scope, allowing benzylic and simple
primary and secondary aliphatic alcohols to be employed as al-
kylating agents. A variety of oxindoles underwent selective
mono-C3-alkylation in good-to-excellent isolated yields (28 ex-
amples, 50-92 % vyield, 79% average yield).

The oxindole framework is present in a diverse array of natural-
ly occurring compounds.” Furthermore, oxindoles that are
mono- or disubstituted at the C3 position are commonly em-
ployed in drug discovery programs,” with examples including
the development of HIV-1 non-nucleoside reverse transcriptase
inhibitors, spirocyclic compounds with anti-cancer and anti-in-
flammatory properties, and antagonists of progesterone and 5-
hydroxytryptamine, (5-HT,) receptors (Scheme 1A). The tradi-
tional method for alkylation of unprotected oxindoles employs
toxic alkyl halides and exhibits poor selectivity (mono- vs. dia-
Ikylation, C- vs. N-alkylation) alongside the generation of stoi-
chiometric quantities of undesired byproducts.”’ An alternative
approach employs the borrowing hydrogen (BH) principle, also
known as hydrogen autotransfer, which allows bench-stable
and inexpensive alcohols to be used as alkylating agents, gen-
erating water as the sole byproduct.” Recent progress in this
area has provided alternatives to commonly employed pre-
cious-metal catalysts through the development of catalysts
based on earth-abundant first-row transition metals.”

The BH alkylation of oxindoles with alcohols, which selec-
tively produces mono-C3-alkylation products, has been report-
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A) Selected examples of biologically active C3-substituted oxindoles
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B) Iron-catalyzed borrowing hydrogen C-alkylation of oxindoles (this work)
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Scheme 1. Oxindole importance and project overview.

ed through heterogeneous catalysis® and by employing ho-
mogeneous precious-metal catalyst systems based on rutheni-
um and iridium.”? However, with respect to earth-abundant
first-row transition-metal catalysis, only sporadic examples
appear in the literature, in each case forming only a minor
component of a broader study.” As such, the development of
a general catalytic BH C-alkylation of oxindoles with well-de-
fined complexes based on earth-abundant first-row transition
metals is required and would represent a valuable addition to
the synthetic toolbox. To this end, herein we report the use of
a bench-stable (cyclopentadieneone)iron(0) carbonyl complex
(2 mol%) for the selective mono-C3-alkylation of various oxin-
doles with both benzylic and simple primary and secondary ali-
phatic alcohols as alkylating agents (Scheme 1B).”

To commence our studies, we selected the C3-benzylation of
oxindole 2 with benzyl alcohol 1 (1.2 equiv.) as a model system
(Table 1). After extensive optimization,'” it was found that a
BH system composed of the bench-stable (cyclopentadieneo-
ne)iron(0) carbonyl complex 3 (2 mol%)," triphenylphosphine

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Optimization of the Fe-catalyzed oxindole C-benzylation.”

Me ph
N i 3,L=CO
Me TPh 22 ppn,
0C"
oC
[Fe] precatalyst 3 (2 mol %) Ph
PPhj (4 mol %)
K,COj (0.5 equiv.
T ©:§=o _KeCOs 05 equiv) CEQO
N 150 °C, xylenes, 24 h N
H "standard" conditions H
1 (1.2 equiv.) 2 4
TMS Ph TBDMS ‘
Ph
=m0 o0 xT==0 =0
Tvs P Ten TTeoms D
OC"";e\CO OCM’;e\CO oo.ulje\co OC..‘I;e\CO
oc oc ocC ocC
6 7 8 X=NTs; 9, X=0 10
Entry Variation from “standard” conditions Yield® [%]
1 none 97 (90)
2 no [Fe] precatalyst 3 <2
3 no K,CO, 26
4 5 (2 mol %) instead of 3 95
5 6 (2 mol%) instead of 3 18
6 7 (2 mol%) instead of 3 5
7 8 (2 mol %) instead of 3 5
8 9 (2 mol%) instead of 3 5
9 10 (2 mol %) instead of 3 5
10 no PPh; activator 20
1" Me;NO (4 mol %) instead of PPh, 92
12 Cs,CO; (0.5 equiv.) instead of K,CO, 85
13 K,CO, (0.1 equiv.) 88
14 toluene instead of xylenes 91
15 [2]=1m 93
16 130°C 86
17 reaction time=6 h 92
18 [Fe] precatalyst 3 (1 mol %) 73

[a] Reactions performed with oxindole 2 (1 mmol) and bench-grade xy-
lenes. [2]=0.5 M. [b] Yield after 24 h as determined by 'H NMR spectros-
copy of the crude reaction mixture with 1,3,5-trimethylbenzene as the in-
ternal standard. Isolated yield given in parentheses. [c] No PPh,.
[d] 2 mol % of PPh,.

