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ABSTRACT: A dual catalytic approach enlisting gold and
iron synergy is described. This method offers readily access
to substituted heterocycle aldehydes via oxygen radical
addition to vinyl−gold intermediates under Fe catalyst
assistance. This system shows good functional group
compatibility for the generation of substituted oxazole,
indole, and benzofuran aldehydes. Mechanistic evidence
greatly supports selective radical addition to an activated
vinyl−Au double bond over alkene. This unique discovery
offers a new avenue with great potential to further extend
the synthetic power and versatility of gold catalysis.

During the past decade, gold complexes have been proven to
be one of the most effective catalysts for alkyne activation.

In many cases, vinyl−gold complexes are recognized as key
intermediates through inter- or intramolecular nucleophilic
addition toward alkyne−gold π-complexes.1 Thus, understand-
ing vinyl−gold complex reactivity is crucial for new reaction
discovery.2 One of the general reaction pathways of vinyl−gold
intermediates is the protodeauration, converting a C−Au bond
into C−H bond.3 To further expand the scope, efforts have been
made by various research groups in searching for new reactivity
of vinyl−Au complexes. One exciting recent breakthrough was
the discovery of Au(I)/Au(III) redox cycle originated from
vinyl−gold intermediates. Based on this new reaction mode,
several new transformations have been achieved through gold-
catalyzed alkyne activation followed by vinyl−gold oxidative
coupling (under either external oxidants or photocatalytic
conditions, Scheme 1).4 It is clear that uncovering new reactivity
of vinyl−gold complexes will benefit new transformation
discovery. Herein, we report the synergistic Au/Fe catalysis as
a new strategy to transform vinyl−gold intermediates by iron−
oxygen radical addition.5

Regarding the combination of gold catalysis and radical
chemistry, there are two typical reaction scenarios: (A) reaction
relay (sequential alkyne activation and radical addition to alkene)
and (B) synergistic catalysis (selective radical addition to vinyl
gold over alkene). In theory, synergistic catalysis would facilitate
new transformations that could not be achieved through simple
stepwise reaction relay. This is particularly important for
reactions involving slow protodeauration step. The key concerns
were compatibility and orthogonal reactivity of the two catalytic
systems. To explore the possibility of this new gold/radical

synergistic catalysis, we selected the gold-catalyzed propargyl
amide cyclization as the model reaction.6

As shown in Figure 1, gold catalyst promotes the 5-exo-dig
cyclization of alkyne amide 1a under mild conditions. The alkene

product 2a can be isolated. Hashmi et al. reported the oxidation
of 2a bymolecular oxygen over time to give oxazole peroxide 3a.7

To test the reaction compatibility with gold catalyst, we
explored reactions of alkene 2a with various radical species. As
shown in Figure 1, new and mild radical conditions were
developed for access to synthetically attractive oxazole
derivatives, including azide (3b), CF3 (3c), and sulfone (3d).8

Notably, oxazole derivatives are very important building blocks
in medicinal and biological research, and these new strategies
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Scheme 1. Vinyl−Gold As Crucial Intermediates in Gold
Catalysis

Figure 1. Gold catalysis and radical reaction relay.
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offered practical and efficient ways to synthesize this class of
compounds.9 However, direct treatment of 1a with the
combination of gold catalyst and these newly developed radical
conditions gave complex reaction mixtures with no desired
product observed. Clearly, the compatibility between gold
catalyst and radical conditions is one crucial challenge for the
development of the proposed synergistic catalysis.
The recent successes in photocatalyst promoted gold redox

chemistry suggested good compatibility between gold complexes
and photocatalysts.10 Inspired by those results, we tested the
reactivity of 1a with the combination of gold and photo catalysts
under 1 atm O2. Interestingly, as shown in Figure 2A, besides the

