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Organogold(lll) Iminophosphorane Complexes as Efficient Catalysts
in the Addition of 2-Methylfuran and Electron-Rich Arenes to
Methyl Vinyl Ketone
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Cycloaurated compounds containing C,N-pincer ligands have been evaluated as precatalysts in the
addition reactions of 2-methylfuran and some electron-rich arenes to methyl vinyl ketone. All complexes
have displayed a catalytic activity comparable to that reported for Au(l) complexes in the presence of
silver salts. Compounds containing iminophosphorane ligangB<RR') as C,N-backbones such as
[Au{ «?-C,N-CeH4(PPh=N(CsHsX)-2} Cl;] (X = H, 13; X = Me, 14) have been found to be the more
effective in both the presence and absence of silver salts. With acid-sensitive electron-rich arenes the
catalytic activity of these cycloaurated complexes outperformed that of the;AaltI The synthesis and
characterization of new iminophosphorane coordination and organogold(lll) compounds are provided
along with the results for the catalytic studies.

several C-C and C-heteroatom bond formatiorisThe search
o ] for gold(lll) compounds as air-stable alternatives to this very
Due to a significant untapped potential, gold homogeneous pyqroscopic and acidic compound thus becomes significant and
catalysis is only now recognized as a scientific hotspoith truly appealing. We and others have reported on the use of
an increasing number of publications appearing almost on a grganogold and coordination gold(lll) compounds as catalysts
weekly basis. The significance of Aand AU' complexes as iy the addition of water and alcohols to alkyPeand in the
homogeneous catalysts for several reactions (mainly nucleophilic1,3_O|ipo|ar cycloaddition to nitroné8. We anticipated that
additions tozr systems, hydrogenations, and some oxidations) organogold(lll) compounds containing C,N-backbones may be
has been only recently addres$éthere is still a need, however,  giable and active catalysts in some-C bond formations and/
to fully understand reaction mechanisms in order to rationally or c—H hond activations. Pincer C,N- or N,C,N-ligand frame-
design more efficient and selective catalysts. It should be \orks are known to confer great stability on this gold high
stressed that the vast majority of homogeneous gold catalystspxjdation staté,and a large number of Au(lll) compounds have
used to date are gold(lll) halides or cationic [Au(Bfph been reported, many of them displaying interesting biological

Introduction

fragments® During the last three years the number of reports gndq medicinal propertiek.

on gold catalysts with different ligands (and therefore with

tunable electronic and steric properties) has incre4dat,
examples of coordinatiénor organometalli¢ gold(lIll) com-

We have also reported on the preparation of C,N-cyclopal-
ladated derivatives containing iminophosphorane ligdfds.
Iminophosphoranes,JR=NR’, are a class of compounds that

plexes are rather limited. There have been a number of reportscap pe readily prepared by different synthetic rotitead whose

on the high efficiency and selectivity of Augds a catalyst on

electronic and steric properties may be tuned through appropriate
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Chart 1. Stabilized (1—3) and Semistabilized (4, 5) Iminophosphorane Ligands Used in This Work
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Scheme 1. Formation of Coordination Gold(lll) Complexes with Stabilized Iminophosphorane Ligands +3
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choice of R and R Not only does the iminophosphorane C,N-
backbone confer a marked stability to the metallic centefin d
square-planar complex&sput also the PRfragment can be
used as a “spectroscopic marker” to follow reactions®Hy
NMR. This fact may become significant while studying

R= 2-Me (6), 4-OMe (7), -2Br (8)

obtained by reaction of Na[Aug]lwith stabilized iminophos-
phorane ligand4—3 at room temperature (Scheme 1).

