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Abstract: The selective activation/functionalization
of benzhydryl C(sp*)—H bonds is documented. The
gold complex XPhosAuNTf, turned out to be an ef-
ficient catalyst (5 mol%) to transform readily avail-
able propargylic esters into di- or trisubstituted
naphthalenes in high yield. A 1,5-hydride shift is
postulated as the key step of the cascade reaction
sequence.
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The selective functionalization of unactivated C(sp®)—
H bonds is currently a hot topic in modern organic
synthesis.l"! Step, atom and redox economies are posi-
tively affected by introducing the direct manipulation
of unfunctionalized C(sp*)—H bonds with implications
also for the total synthesis of structurally complex
molecular architectures.”!

1,5-Hydride transfer (HT) is a well-consolidated
methodology to accomplish regioselective C—H modi-
fications via LA (Lewis acid), BA (Brgnsted acid) or
amino-catalyzed intramolecular migration of hydride
species to pre-installed electrophilic centers.”! Gener-
ally, the so formed highly reactive cationic intermedi-
ate can be trapped by the newly generated organic or
organometallic nucleophiles. When m-systems are uti-
lized as hydride acceptors, carbophilic late-transition
metal (LTM) species are conventionally employed in
order to ensure an adequate electrophilic activation
of the unsaturated hydrocarbon moiety.*

In this research segment, cationic gold(I) com-
plexest! have already proven competence in trigger-
ing 1,5-hydrogen sigmatropic shifts of -OR and -NR,
stabilized C(sp®)—H bonds onto alkynes or allenes.*”]
Moreover, a complementary approach based on
a structurally “facilitated” strategy has been recently
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reported by Barluenga and co-workers.®! On the con-
trary, [Au]-catalyzed hydride transfer from benzyl or
benzhydryl C—H bonds has been considerably less in-
vestigated.”

As part of our ongoing interest toward the develop-
ment of gold-catalyzed manipulations of propargylic
derivatives,'”! we decided to investigate the suitability
of synthetically flexible propargylic esters as valuable
hydride acceptors under gold assistance.''l As
a matter of fact, the well-recognized and predictable
gold promoted 1,3-OXO migration of propargylic
esters would lead to the corresponding allenoates that
can undergo further manipulations via nucleophilic
attack (Figure 1).[1213

Figure 1. Planning a new synthetic tool for the regioselective
functionalization of small acenes.

Accordingly, we envisioned that the readily accessi-
ble benzhydrylic substrates 1 could open new synthet-
ic enterprises towards small acenes 2, via metal-cata-
lyzed C(sp’)—H bond activation/functionalization re-
actions.

In this regard, it should be emphasized that naph-
thalenes and hetero-substituted analogues continue to
play a major role both in catalysis!' and molecular
organic electronics.'"” Therefore, the current request
for effective and site-selective synthetic routes to con-
densed arenes is not surprising.!'®

At the outset of the catalyst optimization, a range
of o- as well as m-acids was screened with the model
compound la (R=¢Bu) and the resulting outcomes
are listed in Table 1.
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Table 1. Optimization of reaction conditions.

Ph “
N OCOR

Cat/[Ag]
(5 mol%) O

O O toluene, 110 °C, 6 h O O

1a (R = t-Bu, Bn, Me) 2a
Run Catalyst [Ag] 1a (R) Yield of 2a [%]®
1 FeCl, - 1a (t-Bu) 15
2 In(OTf), - 1a (+-Bu) Nr
3 PdCl, - 1a (+-Bu) 27
4 AgOTf - 1a (-Bu) nr
5 TfOH - 1a (-Bu) decomp.
6 HNTf, - 1a (-Bu) el
7 PtCl, - 1a (-Bu) 66
8 PtCl, AgOTf 1a (-Bu) —d
9 AuCl, - 1a (t-Bu) 56
10 PPh,AuCl AgOTf 1a (+-Bu) 18
11 PPh;AuCl AgPF; a (t-Bu) 34
12 PPh,AuNTf, - 1a (--Bu) 61
13 (pCF;C¢H,);PAuCI AgNTE, 1a (+-Bu) 36
14 IPrAuCl AgNTI, 1a (t-Bu) 77
15 JhonPhosAuNTf, - 1a (#-Bu) 54
16 XPhosAuNTYf, - la (t-Bu) 91
17 XPhosAuNT, - 1a (Me) 57
18 XPhosAuNTf, - 1a (Bn) 50
196! XPhosAuNTf, - 1a (+-Bu) traces
201 XPhosAuNTf, - 1a (-Bu) 45

[l All the reactions were carried in anhydrous toluene, under a nitrogen atmosphere unless otherwise specified.