ring opening product 4a and aromatization product 4b, the
oxazole-aldehyde 5a was obtained, albeit in low yield. These
results suggested good compatibility of oxygen radical with gold
catalyst. To improve the reaction performance, we directed our
attention toward searching for other oxygen radical initiation
conditions.11 As shown in Figure 2B, Fe(acac)3 was identified as
the optimal catalyst (see detailed screening conditions in SI),
which promoted the oxidation of 1a to oxazole-aldehyde 5a
(80% conversion and 61% yield) simply with 1 atm molecular
oxygen at room temperature. In addition, 18O-labeled experi-
ment confirmed that the aldehyde oxygen was originated from
O2. Finally, addition of 50% tBuOOH helped the reaction to
reach completion, giving 5a in 83% isolated yield, which
highlighted the great compatibility of the Fe/O2 radical
conditions with gold catalysis (Figure 2C).
Various alkyne-amides 1 were prepared to evaluate the

reaction scope. The results are summarized in Table 1.
Good substrate compatibility was observed with this new dual-

catalytic system. First, substrates with EWGs and EDGs in the
benzene ring on compound 1 all furnished the oxazole aldehyde
in good yields (5a−5f). Heteroaromatic substrates (5g, 5h) and
aliphatic substituted propargyl amides (5i, 5j) also worked well.
Notably, this reaction proceeded well with high efficiency and
selectivity even with α,β-unsaturated amide (5i). Moreover, to
further evaluate the synthetic utility and generality of this system,
we subjected natural amino acid derivatives (5l, 5m, 5o) and
bioactive molecule (5n) to this system. The desired oxazoles
were obtained with good to excellent yields, further highlighting
the generality and great potential of this new catalytic system.

To explore whether this transformation went through
synergistic catalysis or stepwise reaction relay, we monitored
the reaction kinetics under various conditions using NMR (1H
and 19F).
As shown in Figure 3, interesting reaction kinetics was

observed. In the reaction of 1e to 5ewith the combination of gold

and iron catalysts (reaction 3), a faster rate was seen than either
the Fe/O2 promoted oxidation of 2e to 5e (reaction 2) or the
gold-catalyzed cyclization of 1e to 2e (reaction 1). The oxidation
of 2e to aldehyde 5e showed a more dramatic decrease in
reaction rate (more than 48 h) compared to the combined
catalysis (see full reaction kinetic in SI). This insight strongly

Figure 2. Fe/O2 as compatible conditions with gold catalysis.

Table 1. Reaction Scope for Synthesis of Oxazole Aldehydesa

aGeneral reaction conditions: 1 (0.2 mmol), PPh3AuNTf2 (5 mol %),
Fe(acac)3 (10 mol %), tBuOOH (50 mol %) in acetone (0.4 M) with
O2 balloon, rt.

bIsolated yield. cWith ditBuXphosAuNTf2 (5 mol %),
EtOAc (0.4 M), 50 °C, 5 h.

Figure 3. Reaction kinetic profiles under various conditions (see
detailed reaction conditions in SI).
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ruled out the possibility of a stepwise catalytic relay under the
reaction conditions. To explore the identity of reaction
intermediates, we attempted to isolate L−Au−vinyl intermedi-
ates. Notably, it has been reported in literature that PPh3Au−
vinyl complex was unstable at room temperature and could not
be isolated. Thus, more stable IPrAu−vinyl complex was
prepared and subjected to Fe/O2 catalytic system.12

As shown in Figure 4, reaction of 1e with [IPr-Au]+ and [Fe]/
O2 in catalytic fashion gave the desired aldehyde in poor yield