(4 mol%) to form the active catalyst, and K,CO; (0.5 equiv.) as
base in xylenes ([2]=0.5m) at 150°C for 24 h enabled the effi-
cient C-benzylation of 2, giving 4 in 97% yield based on
'H NMR spectroscopy and 90% isolated yield (entry 1)."? Im-
portantly, only 1.2 equiv. of the alkylating agent and substoi-
chiometric quantities of base were required for complete con-
version, giving a high-atom-economy process."® No alkylation
occurred in the absence of iron precatalyst 3 (entry 2), and
only 26% conversion was observed in the absence of K,CO,
(entry 3). The PPhs-bound [Fe] precatalyst5 could be em-
ployed, accessing 4 in 95% yield based on 'H NMR spectrosco-
py (entry 4), verifying it as a plausible catalytic intermediate
(see also Scheme 3). Interestingly, from the iron complexes em-
ployed in this study, it was found that the (cyclopentadieno-
ne)iron carbonyl precatalysts 3 and 5, which contain a more
electron-rich cyclopentadienone framework, were uniquely ef-
fective for the desired transformation, whereas the use of alter-
native iron precatalysts 6-10 resulted in low-to-negligible for-
mation of alkylated oxindole 4 (entries 5-9)."” The reaction
could be performed in the absence of PPh;, albeit in a slightly
diminished yield, indicating thermal activation of the precata-
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lyst occurred at 150°C (entry 10)." Substituting triphenyl-
phopshine for trimethylamine N-oxide (4 mol%)" also had a
slightly negative impact on the reaction (entry 11). Employing
Cs,CO; as base resulted in lower conversion to 4 (entry 12).
Lowering the quantity of K,CO; (entry 13) highlighted that cat-
alytic quantities of base (10 mol%) can be employed, accessing
4 in 88% yield based on 'H NMR spectroscopy. Employing tolu-
ene as solvent (entry 14), increasing the reaction concentration
(entry 15), lowering the reaction temperature (entry 16), reduc-
ing the reaction time (entry 17), or reducing the catalyst load-
ing (entry 18) all lowered the efficiency of the iron-catalyzed
mono-C3-benzylation of 2.

The full scope of the Fe-catalyzed BH C3-alkylation of oxin-
doles was explored, starting with the C-alkylation of oxindole 2
(Scheme 2A,B)." Under the optimized reaction conditions
(Table 1, entry 1) a variety of substituted benzylic alcohols
could be employed as alkylating agents, giving the corre-
sponding mono-C3-alkylated oxindoles in excellent isolated
yields (products 4 and 11-24, 52-91% yield). With regard to
the alcohol, sterically encumbered aryl units such as o-tolyl
and 1-naphthyl were tolerated in addition to electron-donating
(4-OMe, 4-OBn) and electron-withdrawing (4-CF;, 4-CN) sub-
stituents. The catalytic system exhibited chemoselectivity, toler-
ating the reducible nitrile and alkene moieties present within
products 19 and 20. 4-lodobenzyl alcohol was employed as
the alkylating agent, incorporating an additional functional
handle into oxindole 21 for subsequent elaboration through
established cross-coupling methods."” Furan-2-ylmethanol and
thiophene-2-ylmethanol were both compatible with this meth-
odology, incorporating an additional heterocycle into prod-
ucts 23 and 24, which were isolated in 77 and 84 % yield, re-
spectively. We were pleased to discover that less activated
simple aliphatic alcohols could also be employed as alkylating
agents in this process (products 25-31, 53-84% vyield). In each
case, the alcohol was used as solvent to obtain high isolated
yields of the mono-C3-alkylated oxindoles. Under otherwise
identical reaction conditions, decan-1-ol, butan-1-ol, ethanol,
and methanol were all successfully utilized as alkylating
agents. 1,4-Butanediol was also employed as the alkylating
agent, accessing the mono-C3-alkylated oxindole 29 in 53%
isolated yield, with no dialkylation products observed. Remark-
ably, it was found that the unactivated secondary alcohols
propan-2-ol and butan-2-ol were also tolerated, giving alkylat-
ed oxindoles 30 and 31 in excellent isolated yields. This is a
rare example of secondary alcohol compatibility as alkylating
agents in BH catalysis employing earth-abundant first-row tran-
sition-metal catalysts.***™'® Unfortunately, despite examining
a range of alternative reaction conditions, benzylic alcohols
containing nitro or ketone functional groups, allylic alcohols,
propargylic alcohols, and bulkier secondary alcohols (e.g., 1-
phenylethan-1-ol) were found to be incompatible with this C-
alkylation procedure.

Next, we explored the scope of the reaction with respect to
variation within the oxindole component (Scheme 2C). By em-
ploying the optimized reaction conditions (Table 1, entry 1) a
variety of substituted oxindoles underwent efficient and selec-
tive mono-C3-alkylation with benzyl alcohol (products 32-37,

2346  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Scope of the Fe-catalyzed C-alkylation of oxindoles. Reactions performed with oxindole starting material (1 mmol) and bench-grade xylenes. All
yields are isolated yields after chromatographic purification. Reagents and conditions: [a] alcohol used as solvent; [b] [Fe] precatalyst 3 (4 mol %), PPh;

(8 mol%); [c] K,CO; (0.5 equiv.).

50-92% yield). Oxindoles containing halogen substitution at
the 5-position (5-Br, 5-Cl, and 5-F) in addition to N-methyl, N-
benzyl, and N-phenyl substitution were all well tolerated. Bar-
bituric acids are a class of activated amides that have been
shown to participate as competent nucleophiles in homogene-
ous BH alkylation processes employing precious-metal cata-
lysts.'”) By using the [Fe] precatalyst 3 (4 mol %), it was found
that a selection of N-alkyl barbituric acid derivatives underwent
efficient C5-monoalkylation, giving products 38-42 in 50-75%
isolated yield (Scheme 2D). This iron-catalyzed process is the
first example of a BH alkylation of barbituric acid derivatives
employing an earth-abundant transition-metal catalyst. Un-
fortunately, piperdin-2-one and 1-tosylpiperdin-2-one were
found to be incompatible with this protocol, with complex re-
action mixtures obtained across a range of reaction conditions
explored.