The compounds are air-stable yellow solids that are almost
insoluble in chlorinated solvents but soluble in highly polar
solvents such as GEN. It should be stressed that all attempts

homogeneous catalytic processes in order to ascertain the naturéo prepare cycloaurated derivatives by reaction of ligahd3

of the catalytically active species and/or to identify reaction
intermediates.

with Na[AuCls] or AuCl; in refluxing acetonitrile or THF or
by heating complexe6—8 have failed. Direct auration with

Herein we report on the synthesis and characterization of gold(lll) precursors is a method that is successful only with

gold(l) and -(Ill) coordination and organometallic complexes
with the iminophosphorane ligands-5 (Chart 1)!2

We have evaluated their catalytic activity (along with the
catalytic activity of some other cycloaurated derivatives contain-
ing C,N-pincer ligands that had been previously descriidéti}>
in the addition reactions of electron-rich arenes to methyl vinyl
ketone. Gold(lll) chloride and some gold(l) complexes in the

specific substrates. To our surprise, we found that we could
not prepare coordination gold(lll) compounds with ligartds
and>5 by the method described above (Scheme 1). It seems that
the reactivity of semistabilized and stabilized (carbonyl-contain-
ing) iminophosphorane ligands with Au(lll) salts is very
different, and these reactions are currently under study in our
laboratories.

presence of silver salts have been used before as catalysts in We prepared cycloaurated gold(lll) derivatives with semi-

this type of reaction® We will compare our results to those
previously reported to address the possibility of using organ-
ogold(lll) catalysts as an alternative to AyCl

Results and Discussion

1. Synthesis of Coordination and Cycloaurated Gold(lll)
ComplexesNew coordination gold(lll) compound§<8) were

(9) Some selected examples: (a) Vicente, J.; BelemuM. D.; Escribano,
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Chem. Soc., Dalton Tran&995 2865. (c) Buckley, R.; Elsome, A.; Fricker,
S.; Henderson, G.; Theobald, B.; Parish, R.; Howe, B.; Kelland, Med.
Chem.1996 39, 5208. (d) Contel, M.; Nobel, D.; Spek, A. L.; van Koten,
G. Organometallics200Q 19, 3288. (e) Casas, J. S.; CdgamM. V.;
Cifuentes, M. C., GafarMonteagudo, J. C.;"8ahez, A.: Sordo, J.; Abram,
U. J. Inorg. Biochem2004 98, 1009. (f) Henderson, W.; Nicholson, B.
K.; Wilkins, A. L. J. Organomet. Chen2005 690, 4971.

(10) Bielsa, R.; Larrea, A.; Navarro, R.; Soler, T.; Urriolabeitia, E. P.
Eur. J. Inorg. Chem2005 1724.

(11) (a) Staudinger, H.; Meyer, J.Helv. Chim. Actal919 2, 635. (b)
Kirsanov, A. V.Chem. Abstr1951 45, 1503. (c) Kirsanov, A. V.Zh.
Obshch. Khim1952 22, 269. (d) Kirsanov, A. VChem. Abstr1952 46,
11135. (e) Kirsanov, A. Visv. Akad. Nauk SSSEA5Q 426. (f) Bittner,
S.; Pomerantz, M.; Assaf, Y.; Krief, P.; Xi, S.; Witczak, M. K. Org.
Chem1988 53, 1.

(12) Alper, H.J. Organomet. Chenl977 127, 385.

(13) (a) Bittner, S.; Assaf, Y.; Krief, P.; Pomerantz, M.; Ziemmnicka,
B. T.; Smith, C. G.J. Org. Chem1985 50, 1712. (b) Gololobov, Y. G.;
Kasukhin, L. F.Tetrahedron1992 48, 1353.

(14) Bonnardel, P. A.; Parish, R. V.; Pritchard, R. & Chem. Soc.,
Dalton Trans.1996 3185.

(15) Constable, E. C.; Leese, T. A. Organomet. Chenml989 363
419.

stabilized ligands by transmetalation with organomercury
compounds (reactions of gold(lll) salts with organolithium or
organomagnesium derivatives are prevented by reduction to
metallic gold)8 Thus treatment of or 5 with PhLi in ELO at
room temperature affords the lithiated derivati@& and 10,
respectively, in high yields. Transmetalation ¥ or 10 to
HgCl in Et,O at room temperature affords organomercurial
derivativesll and12. The reaction ofL1 or 12 with K[AUCl 4]
in acetone at 5C (Scheme 2) gives the organogold(lll)
compounds [Afi2-C,N-CeHy(PPh=N(CgH4X)-2} Cl;] (X = H,
13; X = Me, 14).1° Cyclometalated gold(lll) complexes3 and
14 have distinct’P NMR chemical shifts o 65.8 (12) and
65.0 (L3) ppm that are markedly different from tR&P NMR
chemical shifts of the coordination gold compountig1.3 ©),
41.7 (7), and 42.1 8) ppm (NMR measured in CDgl see
Experimental Section).