(<10%). In contrast, reaction of vinyl−gold 6bwith Fe/O2 under
the standard condition gave the desired aldehyde 5e in a better
yield. This result strongly suggested that the vinyl−gold was the
active reaction intermediate and that a synergistic dual catalysis
was occurring. Treating 6b with tBuOOH alone (without iron
catalyst) gave no aldehyde 5e, which confirmed the importance
of iron catalyst in promoting the oxygen radical reaction toward
vinyl−gold. Moreover, addition of 1 equiv TEMPO in the
reaction mixture quenched the reaction completely, which was
consistent with the proposed radical mechanism. All evidence
strongly suggested the iron-activated oxygen radical addition to
vinyl gold as the key step in this dual catalytic transformation.
With this synergistic catalysis mechanism revealed, we put our

attention into the evaluation of more challenging cyclization. As
shown in Figure 5, gold-catalyzed 5-exo-dig cyclization should be
a good strategy for the preparation of substituted indole and
benzofuran.13 However, these transformations generally pro-
ceeded poorly, making the overall strategy impractical.14

The major challenge for this synthetic route was the slow
protodeauration, which led to the poor yields of the cyclization
products. In addition, some alkene products were not reactive
enough to be oxidized by the Fe/O2 condition. For example,
charging 9b′ with Fe/O2 gave no desired product even with
extended reaction time or at elevated temperature. To our great
satisfaction, these challenges were simply overcome by this new
synergistic catalytic system. As shown in Figure 6, charging 8b

and 8c with the combined gold and iron catalyst gave the desired
aldehydes in good yields under mild conditions with only 1 atm
O2. Reaction of 8a under the dual catalytic conditions gave
aldehyde 9a in 46% yield along with indole 9a″ (32%),
suggesting the fast double rearrangement. Various propargyl
alcohols were then prepared to verify the reaction scope. The
results are summarized in Table 2.

Again, this dual catalytic system indicated good substrate
compatibility. Various indole and benzolfuran aldehydes were
prepared in good yields directly from alkyne 8. Both electron-rich
(9d, 9l) and electron-deficient (9e−9g, 9k, 9m, 9n, 9p)
substituents were suitable for this transformation. Halogen
functional groups (9f, 9n) were also tolerated, which may offer a
potential synthetic handle for further functionalization. The
aliphatic substituents (9h−9j) were also compatible in this
reaction, giving the desired products. Substrates with internal
alkyne did not work under the standard conditions with starting
material recovered.

Figure 4. Mechanistic investigation.

Figure 5. Challenges in gold-catalyzed cyclization.

Figure 6. Achieving cyclization via synergistic catalysis.

Table 2. Reaction Scope for Synergistic Catalysisa,b

aGeneral conditions for indole aldehyde synthesis: 8 (0.2 mmol),
ditBuXphosAu(CH3CN)SbF6 (5 mol %), FeCl2 (10 mol %) in EtOAc
(0.4 M) with O2 balloon, 50 °C, 5h. General conditions for benzofuran
aldehyde synthesis: 8 (0.2 mmol), JackiephosAuNTf2 (3 mol %),
FeCl2 (10 mol %) in 1,4-dioxane (0.4 M) with O2 balloon, 50 °C, 5h.
bIsolated yield.
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Although the exact mechanism of the Fe/O2 radical addition
step is uncertain at this moment (detailed investigation is current
undergoing), the observed results are consistent with the
proposed oxygen radical addition toward vinyl−gold. First,
addition of oxygen radical to vinyl−gold will form a new reactive
species that may help gold catalyst turnover (overcome slow
protodeauration). Second, with 10 d-electrons, Au(I) cation can
donate an electron toward the CC double bond. Thus, the π
bond in vinyl−gold complex has a higher electron density than
the π bond in alkene. As a result, vinyl−gold will be more reactive
toward electron-deficient oxygen radical.15 Overall, the success of
achieving these challenging transformations not only provided a
highly efficient and economical approach (the only waste is
water) to prepare substituted indole and benzofuran but also
demonstrated the synergistic catalysis of gold and radical
chemistry, which would enhance the versatility of gold catalysis.
In summary, we report herein a successful example of selective