] Isolated yield after flash chromatography.

[l Room temperature.

4 A complex mixture of unknown products was obtained.
[} Reaction temperature: 60°C.

[l Reaction time: 1 h. Decomp. =decomposition, Nr=no reaction, JhonPhos = (2-biphenyl)di-tert-butylphosphine, XPhos=
dicyclohexyl{2',4’,6'-tris(1-methylethyl)[1,1"-biphenyl]-2-yl]phosphine}, IPr=1,3-bis(diisopropylphenyl)imidazol-2-ylidene.

Notably, while Brgnsted acids (i.e., TFOH, HNTY,)
and common o-Lewis acids [i.e., FeCl;, In(OTf);] did
not provide 1,2-diphenylnaphthalene 2a in syntheti-
cally acceptable isolated yields, late-transition metal
species furnished promising results with particular
regard to [Pt(IT)], [PA(IT)], [Au(IIT)] and [Au(I)] salts
(entries 3, 7, 9, and 12). Among them, PtCl, and
PPh;AuNTTf, furnished the higher yields of 2a in re-
fluxing toluene (66%, 61%, respectively).

Delightfully, optimization of the [Au(I)] source led
to commercially available well-defined silver-free
XPhosAuNT®,!"” as the optimal catalyst providing 2a
in nearly quantitative yield (91%, entry 16), although
satisfying results were obtained also with cationic car-
bene-based gold species i-PrAuCl/AgNTf, (yield=
77%, entry 14).°¥ Different ester derivatives such as
phenylacetate (1a, R=Bn) and acetate (1la, R=Me)
were also tested, but naphthalene 2a was always iso-
lated in lower yields (entries 17 and 18). Finally, at-
tempts to perform the reaction at lower temperature
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(60°C, entry 19) or shorten the reaction time (1h,
entry 20) resulted into unsatisfactory outcomes.!**"

Interestingly, the high chemoselectivity towards
naphthalene synthesis guaranteed by XPhosAuNTf,
should be emphasized, showing a net preference of
the 1,5-hydride transfer event vs. alternative hydroar-
ylation processes as elegantly described by Nolan and
co-workers for similar substrates.*!

Having established the catalytic system, the gener-
ality of the protocol was then assessed by subjecting
a range of benzhydryl derivatives (1b—1p) to the ring-
closing process. A collection of results is summarized
in Figure 2.

Propargylic esters derived from secondary alcohols
(1b-1k) were firstly examined. Interestingly, a range
of EWG and EDG substituents were adequately tol-
erated in different positions of the benzhydrylic unit
and acetylene terminals.”*?

Also ortho-substituted aromatic rings proved suita-
ble in the model protocol (i.e., 2f, yield=82%; 2j,
yield=89%).
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Figure 2. Proving the scope of the reaction. [In bold the in-
teratomic connections formed during the cascade process.
Nr: no reaction].

20 yield: 82%

Interestingly, 1,2,4-trisubstituted naphthalene 21 was
also readily accessible in regioselective manner and
acceptable yield (84%).

It is worth noting that the 1,5[H]-transfer reaction
worked satisfactorily not only with benzhydryl frame-
works but also in the presence of the allylbenzene de-
rivative 1k, delivering 2-phenyl-1-vinylnaphthalene 2k
in 43% yield. Contrarily, ortho-tolyl motifs did not
undergo activation of the corresponding benzylic C-
(sp®)—H bonds (2n: no reaction). Finally, the suitabili-
ty of the present protocol toward the realization of
substituted heteroarenes was ascertained with the syn-
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Figure 3. Possible reaction pathways for the initial hydride
transfer event.

thesis of 4,5-diphenylbenzo[b]thiophene 20 in 82%
isolated yield.