To obtain insights into the reaction mechanism, the o,f3-un-
saturated amide 43 was synthesized and subjected to the
“standard” C-alkylation reaction conditions, which produced 4
in 71% yield based on 'H NMR spectroscopy, indicating that
43 is a plausible reaction intermediate (Scheme 3A). In line

ChemSusChem 2019, 12, 2345 -2349 www.chemsuschem.org
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with this observation and previous related investigations,'"” a

plausible reaction mechanism begins with CO decoordination
of the [Fe] precatalyst 3 by PPh; to form the active iron com-
plex, which abstracts hydrogen from benzyl alcohol in the
presence of base to form the required transient reactive ben-
zaldehyde intermediate (Scheme 3B). Subsequent nucleophilic
attack of oxindole 2 generates the $-hydroxy amide 44, which
undergoes rapid base-catalyzed E1cB dehydration to form the
o,p-unsaturated amide 43. Finally, reduction of 43 by the iron-
hydrogen complex gives the (3-alkylated product 4 with re-
generation of the active iron complex.

In conclusion, we have developed a general and efficient Fe-
catalyzed C-alkylation of oxindoles with benzylic and simple
primary and secondary aliphatic alcohols as alkylating agents
through the borrowing hydrogen approach. A variety of oxin-
doles underwent selective mono-C3-alkylation in excellent iso-
lated yields (28 examples, 50-92% yield, 79% average yield).
Ongoing studies are focused on further applications of earth-
abundant first-row transition metals in catalysis, and these re-
sults will be reported in due course.*”

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A) Evidence supporting an o,-unsaturated amide intermediate
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Scheme 3. Mechanistic considerations. [a] Yield after 24 h as determined by
'H NMR spectroscopy of the crude reaction mixture with 1,3,5-trimethylben-
zene as the internal standard.

Acknowledgements

We gratefully acknowledge the School of Chemistry, Cardiff Uni-
versity for generous support, TETFund for a Ph.D. studentship
(M.B.D.), the EPSRC-funded Bath/Bristol/Cardiff Catalysis Centre
for Doctoral Training (K.P,, EP/L016443/1), and the EPSRC UK Na-
tional Mass Spectrometry Facility at Swansea University.

Conflict of interest

The authors declare no conflict of interest.

Keywords: alcohols

- alkylation - borrowing hydrogen - iron

catalysis - oxindoles

[1] a) T. Kagata, S. Saito, H. Shigemori, A. Ohsaki, H. Ishiyama, T. Kubota, J.

ChemSusChem 2019, 12, 2345 - 2349

Kobayashi, J. Nat. Prod. 2006, 69, 1517-1521; b) C. V. Galliford, K. A.
Scheidt, Angew. Chem. Int. Ed. 2007, 46, 8748-8758; Angew. Chem.
2007, 119, 8902-8912; c) Y. Yamada, M. Kitajima, N. Kogure, H. Takaya-
ma, Tetrahedron 2008, 64, 7690 - 7694.

a) A. Fensome, R. Bender, J. Cohen, M. A. Collins, V. A. Machner, L.L.
Miller, J. W. Ullrich, R. Winneker, J. Wrobel, P. Zhang, Z. Zhang, Y. Zhu,
Bioorg. Med. Chem. Lett. 2002, 12, 3487 -3490; b) T. Jiang, K. L. Kuhen, K.
Wolff, H. Yin, K. Bieza, J. Caldwell, B. Bursulaya, T. Y.-H. Wu, Y. He, Bioorg.
Med. Chem. Lett. 2006, 16, 2105-2108; c)S.R. Yong, A.T. Ung, S.G.
Pyne, B. W. Skelton, A. H. White, Tetrahedron 2007, 63, 5579-5586; d) B.
Volk, J. Barkoczy, E. Hegedus, S. Udvari, I. Gacsalyi, T. Mezei, K. Pallagi, H.
Kompagne, G. Lévay, A. Egyed, L. G. Harsing, M. Spedding, G. Simig, J.
Med. Chem. 2008, 51, 2522-2532; e) A. P. Antonchick, C. Gerding-Reim-

www.chemsuschem.org

2348

[5

[7

' CHEM:!USCHEM
2 Communications

ers, M. Catarinella, M. Schiirmann, H. Preut, S. Ziegler, D. Rauh, H. Wald-
mann, Nat. Chem. 2010, 2, 735-740; f) Y. Sun, J. Liu, X. Jiang, T. Sun, L.
Liu, X. Zhang, S. Ding, J. Li, Y. Zhuang, Y. Wang, R. Wang, Sci. Rep. 2015,
5, 13699; g) M. Kaur, M. Singh, N. Chadha, O. Silakari, Eur. J. Med. Chem.
2016, 723, 858-894; h) T. Rodrigues, D. Reker, P. Schneider, G. Schneid-
er, Nat. Chem. 2016, 8, 531-541.

a) l. Gruda, Can. J. Chem. 1972, 50, 18-23; b) A. S. Kende, J. C. Hodges,
Synth. Commun. 1982, 12, 1-10.

For selected reviews, see: a) M. H. S. A. Hamid, P. A. Slatford, J. M. J. Wil-
liams, Adv. Synth. Catal. 2007, 349, 1555-1575; b) G. Guillena, D.J.
Ramon, M. Yus, Chem. Rev. 2010, 110, 1611-1641; c) F. Huang, Z. Liu, Z.
Yu, Angew. Chem. Int. Ed. 2016, 55, 862-875; Angew. Chem. 2016, 128,
872-885; d)A. Corma, J. Navas, M. J. Sabater, Chem. Rev. 2018, 118,
1410-1459.