radical addition to vinyl−gold as a new general strategy for
synergistic gold-radical catalysis. This chemistry allows vinyl−
gold as the reactive intermediate to successfully bypass
protodeauration. As a result, new transformations, which
previously could not be achieved through stepwise reaction
relay, were successfully achieved. Applications of this new
reaction concept for other challenging transformations are
currently undergoing.
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Peŕez, A.; Sabater, M. Chem. Rev. 2011, 111, 1657. (d) Rudolph, M.;
Hashmi, A. S. K. Chem. Soc. Rev. 2012, 41, 2448. (e) Liu, L.-P.;
Hammond, G. B. Chem. Soc. Rev. 2012, 41, 3129. (f) Garayalde, D.;
Nevado, C. ACS Catal. 2012, 2, 1462. (g) Obradors, C.; Echavarren, A.
M. Chem. Commun. 2014, 50, 16.
(2) For selected vinyl−Au complexes, see: (a) Yang, W.; Hashmi, A. K.
Chem. Soc. Rev. 2014, 43, 2941. (b) Akana, J. A.; Bhattacharyya, K. X.;
Muller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2007, 129, 7736. (c) Liu, L.-P.;
Xu, B.; Mashuta, M. S.; Hammond, G. B. J. Am. Chem. Soc. 2008, 130,
17642. (d) Seidel, I. G.; Lehmann, C. W.; Fürstner, A. Angew. Chem., Int.
Ed. 2010, 49, 8466. (e) Hashimi, A. S. K.; Schuster, A. M.; Gaillard, S.;
Cavallo, L.; Poater, A.; Nolan, S. P. Organometallics 2011, 30, 6328.
(f) Brown, T. J.; Weber, D.; Gagne,́ M. R.; Widenhoefer, R. A. J. Am.
Chem. Soc. 2012, 134, 9134.
(3) For selected intra/intermolecular cycloisomerizations as trapping
of gold, see: (a) Nieto-Oberhuber, C.; Muñoz, M. P.; Buñuel, E.;
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Marqueś, P.; Al-Deyab, S. S.; Al-Resayes, S.; Corma, A. ACS Catal. 2011,
1, 601.
(4) (a) Peng, Y.; Cui, L.; Zhang, G.; Zhang, L. J. Am. Chem. Soc. 2009,
131, 5062. (b) Hopkinson, M. N.; Ross, J. E.; Giuffredi, G. T.; Gee, A.
D.; Gouverneur, V. Org. Lett. 2010, 12, 4904. (c) Zhang, G.; Cui, L.;
Wang, Y.; Zhang, L. J. Am. Chem. Soc. 2010, 132, 1474. (d) Melhado, A.
D.; Brenzovitch, W. E.; Lackner, A. D.; Toste, F. D. J. Am. Chem. Soc.
2010, 132, 8885. (e) Mankad, N.; Toste, F. D. J. Am. Chem. Soc. 2010,
132, 12859. (f) Wolf, W. J.; Winston, M. S.; Toste, F. D. Nat. Chem.
2013, 6, 159. (g) Hopkinson, M. N.; Sahoo, B.; Li, J.; Glorius, F. Chem. -
Eur. J. 2014, 20, 3874.
(5) (a) Radicals in Organic Synthesis; Sibi, M., Renaud, P., Eds.; Wiley:
Weinheim, Germany, 2001; Vols. 1 and 2. (b) Minisci, F. Acc. Chem. Res.
1975, 8, 165. (c) Wallentin, C.-J.; Nguyen, J. D.; Finkbeiner, P.;
Stephenson, C. R. J. J. Am. Chem. Soc. 2012, 134, 8875.
(6) (a) Nilsson, B. M.; Hacksell, U. J. Heterocycl. Chem. 1989, 26, 269.
(b) Wipf, P.; Rahman, L. T.; Rector, S. R. J. Org. Chem. 1998, 63, 7132.