Mechanistically, two distinct reaction pathways can
be envisioned. Specifically, the gold-triggered 1,5-hy-
dride migration could directly involve the electrophili-
cally activated alkynes (dashed lines) or the allenoate
A originated from [Au(I)]-assisted [3,3]-sigmatropic
rearrangement of the internal propargylic ester (plain
lines, Figure 3).11%

Although a conclusive mechanistic rationale is still
not available, the inertness of the propargylic ethyl
ether 1p towards the transformation employing the
best conditions (Figure 3) led us to hypothesize the
initial formation of the allenoate as the more likely.”’!
Additionally, the disappointing outcomes recorded
with Brgnsted acids (entries 5 and 6, Table 1) might
rule out the initial formation of a propargylic cationic
species.*!

Accordingly, we can speculate that the 1,5-hydride
migration would involve the C-2 position of the allen-
yl unit,®! leading to either alkyl-[Au(I)] species (B)
that could intercept intramolecularly the stabilized
benzhydrylic carbocation intermediate (dashed lines,
Figure 4) or the formal “triene” C followed by
a  [442]cycloaddition  process  (plain lines,
Figure 4).11329

In order to get more insight into the reaction pro-
file, some deuterium-labelling experiments were car-
ried out. In particular by subjecting [D,]-1la to the
gold-catalyzed cascade process we unambiguously
demonstrated the intramolecular 1,5-hydride sigma-
tropic shift of one hydride atom from the benzhydryl
position to the 3(f)-position of the naphthalene ring
(formally the C-2 of the allenoate intermediate A).
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Figure 4. Possible reaction machineries for the C-C forming
ring-closing event.

Moreover, the full deuterium incorporation at the C-3
position of 2a allowed us to measure a kinetic isotopic
effect (ky/kp), by monitoring the reaction course of
a 1:1 mixture of [H,]- and [D,]-labelled 1a. Interest-
ingly a primary isotopic effect ky/kp=1.94"" was re-
corded supporting the C—H cleavage as the rate-de-
termining event of the whole process (Scheme 1b).
This evidence is also in agreement with the moderate
reactivity of the thienyl-substrate 1o at room temper-
ature (Scheme 1c, yield=49%), that could be ration-
alized in terms of increased stabilization of the transi-
ent electrophilic species B or triene C.

In conclusion, we have documented an unprece-
dented synthesis of substituted bicyclic fused aromatic
systems via a gold(I)-catalyzed 1,5-HT reaction. The
methodology impacts the current synthetic scenario
of modular preparation of substituted di- and trisub-
stituted arene and heteroarene derivatives in high
yields. Further mechanistic studies and applications of
this gold-catalyzed C(sp’)~H bond functionalization

CO,-t-Bu D

hoe
D,]-1a ([D] >95:5 ° ) '
[D;]-1a ([D] >95:5) 110°C,6h yield: 64%

b) XPhosAuNTf,
[H21-1a + [D2]-1a b (5 mo|°/) —_— [H]-Za + [D]-Za
(1:1) ° 1.94:1
yield: 72%
Ph toluene
Ph
X__OPiv rt,6h Ph
c) 7
z
P’ (P s
10 20
yield: 49%

Scheme 1. Experimental controls.
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towards the preparation of different heterocyclic scaf-
folds are currently underway in our laboratory.

Experimental Section

General Procedure

The reaction was carried out under anhydrous conditions.
The flask was charged with 1 mL of dry toluene, 0.1 mmol
of the desired propargylic ester 1 and XPhosAuNTf,
(5 mol%). The reaction flask was placed in a pre-warmed
oil-bath at 110°C and the reaction mixture stirred at the
same temperature until complete consumption of the start-
ing material was ascertained by TLC. The crude reaction
mixture was then charged onto a plug of silica for chromato-
graphic purification (see the Supporting Information for de-
tails).