For selected reviews, see: a) A. Quintard, J. Rodriguez, ChemSusChem
2016, 9, 28-30; b) M. Roudier, T. Constantieux, J. Rodriguez, A. Quin-
tard, Chimia 2016, 70, 97-101; c)J.-L. Renaud, S. Gaillard, Synthesis
2016, 48, 3659-3683; d)T. Zell, R. Langer, ChemCatChem 2018, 10,
1930-1940; e)G. A. Filonenko, R. van Putten, E.J. M. Hensen, E.A.
Pidko, Chem. Soc. Rev. 2018, 47, 1459-1483; f) F. Kallmeier, R. Kempe,
Angew. Chem. Int. Ed. 2018, 57, 46-60; Angew. Chem. 2018, 130, 48-
63; g) Y. Cai, F. Li, Y-Q. Li, W.-B. Zhang, F-H. Liu, S.--L. Shi, Tetrahedron
Lett. 2018, 59, 1073-1079; h)T. Irrgang, R. Kempe, Chem. Rev. 2019,
119, 2524-2549; i) B. G. Reed-Berendt, K. Polidano, L.C. Morrill, Org.
Biomol. Chem. 2019, 17, 1595-1607. For a recent example from our lab-
oratory, see j) B. G. Reed-Berendt, L. C. Morrill, J. Org. Chem. 2019, 84,
3715-3724.

a) E. Wenkert, N. V. Bringi, J. Am. Chem. Soc. 1958, 80, 5575-5576; b) E.
Wenkert, N. V. Bringi, H. E. Choulett, Acta Chem. Scand. 1982, 36b, 348 -
350; ¢) B. Volk, T. Mezei, G. Simig, Synthesis 2002, 595-597; d) G. Liu, T.
Huang, Y. Zhang, X. Liang, Y. Li, H. Li, Catal. Commun. 2011, 12, 655-
659; e) C. Chaudhari, S. M. A. H. Siddiki, K. Kon, A. Tomita, Y. Tai, K-.I. Shi-
mizu, Catal. Sci. Technol. 2014, 4, 1064-1069; f) A.E. Putra, Y. Oe, T.
Ohta, Eur. J. Org. Chem. 2015, 7799 -7805.

a)R. Grigg, S. Whitney, V. Sridharan, A. Keep, A. Derrick, Tetrahedron
2009, 65, 4375-4383; b) T. Jensen, R. Madsen, J. Org. Chem. 2009, 74,
3990-3992; c) M. B. Chaudbhari, G. S. Bisht, P. Kumari, B. Gnanaprakasam,
Org. Biomol. Chem. 2016, 14, 9215-9220; d) G. S. Bisht, M. B. Chaudhari,
V. S. Kupte, B. Gnanaprakasam, ACS Omega 2017, 2, 8234-8252; e) G. Di
Gregorio, M. Mari, S. Bartolucci, F. Bartoccini, G. Piersanti, Org. Chem.
Front. 2018, 5, 1622-1627; f) Q. Wu, L. Pan, G. Du, C. Zhang, D. Wang,
Org. Chem. Front. 2018, 5, 2668 -2675.