(c) Arcadi, A.; Cacchi, S.; Cascia, L.; Fabrizi, G.; Marinelli, F. Org. Lett.
2001, 3, 2501. (d) Bacchi, A.; Costa, M.; Gabriele, B.; Pelizzi, G.;
Salerno, G. J. Org. Chem. 2002, 67, 4450.
(7) Hashmi, A. S. K.; Blanco Jaimes, M. C.; Schuster, A. M.; Rominger,
F. J. Org. Chem. 2012, 77, 6394.
(8) See selected example for azide radical addition: (a) Matcha, K.;
Narayan, R.; Antonchick, A. P. Angew. Chem., Int. Ed. 2013, 52, 7985.
For selected examples for sulfinyl radical addition to a CC double
bond, see: (b) Gancarz, R. A.; Kice, J. L. J. Org. Chem. 1981, 46, 4899.
(c) Riggi, De I.; Surzur, J. M.; Bertrand, M. P. Tetrahedron 1988, 44,
7119. (d) Lu, Q. Q.; Zhang, J.; Zhao, G.; Qi, Y.; Wang, H.; Lei, A. W. J.
Am. Chem. Soc. 2013, 135, 11481. See selected example for Togni
reagent in chemistry: (e) Kieltsch, I.; Eisenberger, P.; Togni, A. Angew.
Chem., Int. Ed. 2007, 46, 754. (f) Parsons, A. T.; Senecal, T. D.;
Buckwald, S. L. Angew. Chem., Int. Ed. 2012, 51, 2947. (g) Charpentier,
J.; Früh, N.; Togni, A. Chem. Rev. 2015, 115, 650.
(9) See, for example: (a) Kato, Y.; Fusetani, N.; Matsunaga, S.;
Hashimoto, K.; Fujita, S.; Furuya, T. J. Am. Chem. Soc. 1986, 108, 2780.
(b) Carmeli, S.; Moore, R. E.; Patterson, G. M.; Cortbett, T. H.;
Valeriote, F. A. J. Am. Chem. Soc. 1990, 112, 8195. (c) Dalvie, D. K.;
Kalgutkar, A. S.; Khojasteh-Bakht, S. C.; Obach, R. S.; O’Donnell, J. P.
Chem. Res. Toxicol. 2002, 15, 269.
(10) (a) Sahoo, B.; Hopkinson, M. N.; Glorius, F. J. Am. Chem. Soc.
2013, 135, 5505. (b) Shu, X.; Zhang, M.; He, Y.; Frei, H.; Toste, F. D. J.
Am. Chem. Soc. 2014, 136, 5844. (c) Hopkinson, M. N.; Sahoo, B.;
Glorius, F. Adv. Synth. Catal. 2014, 356, 2794. (d) He, Y.; Wu, H.; Toste,
F. D. Chem. Sci. 2015, 6, 1194.
(11) For selected examples for oxygen radical addition: (a) Stark, S. M.
J. Am. Chem. Soc. 2000, 122, 4162. (b) Wong, M. W.; Pross, A.; Radom,
L. J. Am. Chem. Soc. 1994, 116, 11938.
(12) Hashmi, A. S. K.; Schuster, A. M.; Rominger, F. Angew. Chem., Int.
Ed. 2009, 48, 8247.
(13) (a) Kothandaraman, P.; Rao, W.; Foo, S. J.; Chan, P. W. H. Angew.
Chem., Int. Ed. 2010, 49, 4619. (b) Kothandaraman, P.; Mothe, S. R.;
Toh, S. S. M.; Chan, P. W. H. J. Org. Chem. 2011, 76, 7633.
(14) With ditBuXphosAu(CH3CN)SbF6 (5 mol%) in CH3CN, the
yield of cyclized alkene 9b′ is only 14%. However, with ditBu-
XphosAu(CH3CN)SbF6 (5 mol%) and FeCl2 (10 mol%) in DMSO, the
reaction got 90% yield of alkene 9b′. See detailed information in SI.
(15) Based on the experimental results, a proposed reaction
mechanism is provided in SI.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b05415
J. Am. Chem. Soc. 2015, 137, 8912−8915