Acknowledgements

Acknowledgement is made to FIRB Project “Futuro in Ricer-
ca” Innovative sustainable synthetic methodologies for C—H
activation processes, PRIN Project PRIN 20099PKHH 004,
“Progettazione e Sviluppo di Nuovi Sistemi Catalitic Innova-
tivi” (MIUR, Rome) and Universita di Bologna for support
of this work.

References

[1] For selected reviews: a) K. Godula, D. Sames, Science
2000, 312, 67; b) E. M. Beccalli, G. Broggini, M. Marti-
nelli, S. Sottocorona, Chem. Rev. 2007, 107, 5318; c) R.
Giri, B.-F. Shi, K. M. Engle, N. Maugel, J.-Q. Yu,
Chem. Soc. Rev. 2009, 38, 3242; d) L. Ackermann, R.
Vicente, A. R. Kapd, Angew. Chem. 2009, 121, 9976;
Angew. Chem. Int. Ed. 2009, 48, 9792; e) X. Chen,
K.M. Engle, D.-H. Wang, J-Q. Yu, Angew. Chem.
2009, 121, 5196; Angew. Chem. Int. Ed. 2009, 48, 5094
f) T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110,
1147; g) D. A. Colby, R. G. Bergman, J. A. Ellman,
Chem. Rev. 2010, 110, 624; h) C.-L. Sun, B.-J. Li, Z.-J.
Shi, Chem. Commun. 2010, 46, 677; i)J. Wencel-
Delord, T. Drcge, F. Liu, F. Glorius, Chem. Soc. Rev.
2011, 40, 4740.

[2] a) L. McMurray, F. O’Hara, M. J. Gaunt, Chem. Soc.
Rev. 2011, 40, 1885; b) D. Chen, Y.-K. Youn, S. Won,
Chem. Eur. J. 2012, 18, 9452.

[3] For a recent example of metal-free 1-5-HT on alkynes:
D.-F. Chen, Z.-Y. Han, Y.-P. He, J. Yu, L.-Z. Gong,
Angew. Chem. 2012, 124, 12473; Angew. Chem. Int. Ed.
2012, 51, 12307.

[4] For selected examples see: a)lJ.S. Pastine, K.M.
McQuaid, D. Sames, J Am. Chem. Soc. 2005, 127,
12180; b) C. Zhang, C. K. De, R. Mal, D. Seidel, J. Am.
Chem. Soc. 2008, 130, 416; c) J. C. Ruble, A. R. Hurd,
T. A. Johnson, D. A. Sherry, M. R. Barbachyn, P. L.
Toogood, G. L. Bundy, D. R. Graber, G. M. Kamilar, J.
Am. Chem. Soc. 2009, 131, 3991; d) N. Yoshikai, A.

Adpv. Synth. Catal. 2013, 355, 2227-2231


http://asc.wiley-vch.de

Gold(I)-Catalyzed Functionalization of Benzhydryl C(sp*)—H Bonds

Advanced
Synthesis &
Catalysis

(1]
[12]

[13]

Adpv. Synth. Catal. 2013, 355, 2227-2231

Mieczkowski, A, Matsumoto, L. Ilies, E. Nakamura, J.
Am. Chem. Soc. 2010, 132, 5568; e) D. Vasu, A. Das,
R.-S. Liu, Chem. Commun. 2010, 46, 4115; f) K. Mori,
S. Sueoka, T. Akiyama, J. Am. Chem. Soc. 2011, 133,
2424.