A more interesting and environmentally friendly (greener)
synthetic metho# is the transmetalation of the iminophospho-

(16) (a) Dyker, G.; Muth, E.; Hashmi, A. S. K.; Ding, |Adv. Synth.
Catal. 2003 345, 1247. (b) Hashmi, A. S. K.; Grundl, Metrahedror2005
61, 6231. (c) Hashmi, A. S. K.; Schwarz, L.; Rubenbauer, P.; Blanco, M.
C. Adv. Synth. Catal2006 348 705. (d) Hashmi, A. S. K.; Salathe, R,;
Frey, W.Eur. J. Org. Chem2007, 1648.

(17) Recent example: Zhu, Y.; Cameron, B. R.; Skerli, R.JT.
Organomet. ChenR003 677, 57, and references therein.

(18) Stuckwish, C. GJ. Org. Chem1976 41, 1173.

(19) Aguilar, D.; Contel, M.; Navarro, R.; Urriolabeitia, E. P. XXII
International Conference on Organometallic Chemistry (July 2006, Zaragoza,
Spain). Book of abstracts. Poster presentation included X-ray crystal
structure (with selected angles and bond distances) of compt®ind

(20) Contel, M.; Stol, M.; Casado, M. A.; van Klink, G. P. M.; Ellis, D.
D.; Spek, A. L.; van Koten, GOrganometallic2002 21, 4556.
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Scheme 2. Formation of Lithiated Organomercury and Organogold(l) and -(lll) Complexes with Semistabilized
Iminophosphorane Ligands 4 and 5
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rane fragment from the Au(l) derivativd$ and16 to the Au- Scheme 3. Gold-Catalyzed Reaction of 2-Methylfuran (17)
(1) salt K[AuCl4] (Scheme 2) to afford the cyclometalated and MVK (18)

compoundsl3 and 14 (see Experimental Section). The new o. o
gold(l) compound45and16 can be obtained as air-stable white /@ . [Au]
solids by reaction of the lithiated derivative$® and 10 with o - / \

[¢)

AuCI(PPh) in Et,O at—78°C in high yields. While preparing

this article for submission, a report on the synthesis and

characterization of compoundkl and 13 appeared! The 17 18 19

authors reported on the determination of the crystal structure

of 13 by X-ray studies (we had also independently determined  The amount of catalyst required is 1 mol %, and the reaction
the structure of this compoun#) This study showed that the  proceeds in 40 min (8690% yield, Table 1). Some gold(l)
Au(lll) center is in a square-planar environment 4t6.05 A), complexes such as [AuCI(P#t and [AuCl(tht)] (tht = tet-
attached to two Cl ligands and to the N andaaitho-C atom of rahydrothiophene) that were initially inactive in the reaction of
the PRP=NPh ligand. The five-membered metallocyclic ring 17 with MVK, after the addition of 1 equiv of AgBE became
generated (significantly puckered) affords a relatively rigid active and afforded high conversions after 24 h (Table 1, entries
“bite” angle N-Au—C (84.9(2Y). As expected, the highémans 2 and 3). This and the fact that the addition of Ayl equiv)
influence of C versus N is reflected in the longer-AQI(1) to a solution of 1 equiv of 2-methylfurarly) modifies the
distance compared to AtCI(2) 2 While the rigid C,N-backbone  signals in thelH NMR spectrum led to an initial working
affords a stable gold(lll) compound, the presence of labile Cl hypothesis that an electrophilic< activation might be the
groups will allow the preparation of new cycloaurated complexes crucial step. Such a mechanism is supported by a report on the
(with different steric and electronic properties) by ligand direct auration of thiophene and furan with [Au(Rph
exchange reactions. Details on the synthesis and characterizatiofragments’? Several experiments with various electron-rich
of all the new lithiated organomercury and gold complexes are arenes were tested for the addition reactions to M8) @s a
provided in the Experimental Section. model compound. Some acids (such as H[AUEICI, or HBF,)