a) M. Pena-Lépez, P. Piehl, S. Elangovan, H. Neumann, M. Beller, Angew.
Chem. Int. Ed. 2016, 55, 14967 - 14971; Angew. Chem. 2016, 128, 15191 -
15195; b) K. Polidano, B.D. W. Allen, J. M. J. Williams, L. C. Morrill, ACS
Catal. 2018, 8, 6440-6445; ¢) S. P. Midya, J. Rana, J. Pitchaimani, A. Nan-
dakumar, V. Madhu, E. Balaraman, ChemSusChem 2018, 11, 3911-3916.
For selected examples of iron-catalyzed borrowing hydrogen processes
for C—N bond formation, see: a) X. Cui, F. Shi, Y. Zhang, Y. Deng, Tetrahe-
dron Lett. 2010, 51, 2048-2051; b) Y. Zhao, S. W. Goo, S. Saito, Angew.
Chem. Int. Ed. 2011, 50, 3006-3009; Angew. Chem. 2011, 123, 3062-
3065; c) M. Bala, P.K. Verma, U. Sharma, N. Kumar, B. Singh, Green
Chem. 2013, 15, 1687-1693; d)T. Yan, B.L. Feringa, K. Barta, Nat.
Commun. 2014, 5, 5602; e) H.-J. Pan, T. W. Ng, Y. Zhao, Chem. Commun.
2015, 57, 11907-11910; f) A.J. Rawlings, L. J. Diorazio, M. Wills, Org.
Lett. 2015, 17, 1086-1089; g) M. Pefa-Lépez, H. Newmann, M. Beller,
ChemCatChem 2015, 7, 865-871; h) T. Yan, B. L. Feringa, K. Barta, ACS
Catal. 2016, 6, 381-388; i) B. Emayavaramban, M. Sen, B. Sundararaju,
Org. Lett. 2017, 19, 6-9; j)T. Yan, K. Barta, ChemSusChem 2016, 9,
2321-2325; k) B. Emayavaramban, M. Roy, B. Sundararaju, Chem. Eur. J.
2016, 22, 3952-3955; I) M. Mastalir, M. Glatz, N. Gorgas, B. Stoger, E. Pit-
tenauer, G. Allmaier, L. F. Veiros, K. Kirchner, Chem. Eur. J. 2016, 22,
12316-12320; m) T. J. Brown, M. Cumbes, L. J. Diorazio, G. J. Clarkson,
M. Wills, J. Org. Chem. 2017, 82, 10489-10503; n) T. Yan, B. L. Feringa, K
Barta, Sci. Adv. 2017, 3, eaa06494; o) M. Vayer, S. P. Morcillo, J. Dupont,
V. Gandon, C. Bour, Angew. Chem. Int. Ed. 2018, 57, 3228 -3232; Angew.
Chem. 2018, 130, 3282-3286. For C—C bond formation, see: p) A. Quin-
tard, T. Constantieux, J. Rodriguez, Angew. Chem. Int. Ed. 2013, 52,
12883 -12887; Angew. Chem. 2013, 125, 13121-13125; q) M. Roudier, T.
Constantieux, A. Quintard, J. Rodriguez, Org. Lett. 2014, 16, 2802 -2805;
r) S. Elangovan, J. B. Sortais, M. Beller, C. Darcel, Angew. Chem. Int. Ed.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1021/np0602968
https://doi.org/10.1021/np0602968
https://doi.org/10.1021/np0602968
https://doi.org/10.1002/anie.200701342
https://doi.org/10.1002/anie.200701342
https://doi.org/10.1002/anie.200701342
https://doi.org/10.1002/ange.200701342
https://doi.org/10.1002/ange.200701342
https://doi.org/10.1002/ange.200701342
https://doi.org/10.1002/ange.200701342
https://doi.org/10.1016/j.tet.2008.06.030
https://doi.org/10.1016/j.tet.2008.06.030
https://doi.org/10.1016/j.tet.2008.06.030
https://doi.org/10.1016/S0960-894X(02)00746-1
https://doi.org/10.1016/S0960-894X(02)00746-1
https://doi.org/10.1016/S0960-894X(02)00746-1
https://doi.org/10.1016/j.bmcl.2006.01.073
https://doi.org/10.1016/j.bmcl.2006.01.073
https://doi.org/10.1016/j.bmcl.2006.01.073
https://doi.org/10.1016/j.bmcl.2006.01.073
https://doi.org/10.1016/j.tet.2007.04.028
https://doi.org/10.1016/j.tet.2007.04.028
https://doi.org/10.1016/j.tet.2007.04.028
https://doi.org/10.1021/jm070279v
https://doi.org/10.1021/jm070279v
https://doi.org/10.1021/jm070279v
https://doi.org/10.1021/jm070279v
https://doi.org/10.1038/nchem.730
https://doi.org/10.1038/nchem.730
https://doi.org/10.1038/nchem.730
https://doi.org/10.1016/j.ejmech.2016.08.011
https://doi.org/10.1016/j.ejmech.2016.08.011
https://doi.org/10.1016/j.ejmech.2016.08.011
https://doi.org/10.1016/j.ejmech.2016.08.011
https://doi.org/10.1038/nchem.2479
https://doi.org/10.1038/nchem.2479
https://doi.org/10.1038/nchem.2479
https://doi.org/10.1139/v72-003
https://doi.org/10.1139/v72-003
https://doi.org/10.1139/v72-003
https://doi.org/10.1080/00397918208080058
https://doi.org/10.1080/00397918208080058
https://doi.org/10.1080/00397918208080058
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1002/adsc.200600638
https://doi.org/10.1021/cr9002159
https://doi.org/10.1021/cr9002159
https://doi.org/10.1021/cr9002159
https://doi.org/10.1002/anie.201507521
https://doi.org/10.1002/anie.201507521
https://doi.org/10.1002/anie.201507521
https://doi.org/10.1002/ange.201507521
https://doi.org/10.1002/ange.201507521
https://doi.org/10.1002/ange.201507521
https://doi.org/10.1002/ange.201507521
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1021/acs.chemrev.7b00340
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cssc.201501460
https://doi.org/10.1002/cctc.201701722
https://doi.org/10.1002/cctc.201701722
https://doi.org/10.1002/cctc.201701722
https://doi.org/10.1002/cctc.201701722
https://doi.org/10.1039/C7CS00334J
https://doi.org/10.1039/C7CS00334J
https://doi.org/10.1039/C7CS00334J
https://doi.org/10.1002/anie.201709010
https://doi.org/10.1002/anie.201709010
https://doi.org/10.1002/anie.201709010
https://doi.org/10.1002/ange.201709010
https://doi.org/10.1002/ange.201709010
https://doi.org/10.1002/ange.201709010
https://doi.org/10.1016/j.tetlet.2018.01.077
https://doi.org/10.1016/j.tetlet.2018.01.077