For reviews on gold-catalyzed organic transformations,
see: a) A. S. K. Hashmi, Angew. Chem. 2005, 117, 7150;
Angew. Chem. Int. Ed. 2005, 44, 6990; b) A.S.K.
Hashmi, Chem. Rev. 2007, 107, 3180; c) A. Fiirstner,
O. D. Davies, Angew. Chem. 2007, 119, 4844; Angew.
Chem. Int. Ed. 2007, 46, 4760; d) H. C. Shen, Tetrahe-
dron 2008, 64, 3885; e) R. Skouta, C.-I. Li, Tetrahedron
2008, 64, 4917; f) A. Arcadi, Chem. Rev. 2008, 108,
3266; g) D.J. Gorin, B.D. Sherry, F. D. Toste, Chem.
Rev. 2008, 108, 3351; h) P. Belmont, E. Parker, Eur. J.
Org. Chem. 2009, 6075; i) N. D. Shapiro, F. D. Toste,
Synlett 2010, 675; j) B. Biannic, A. Aponick, Eur. J.
Org. Chem. 2011, 6605; k) F. Lopez, J. L. Mascarenas,
Beilstein J. Org. Chem. 2011, 7, 1075; 1) B. Alcaide, P.
Almendros, L. M. Alonso, Molecules 2011, 16, 7815;
m) M. Bandini, Chem. Soc. Rev. 2011, 40, 1358; lit n>
M. Rudolph, A.S.K. Hashmi, Chem. Soc. Rev. 2012,
41, 2448.

For general reviews gold-catalyzed C—H activation see:
a) O. T. de Haro, C. Nevado, Synthesis 2011, 2530; b) T.
Boorman, I. Larrosa, Chem. Soc. Rev. 2011, 40, 1910;
¢) S. Gaillard, C.S.J. Cazin, S.P. Nolan, Acc. Chem.
Res. 2012, 45, 778.

For representative examples see: a) B. Bolte, Y. Odaba-
chian, F. Gagosz, J. Am. Chem. Soc. 2010, 132, 7294;
b) Y. Harrak, A. Simonneau, M. Malacria, V. Gandon,
L. Fensterbank, Chem. Commun. 2010, 46, 865; c) 1. D.
Jurberg, Y. Odabachian, F. Gagosz, J. Am. Chem. Soc.
2011, 733, 3543; d) B. Bolte, F. Gagosz, J. Am. Chem.
Soc. 2011, 133, 7696; e) G. Maiti, U. Kayal, R. Karma-
kar, R.N. Bhattacharya, Tetrahedron Lett. 2012, 53,
6321.

J. Barluenga, R. Sigiieiro, R. Vicente, A. Ballesteros,
M. Tomads, M. A. Rodriguez, Angew. Chem. 2012, 124,
10523; Angew. Chem. Int. Ed. 2012, 51, 10377.

An example of gold-catalyzed 1,5-proton transfer from
benzhydrylic units to alkynes was recently reported: S.
Bhunia, S. Ghorpade, D. B. Huple, R.-S. Liu, Angew.
Chem. 2012, 124, 2993; Angew. Chem. Int. Ed. 2012, 51,
2939.

a) G. Cera, P. Crispino, M. Monari, M. Bandini, Chem.
Commun. 2011, 47, 7803; b) G. Cera, M. Chiarucci, A.
Mazzanti, M. Mancinelli, M. Bandini, Org. Lett. 2012,
14, 1350; ¢) G. Cera, S. Piscitelli, M. Chiarucci, G. Fab-
rizi, A. Goggiamani, R. S. Ramén, S. P. Nolan, M. Ban-
dini, Angew. Chem. 2012, 124, 10029; Angew. Chem.
Int. Ed. 2012, 51, 9891: d) M Chiarucci, E. Matteucci,
G. Cera, G. Fabrizi, M. Bandini, Chem. Asian J. DOI:
10.1002/asia.201201249.

E. B. Bauer, Synthesis 2012, 1131.

a)S. Wang, G. Zhang, L. Zhang, Synlett 2010, 692;
b) R. K. Shiroodi, V. Gevorgyan, Chem. Soc. Rev. 2013,
42, 4991.

It should be mentioned that a similar approach involv-
ing reverse propargylic esters and [Pt(II)] catalysis was
reported by Liang and co-workers: X.-Z. Shu, K.-G. Ji,

[14]

[15]

[21]

[24]

[25]

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S.-C. Zhao, Z.-J. Zheng, J. Chen, L. Lu, X.-Y. Liu, Y.-
M. Liang, Chem. Eur. J. 2008, 14, 10556.