2. Catalytic Studies.We were interested in testing some of were also evaluated. From the different results, the authors
these complexes as catalysts irC bond forming processes  pointed out that AuGlin the presence of water may form a
that are believed to proceed underB activation. The Bronsted acid with an aurate counterion that might be the active
processes chosen were the reactions,8funsaturated ketones ~ species as well. [AuG]~ anions catalyze the addition of
with furans and electron-rich arenes. Dyker and Hashmi nucleophiles to multiple bonésas well as some-13-dipolar
showed®athat AuCk nicely catalyzes the addition of 2-meth-  cycloaddition reaction® However, the differences in selectivity
ylfuran 17 to methyl vinyl ketone (MVK)18 (Scheme 3). observed with Bfpsted acids and gold catalysts can be

(21) Brown, S. D. J.; Henderson, W.; Kilpin, K. J.; Nicholson, B. K. (22) Porter, K. A.; Schier, A.; Schmidbaur, i@rganometallics2003
Inorg. Chim. Acta2007, 360, 1310. 22, 4922.
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Table 1. Results of the Addition Reactions of Methyl Vinyl
Ketone (MKV) 18 to 2-Methylfuran (17) at Room

Temperature?
entry  catalyst (mol %)  silver salt (mol %) time yield (%)

1 AuCls (1)° 0 40 min 80-90
2 [AuCI(PE®)] (1)° AgBF4 (1) 24 h 80
3 [AuCI(tht)] (1) AgBF; (1) 24 h 90
4 20(1) 0 18 h 0
5 20(1) AgOTf (2.2) 6h 50
6 20(1) AgOTf (2.2) 18h 83
7 21(1) 0 18 h 0
8 21(1) AgOTf (2.2) 6h 65
9 21(1) AgOTf (2.2) 18h 80
10 13(1) 0 18 h 45
11 13(1) 0 6h 35
12 13(2) 0 6h 43
13 13(1) AgOTf (2.2) 18h 85
14 13(1) AgOTf (2.2) 6h 75
15 13(1) AgOTf (1.1) 6h 78
16 14(1) AgOTf (2.2) 18h 80
17 14(1) AgOTf (2.2) 6h 72
18 14(1) 0 6h 38
19  13(1) AgBF, (2.2) 18h 92
20 AgOTf (2.2) 18h 0
21 AgBF; (2.2) 18 h 0
22 6 18h 0
23 6 AgOTf (2.2) 18h 69

aReaction conditions: the reactions were performed & a Kontex
tube using 2 mmol ol7, 2 mmol of18, 0.02 mmol of gold complex, and
0.044 mmol (or 0.022 mmol) of silver salt in 5 mL of GEN as solvent.
bReference 16°Yields were obtained on isolated product. Details on
procedures and workup of the reaction mixture are given in the Supporting
Information. 9Abundant decomposition to metallic gold observed.

explained either by specific acid catalysis or by direct participa-
tion of the metal. They concluded that although these experi-
ments do not rule out a-€H activation of the aromatic system
by the gold catalyst, the interpretation of the results with acidic
metal catalysts has to be considered in a careful way. More
recently Hashmi et al. have reported on similar hydroarylation
reactions (carbonyl compounds with furans, electron-rich arenes,
and even pyrroles) catalyzed by gold(lll) saf%:4 Shi and He
reported analogous reactions of electron-rich arenes with ac-
ceptor-susbtituted alkenes and alkynes (catalyzednbsitu
generated “Au(Ot)’ speciesf? In all these reactions it is not
clear whether the gold activates the double or tripteCbonds

or if there is a C-H activation of the electron-rich arenes. More
recent work of Shi and He (unusual regioselectivity in the gold-
catalyzed reaction of epoxides and aréffeand a report on
the gold-catalyzed alkylation of primary sulfonate esters with
arened™) has pointed out a contribution of arylgold species and
thus electrophilic €&H activation. Ascertaining the nature of
the gold species involved in these reactions has become,
therefore, a matter of increasing interest. We anticipated that
gold(lll) complexes with C,N-backbones may be stable catalysts
in the above-described reactions while allowing the identification
of some gold intermediates by NMR spectroscopy.