https://doi.org/10.1016/j.tetlet.2018.01.077
https://doi.org/10.1016/j.tetlet.2018.01.077
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1021/acs.chemrev.8b00306
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1039/C8OB01895B
https://doi.org/10.1021/acs.joc.9b00203
https://doi.org/10.1021/acs.joc.9b00203
https://doi.org/10.1021/acs.joc.9b00203
https://doi.org/10.1021/acs.joc.9b00203
https://doi.org/10.1021/ja01553a071
https://doi.org/10.1021/ja01553a071
https://doi.org/10.1021/ja01553a071
https://doi.org/10.3891/acta.chem.scand.36b-0348
https://doi.org/10.3891/acta.chem.scand.36b-0348
https://doi.org/10.3891/acta.chem.scand.36b-0348
https://doi.org/10.1055/s-2002-23544
https://doi.org/10.1055/s-2002-23544
https://doi.org/10.1055/s-2002-23544
https://doi.org/10.1016/j.catcom.2010.12.021
https://doi.org/10.1016/j.catcom.2010.12.021
https://doi.org/10.1016/j.catcom.2010.12.021
https://doi.org/10.1039/C3CY00911D
https://doi.org/10.1039/C3CY00911D
https://doi.org/10.1039/C3CY00911D
https://doi.org/10.1002/ejoc.201501030
https://doi.org/10.1002/ejoc.201501030
https://doi.org/10.1002/ejoc.201501030
https://doi.org/10.1016/j.tet.2009.03.065
https://doi.org/10.1016/j.tet.2009.03.065
https://doi.org/10.1016/j.tet.2009.03.065
https://doi.org/10.1016/j.tet.2009.03.065
https://doi.org/10.1021/jo900341w
https://doi.org/10.1021/jo900341w
https://doi.org/10.1021/jo900341w
https://doi.org/10.1021/jo900341w
https://doi.org/10.1039/C6OB01786J
https://doi.org/10.1039/C6OB01786J
https://doi.org/10.1039/C6OB01786J
https://doi.org/10.1021/acsomega.7b01152
https://doi.org/10.1021/acsomega.7b01152
https://doi.org/10.1021/acsomega.7b01152
https://doi.org/10.1039/C8QO00184G
https://doi.org/10.1039/C8QO00184G
https://doi.org/10.1039/C8QO00184G
https://doi.org/10.1039/C8QO00184G
https://doi.org/10.1039/C8QO00725J
https://doi.org/10.1039/C8QO00725J
https://doi.org/10.1039/C8QO00725J
https://doi.org/10.1002/anie.201607072
https://doi.org/10.1002/anie.201607072
https://doi.org/10.1002/anie.201607072
https://doi.org/10.1002/anie.201607072
https://doi.org/10.1002/ange.201607072
https://doi.org/10.1002/ange.201607072
https://doi.org/10.1002/ange.201607072
https://doi.org/10.1021/acscatal.8b02158
https://doi.org/10.1021/acscatal.8b02158
https://doi.org/10.1021/acscatal.8b02158
https://doi.org/10.1021/acscatal.8b02158
https://doi.org/10.1002/cssc.201801443
https://doi.org/10.1002/cssc.201801443
https://doi.org/10.1002/cssc.201801443
https://doi.org/10.1016/j.tetlet.2010.02.056
https://doi.org/10.1016/j.tetlet.2010.02.056
https://doi.org/10.1016/j.tetlet.2010.02.056
https://doi.org/10.1016/j.tetlet.2010.02.056
https://doi.org/10.1002/anie.201006660
https://doi.org/10.1002/anie.201006660
https://doi.org/10.1002/anie.201006660
https://doi.org/10.1002/anie.201006660
https://doi.org/10.1002/ange.201006660
https://doi.org/10.1002/ange.201006660
https://doi.org/10.1002/ange.201006660
https://doi.org/10.1039/c3gc40137e
https://doi.org/10.1039/c3gc40137e
https://doi.org/10.1039/c3gc40137e
https://doi.org/10.1039/c3gc40137e
https://doi.org/10.1039/C5CC03399C
https://doi.org/10.1039/C5CC03399C
https://doi.org/10.1039/C5CC03399C
https://doi.org/10.1039/C5CC03399C
https://doi.org/10.1021/ol503587n
https://doi.org/10.1021/ol503587n
https://doi.org/10.1021/ol503587n
https://doi.org/10.1021/ol503587n
https://doi.org/10.1002/cctc.201402967
https://doi.org/10.1002/cctc.201402967
https://doi.org/10.1002/cctc.201402967
https://doi.org/10.1021/acscatal.5b02160
https://doi.org/10.1021/acscatal.5b02160
https://doi.org/10.1021/acscatal.5b02160
https://doi.org/10.1021/acscatal.5b02160
https://doi.org/10.1021/acs.orglett.6b02819
https://doi.org/10.1021/acs.orglett.6b02819
https://doi.org/10.1021/acs.orglett.6b02819
https://doi.org/10.1002/cssc.201600607
https://doi.org/10.1002/cssc.201600607
https://doi.org/10.1002/cssc.201600607
https://doi.org/10.1002/cssc.201600607
https://doi.org/10.1002/chem.201505214
https://doi.org/10.1002/chem.201505214
https://doi.org/10.1002/chem.201505214
https://doi.org/10.1002/chem.201505214
https://doi.org/10.1002/chem.201603148
https://doi.org/10.1002/chem.201603148
https://doi.org/10.1002/chem.201603148
https://doi.org/10.1002/chem.201603148
https://doi.org/10.1021/acs.joc.7b01990
https://doi.org/10.1021/acs.joc.7b01990
https://doi.org/10.1021/acs.joc.7b01990
https://doi.org/10.1126/sciadv.aao6494
https://doi.org/10.1002/anie.201800328
https://doi.org/10.1002/anie.201800328
https://doi.org/10.1002/anie.201800328
https://doi.org/10.1002/ange.201800328
https://doi.org/10.1002/ange.201800328
https://doi.org/10.1002/ange.201800328
https://doi.org/10.1002/ange.201800328
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/anie.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1002/ange.201307295
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/ol500821c
https://doi.org/10.1021/ol500821c
https://doi.org/10.1002/anie.201506698
http://www.chemsuschem.org