M. Shibasaki, S. Matsunaga, in: Privileged Chiral Li-
gands and Catalysis, (Ed.: Q.-L. Zhou), Wiley, New
York, 2011, pp 295-332.

For a recent application of small acenes in opto-elec-
tronics see: W. Nakanishi, T. Yoshioka, H. Taka, J. Y.
Xue, H. Kita, H. Isobe, Angew. Chem. 2011, 123, 5435;
Angew. Chem. Int. Ed. 2011, 50, 5323.

B. C. de Koning, A. L. Rousseau, W. A. L. van Otterlo,
Tetrahedron 2003, 59, 7, and references cited therein.
H. Schmidbaur, A. Schier, Z. Naturforsch. B 2011, 66,
320.

a) N. Marion, S.P. Nolan, Chem. Soc. Rev. 2008, 37,
1776; b)J.C.Y. Lin, R.T.W. Huang, C.S. Lee, A.
Bhattacharyya, W.S. Hwang, I.J. B. Lin, Chem. Rev.
2009, 109, 3561; c) S. Diez-Gonzalez, N. Marion, S.P.
Nolan, Chem. Rev. 2009, 109, 3612; d) S. P. Nolan, Acc.
Chem. Res. 2011, 44, 91.

Other solvents (refluxing conditions) provided 2a in
lower amounts: dioxane =traces, MeNO,=59%, DCE,
decomposition of 1a.

For alternative syntheses of naphthalenes under gold
catalysis see: a) N. Asao, T. Nogami, S. Lee, Y. Yama-
moto, J. Am. Chem. Soc. 2003, 125, 10921; b) A.S.
Dudnik, T. Schwier, V. Gevorgyan, Org. Lett. 2008, 7,
1465; c¢) R. Balamurugan, V. Gudla, Org. Lett. 2009, 11,
3116; d) A. S. Dudnik, T. Schwier, V. Gevorgyan, Tetra-
hedron 2009, 65, 1859; ¢) W. Kong, C. Fu, S. Ma, Eur. J.
Org. Chem. 2010, 6545; f) V. Gudla, R. Balamurugan,
Chem. Asian J. 2013, 8, 141.

a) N. Marion, S. Diez-Gonzdlez, P. de Frémont, A. R.
Noble, S.P. Nolan, Angew. Chem. 2006, 118, 3729;
Angew. Chem. Int. Ed. 2006, 45, 3647; b) N. Marion, P.
Carlqvist, R. Gealageas, P. de Frémont, F. Maseras, S. P.
Nolan, Chem. Eur. J. 2007, 13, 6437.

The use of terminal alkynes as acyclic precursors led to
decomposition of the starting material under the best
conditions.

The isolation of side-product
2m’ in the reaction with 1m
further supports the [3,3]-sig-
matropic rearrangement as
the initial step of the reaction;
see: Y. Wang, B. Lu, L.
Zhang, Chem. Commun. 2010,
46, 9179.

Additionally, the use of secondary propargylic alcohols
as starting materials led to complex reaction mixtures.
For recent reviews on gold-catalyzed addition to al-
lenes see: a) N. Krause, in: Modern Gold Catalyzed
Synthesis, (Eds.: A.S. K. Hashmi, F. D. Toste), Wiley-
VCH, Weinheim, 2012, Chapt. 4, pp 75-134, and refer-
ences cited therein; b) N. Krause, C. Winter, Chem.
Rev. 2011, 111, 1994.

a) G.-Y. Shen, R. Tapia, W. H. Okamura, J. Am. Chem.
Soc. 1987, 109, 7499; b) K.-M. Wu, M. M. Midland,
W. H. Okamura, J. Org. Chem. 1990, 55, 4381; c)J.
Zhao, C. O. Hughes, F.D. Toste, J. Am. Chem. Soc.
2006, 128, 7436.

P. H.-Y. Cheong, P. Morganelli, M. R. Luzung, K. N.
Houk, F. D. Toste, J. Am. Chem. Soc. 2008, 130, 4518.

asc.wiley-vch.de 2231


http://asc.wiley-vch.de