We tested two organogold(lll) complexes with C,N-pincer
ligands @0, 21; Chart 2) whose synthesis had been previously
addresseé®@141%in the reaction ofl7 and 18 (Table 1). We
observed that although the compounds were completely inactive,
the addition of 2 equiv of a silver salt (AgOTf, OTE
OSQCR;7) generates a catalytically active species, as product
19 was obtained in yields of 83%20) and 80% 21) after 18
h (entries 6 and 9).

(23) Shi, Z.; He, CJ. Org. Chem2004 69, 3669.
(24) (a) Shi, Z.; He, CJ. Am. Chem. So004 126, 5964. (b) Shi, Z,;
He, C.J. Am. Chem. So2004 126, 13596.
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Chart 2. Previously Reported Organometallic Gold(l1l)
Compounds with C,N-Pincer Ligands Used as Catalysts in
the Gold-Catalyzed Addition Reaction of 2-Methylfuran (17)

and MKV (18)

cl
/Au<
Cl—Au—NMe, =N cl
\

|
21

Cl
20
(reference 15)

(references 8a,14)

Scheme 4. Gold-Catalyzed Reaction of Azulene (22) and
MVK (18)

22
Scheme 5. Gold-Catalyzed Reaction of

1,3,5-Trimethoxybenzene (24) and MVK (18) to Afford the
Monoaddition Product 25

OMe MeO
O
[Au]
+ 2 —_—
/
OMe

24

O

MeO OMe

OMe

18 25

These results encouraged us to test the new cycloaurated
compounds containing iminophosphorane ligands (Table 1).
Compounds [Afix?-C,N-CsHa(PPR=N(CeH4X))-2} Cl;] (X =
H, 13; X = Me-3, 14) were active in the presence of 2.2 equiv
of AgOTf or AgBF; in the reaction between 2-methylfuran and
MVK (eq 3, entries 13, 14, 16, 17, 19). We demonstrated that
both AgBF, and AgOTf are completely inactive in these addition
reactions (entries 20 and 21) and that high yields (75 to 85%)
could be obtained with 1 mol % of gold catalyst after 18 (entries
13 and 16) or even 6 h (entries 14 and 17). The reaction affords
similar yields when performed in the presence of a substoichio-
metric amount of silver salt (entry 15). Even in the absence of
silver salts both compounds displayed catalytic activity, although

the yields of product were lower (entries-102 and 18). We

evaluated a coordination gold(lll) compound (derivat8jeln

the absence of silver salts the derivative was totally inactive

(entry 22). By addition of 2 equiv of AgOtf we got a conversion
of 65% (entry 23). We observed, however, that the compound
decomposes to metallic gold during the catalytic process (as
opposed to the reactions with cycloaurated compounds). The
C,N-backbone is thus conferring stability to the Au(lll) center,
as it will be described later on.

Other addition reactions of electron-rich arenes and MVK

were also evaluated (Schemes 4 and 5). We chose acid-sensitive

azulene 22) and 1,3,5-trimethoxybenzen24j, which had given

the double addition produc2®) and the monoaddition product

(25) with AuCl; as catalyst with tremendous selectivity.
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Table 2. Results of the Addition Reactions of Methyl Vinyl Scheme 7. Equilibrium of Neutral and Cationic
Ketone (MKV) 18 to Electronrich Arenes Ar—H (22 and 24) Cycloaurated Species in a Polar Solvent
at Room Temperature
- Pha Phy
catalyst silver salt Ph. _P Ph. _P
entry arene (mol %) (mol %) time yield (%) N~ N
: ! S = CDCN A cl
1 22 AuCl (1 0O 2min-3d  50-55 Cl—Au S—Au (cn
2 22 13(1.5) AgOTf(3.3) 24h 88 | \
2 24 AuClz (1> 0 24 h 99 cl Cl
3 24 13(1.5) AgOTf(3.3) 24h 73
4 22 14(1.5) AgOTf(3.3) 24h 80
5 24 14(1.5) AgOTf(3.3) 24h 71 and3!P NMR spectra) of the organogold solvate and/or those

aReaction conditions: the reactions were performed & a Kontex assigned t(_)_the organic substrates. .
tube using 2 mmol o7, 2 mmol of 18, 0.03 mmol of gold complex, and The addition of MVK (L8) and17 to a CD;CN solution of
0.066 mmol of silver salt in 5 mL of C#CN as solvent’Reference 16. 26 (molar ratio 15:15:1) gives produ@B over time (peaks that
Yields were obtained on isolated product. Details on procedures and workup can be assigned to produd@ appeared almost immediately after
of the reaction mixture are given in the Supporting Information. mixing the reagents in the NMR tube; see Supporting Informa-
Scheme 6. Formation of New Cationic Solvated tion) without apparent change in tA# and*H NMR chemical