.@‘* ChemPubSoc
hert Europe

[10]
[11]

[12]

[13]

[14]

ChemSusChem 2019, 12, 2345 - 2349

2015, 54, 14483 -14486; Angew. Chem. 2015, 127, 14691 -14694; s) M.
Roudier, T. Constantieux, A. Quintard, J. Rodriguez, ACS Catal. 2016, 6,
5236-5244; t) M. Mastalir, E. Pittenauer, G. Allmaier, K. Kirchner, J. Am.
Chem. Soc. 2017, 139, 8812-8815; u) A. Quintard, M. Roudier, J. Rodri-
guez, Synthesis 2018, 50, 785-792; v) W. Ma, S. Cui, H. Sun, W. Tang, D.
Xue, C. Li, J. Fan, J. Xiao, C. Wang, Chem. Eur. J. 2018, 24, 13118-13123;
w) D. Lichosyt, Y. Zhang, K. Hurej, P. Dydio, Nat. Catal. 2019, 2, 114-122.
See the Supporting Information for full experimental details.

a) T-T. Thai, D. S. Mérel, A. Poater, S. Gaillard, J.-L. Renaud, Chem. Eur. J.
2015, 21, 7066-7070; b) C. Seck, M. D. Mbaye, S. Coufourier, A. Lator, J.-
F. Lohier, A. Poater, T. R. Ward, S. Gaillard, J.-L. Renaud, ChemCatChem
2017, 9, 4410-4416; c) A. Lator, S. Gaillard, A. Poater, J.-L. Renaud, Org.
Lett. 2018, 20, 5985-5990; d)C. Seck, M.D. Mbaye, S. Gaillard, J.-L.
Renaud, Adv. Synth. Catal. 2018, 360, 4640 -4645.

When 4 was employed as starting material under the optimized reac-
tion conditions, 100% of 4 was returned after 24 h.

a) B. M. Trost, Angew. Chem. Int. Ed. Engl. 1995, 34, 259-281; Angew.
Chem. 1995, 107, 285-307; b)B. M. Trost, Acc. Chem. Res. 2002, 35,
695-705.

For an overview of the synthesis and reactivity of (cyclopentadieno-
ne)iron carbonyl complexes, see: a)A. Quintard, J. Rodriguez, Angew.
Chem. Int. Ed. 2014, 53, 4044-4055; Angew. Chem. 2014, 126, 4124-
4136. For early applications in catalysis, see: b) C. P. Casey, H. Guan, J.
Am. Chem. Soc. 2007, 129, 5816-5817; c) C. P. Casey, H. Guan, J. Am.
Chem. Soc. 2009, 131, 2499-2507; d) C. P. Casey, H. Guan, Organometal-
lics 2012, 31, 2631-2638. For (cyclopentadienone)iron carbonyl com-
plexes 5-9, see: e) G. N. Schrauzer, J. Am. Chem. Soc. 1959, 81, 5307 -
5310; f) H-J. Knolker, J. Heber, C. H. Mahler, Synlett 1992, 1002-1004;
g) S. Moulin, H. Dentel, A. Pagnoux-Ozherelyeva, S. Gaillard, A. Poater, L.
Cavallo, J.-F. Lohier, J.-L. Renaud, Chem. Eur. J. 2013, 19, 17881-17890;

[15]

[16]

[17]

[18]

[19]

[20]

CHEM CHEM
Communications

h) S. Vailati Facchini, J.-M. Neudorfl, L. Pignataro, M. Cettolin, C. Gennari,
A. Berkessel, U. Piarulli, ChemCatChem 2017, 9, 1461 - 1468.

a) T-Y. Luh, Coord. Chem. Rev. 1984, 60, 255-276; b)S. A. Moyer, T. W.
Funk, Tetrahedron Lett. 2010, 51, 5430-5433; c)T.C. Johnson, G.J.
Clarkson, M. Wills, Organometallics 2011, 30, 1859-1868; d) T. N. Plank,
J. L. Drake, D. K. Kim, T. W. Funk, Adv. Synth. Catal. 2012, 354, 597 -601.
No observable background reaction occurs in the absence of [Fe] pre-
catalyst 3 under any of the reaction conditions employed in this study.
a) C. C. C. Johansson Seechurn, M. O. Kitching, T.J. Colacot, V. Snieckus,
Angew. Chem. Int. Ed. 2012, 51, 5062 -5085; Angew. Chem. 2012, 124,
5150-5174; b)P. Ruiz-Castillo, S.L. Buchwald, Chem. Rev. 2016, 116,
12564-12649; ¢) D. Haas, J. M. Hammann, R. Greiner, P. Knochel, ACS
Catal. 2016, 6, 1540-1552.

For selected examples, see also: a) G. Di Gregorio, M. Mari, F. Bartoccini,
G. Piersanti, J. Org. Chem. 2017, 82, 8769-8775; b) P. Yang, C. Zhang, Y.
Ma, C. Zhang, A. Li, B. Tang, J. S. Zhou, Angew. Chem. Int. Ed. 2017, 56,
14702-14706; Angew. Chem. 2017, 129, 14894 - 14898.

a) C. Lofberg, R. Grigg, A. Keep, A. Derrick, C. Sridharan, C. Kilner, Chem.
Commun. 2006, 5000-5002; b) A. E. Putra, Y. Oe, T. Ohta, Tetrahedron
Lett. 2017, 58, 1098 -1101.

Information about the data that underpins the results presented in this
article, including how to access them, can be found in the Cardiff Uni-
versity data catalogue under: http://doi.org/10.17035/
d.2019.0072633299 (accessed May 1, 2019).