8915

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b05415
mailto:Xiaodong.Shi@mail.wvu.edu
mailto:Jiaoning@bjmu.edu.cn
http://dx.doi.org/10.1002/anie.200604335
http://dx.doi.org/10.1038/nature05592
http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1039/C1CS15279C
http://dx.doi.org/10.1039/c2cs15318a
http://dx.doi.org/10.1021/cs300043w
http://dx.doi.org/10.1039/C3CC45518A
http://dx.doi.org/10.1039/c3cs60441a
http://dx.doi.org/10.1021/ja0723784
http://dx.doi.org/10.1021/ja0723784
http://dx.doi.org/10.1021/ja806685j
http://dx.doi.org/10.1002/anie.201003349
http://dx.doi.org/10.1021/om2009556
http://dx.doi.org/10.1021/om2009556
http://dx.doi.org/10.1021/ja303844h
http://dx.doi.org/10.1002/anie.200353207
http://dx.doi.org/10.1021/ja048094q
http://dx.doi.org/10.1021/ja049487s
http://dx.doi.org/10.1021/ja049487s
http://dx.doi.org/10.1038/nchem.331
http://dx.doi.org/10.1021/ar400174p
http://dx.doi.org/10.1002/anie.201409300
http://dx.doi.org/10.1002/anie.201409300
http://dx.doi.org/10.1055/s-2008-1032110
http://dx.doi.org/10.1021/ol901346k
http://dx.doi.org/10.1021/ol901346k
http://dx.doi.org/10.1021/cs200168p
http://dx.doi.org/10.1021/ja901048w
http://dx.doi.org/10.1021/ol102061k
http://dx.doi.org/10.1021/ja909555d
http://dx.doi.org/10.1021/ja909555d
http://dx.doi.org/10.1021/ja1034123
http://dx.doi.org/10.1021/ja106257n
http://dx.doi.org/10.1038/nchem.1822
http://dx.doi.org/10.1002/chem.201304823
http://dx.doi.org/10.1021/ar50089a004
http://dx.doi.org/10.1021/ja300798k
http://dx.doi.org/10.1002/jhet.5570260201
http://dx.doi.org/10.1021/jo981542q
http://dx.doi.org/10.1021/jo981542q
http://dx.doi.org/10.1021/ol016133m
http://dx.doi.org/10.1021/jo0200217
http://dx.doi.org/10.1021/jo301288w
http://dx.doi.org/10.1002/anie.201303550
http://dx.doi.org/10.1002/anie.201303550
http://dx.doi.org/10.1021/jo00337a015
http://dx.doi.org/10.1021/jo00337a015
http://dx.doi.org/10.1016/S0040-4020(01)86080-4
http://dx.doi.org/10.1021/ja4052685
http://dx.doi.org/10.1021/ja4052685
http://dx.doi.org/10.1002/anie.200603497
http://dx.doi.org/10.1002/anie.201108267
http://dx.doi.org/10.1021/cr500223h
http://dx.doi.org/10.1021/ja00270a061
http://dx.doi.org/10.1021/ja00270a061
http://dx.doi.org/10.1021/ja00178a070
http://dx.doi.org/10.1021/ja00178a070
http://dx.doi.org/10.1021/tx015574b
http://dx.doi.org/10.1021/ja400311h
http://dx.doi.org/10.1021/ja500716j
http://dx.doi.org/10.1002/adsc.201400580
http://dx.doi.org/10.1039/C4SC03092C
http://dx.doi.org/10.1021/ja993760m
http://dx.doi.org/10.1021/ja00105a037
http://dx.doi.org/10.1002/anie.200903134
http://dx.doi.org/10.1002/anie.201000341
http://dx.doi.org/10.1021/jo201208e
http://dx.doi.org/10.1021/jacs.5b05415