Manuscript received: March 20, 2019
Revised manuscript received: April 8, 2019

Accepted manuscript online: April 8, 2019
Version of record online: May 7, 2019

www.chemsuschem.org

2349  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/anie.201506698
https://doi.org/10.1002/anie.201506698
https://doi.org/10.1002/anie.201506698
https://doi.org/10.1002/ange.201506698
https://doi.org/10.1002/ange.201506698
https://doi.org/10.1002/ange.201506698
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/acscatal.6b01102
https://doi.org/10.1021/jacs.7b05253
https://doi.org/10.1021/jacs.7b05253
https://doi.org/10.1021/jacs.7b05253
https://doi.org/10.1021/jacs.7b05253
https://doi.org/10.1002/chem.201803762
https://doi.org/10.1002/chem.201803762
https://doi.org/10.1002/chem.201803762
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1038/s41929-018-0207-1
https://doi.org/10.1002/chem.201500720
https://doi.org/10.1002/chem.201500720
https://doi.org/10.1002/chem.201500720
https://doi.org/10.1002/chem.201500720
https://doi.org/10.1002/cctc.201701241
https://doi.org/10.1002/cctc.201701241
https://doi.org/10.1002/cctc.201701241
https://doi.org/10.1002/cctc.201701241
https://doi.org/10.1021/acs.orglett.8b02080
https://doi.org/10.1021/acs.orglett.8b02080
https://doi.org/10.1021/acs.orglett.8b02080
https://doi.org/10.1021/acs.orglett.8b02080
https://doi.org/10.1002/adsc.201800924
https://doi.org/10.1002/adsc.201800924
https://doi.org/10.1002/adsc.201800924
https://doi.org/10.1002/anie.199502591
https://doi.org/10.1002/anie.199502591
https://doi.org/10.1002/anie.199502591
https://doi.org/10.1002/ange.19951070304
https://doi.org/10.1002/ange.19951070304
https://doi.org/10.1002/ange.19951070304
https://doi.org/10.1002/ange.19951070304
https://doi.org/10.1021/ar010068z
https://doi.org/10.1021/ar010068z
https://doi.org/10.1021/ar010068z
https://doi.org/10.1021/ar010068z
https://doi.org/10.1002/anie.201310788
https://doi.org/10.1002/anie.201310788
https://doi.org/10.1002/anie.201310788
https://doi.org/10.1002/anie.201310788
https://doi.org/10.1002/ange.201310788
https://doi.org/10.1002/ange.201310788
https://doi.org/10.1002/ange.201310788
https://doi.org/10.1021/ja071159f
https://doi.org/10.1021/ja071159f
https://doi.org/10.1021/ja071159f
https://doi.org/10.1021/ja071159f
https://doi.org/10.1021/ja808683z
https://doi.org/10.1021/ja808683z
https://doi.org/10.1021/ja808683z
https://doi.org/10.1021/ja808683z
https://doi.org/10.1021/om2007453
https://doi.org/10.1021/om2007453
https://doi.org/10.1021/om2007453
https://doi.org/10.1021/om2007453
https://doi.org/10.1021/ja01529a015
https://doi.org/10.1021/ja01529a015
https://doi.org/10.1021/ja01529a015
https://doi.org/10.1055/s-1992-21563
https://doi.org/10.1055/s-1992-21563
https://doi.org/10.1055/s-1992-21563
https://doi.org/10.1002/chem.201302432
https://doi.org/10.1002/chem.201302432
https://doi.org/10.1002/chem.201302432
https://doi.org/10.1002/cctc.201601591
https://doi.org/10.1002/cctc.201601591
https://doi.org/10.1002/cctc.201601591
https://doi.org/10.1016/0010-8545(84)85067-5
https://doi.org/10.1016/0010-8545(84)85067-5
https://doi.org/10.1016/0010-8545(84)85067-5
https://doi.org/10.1016/j.tetlet.2010.08.004
https://doi.org/10.1016/j.tetlet.2010.08.004
https://doi.org/10.1016/j.tetlet.2010.08.004
https://doi.org/10.1021/om101101r
https://doi.org/10.1021/om101101r
https://doi.org/10.1021/om101101r
https://doi.org/10.1002/adsc.201100896
https://doi.org/10.1002/adsc.201100896
https://doi.org/10.1002/adsc.201100896
https://doi.org/10.1002/anie.201107017
https://doi.org/10.1002/anie.201107017
https://doi.org/10.1002/anie.201107017
https://doi.org/10.1002/ange.201107017
https://doi.org/10.1002/ange.201107017
https://doi.org/10.1002/ange.201107017
https://doi.org/10.1002/ange.201107017
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acscatal.5b02718
https://doi.org/10.1021/acs.joc.7b01603
https://doi.org/10.1021/acs.joc.7b01603
https://doi.org/10.1021/acs.joc.7b01603
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/anie.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1002/ange.201708949
https://doi.org/10.1039/B614098J
https://doi.org/10.1039/B614098J
https://doi.org/10.1039/B614098J
https://doi.org/10.1039/B614098J
https://doi.org/10.1016/j.tetlet.2017.01.070
https://doi.org/10.1016/j.tetlet.2017.01.070
https://doi.org/10.1016/j.tetlet.2017.01.070
https://doi.org/10.1016/j.tetlet.2017.01.070
http://doi.org/10.17035/d.2019.0072633299
http://doi.org/10.17035/d.2019.0072633299
http://www.chemsuschem.org