_ catalytic cycle is the coordination of the substrates to the metallic

2 )
' center and that any other further steps should be very fast. While
= = ) the catalysis is taking place, a little decomposition to metallic
N / Ph, N\ Ph, gold is observed for longer reaction periods{P& h), but most
2P Ny 2P o g .
NZ 2AgBF,/ CNCD; hll 2BF of the original catalyst is still present at the end of the reaction,
CI—AIu —_— S—Au 4 as demonstrated b$P NMR experiments (see Figure 1c in
& -2AgCl 4 Supporting Information). Thus, the gold(lll) cationic solvated

- - species behaves as an active and stable catalyst. Although we
13 26 have not been able to identify a reaction intermediate to
demonstrate that the reaction takes place by electrophitiel C
Cycloaurated compounds3 and 14 were efficient catalysts  activation, in the case of our cycloaurated catalytic systems there
in the presence of silver salts (Table 2). It is remarkable that is little room for thinking in acid catalysis mechanisms (via
with AuClz compound23 could be obtained in only a 55% yield  formation of [AUCKL(OH),]~ anions{n + x = 4} and H" as
after 3 days (Table 2, entry 1), whereas 1@ or 14 yields of counterion). The cycloaurated complexes described here are
90% can be obtained after 24 h (entries 2 and 4). In this casemuch less acidic than AuglAlthough the G-H activation of
the more acidic character of AuClersus the less acidic  ketones by organogold(lll) complexes containing C,N-pincer
character ofl3 or 14 (even less so by removal of the Cl ligands) ligands has been documenf&dye have not seen the formation
may be responsible for a lower yield. This is an indication that of ketonylgold(lll) complexes in the reaction @6 with MVK
electronic and/or steric modifications of the coordination (the reactivity of26 and related species with akynes and alkenes
environment around the gold(lll) center may result in an is currently being investigated in our laboratories). An inter-
improved catalytic performance. The organogold(lll) compounds pretation of Hashmi and Dyker’s and our own results may be
are a better alternative to Augfor acidic-sensitive substrates.  that both Au(lll) and Au(l) cationic species are able to catalyze
As previously reported by Dyker and Hashtfitwe found these additions by electrophilic-& activation of the furan or
tremendous selectivity in the reaction 24 with MVK, and arenes. In the case of AuCélectrophilic C-H activation as
the monoaddition produ@5 was the only product obtained.  well as specific acid catalysis may be responsible for the high
However, the yield obtained after 24 h (73%, entry 4) was lower catalytic activity observed. Moreover, with acidic-sensitive
than that obtained with Augi(99%, entry 3). substrates the catalytic activity with Aud$ moderate, whereas
In order to prove that the only effect that the addition of silver the cycloaurated gold(Ill) derivatives display a higher catalytic
salts had on these C,N-organometallic complexes was theperformance.
formation of new cationic species by removal of the chloride  As pointed out before, neutral complexisand14 are able
ligands, some NMR experiments were carried out (Scheme 6).to catalyze this reaction in the absence of silver salts, but they
New cationic solvated speciez6 were spectroscopically  afford lower yields. The formation of a cationic species, by “
identified (although they could not be isolated; see Experimental sjti" dissociation of a chloride ligand, can be easily inferred
Section). The cationic character of these species can be inferreqaking into account the high polarity of the solvent (MeCN),
from the downfield shift of thé'P signal (from 65.6 ppm i3 the zwitterionic nature of the cycloaurated ligand, and the high
to 66.9 ppm in26). Specie26 is stable in CRCN solution at  trans effect of the arylic carbon atom. This transient cationic
5 °C during at least 30 h and more than 15 h at room species, in equilibrium with its neutral form (Scheme 7), could
temperature. These observations indicate that, in the absencge responsible for the catalytic activity observed.
of other substrates, the catalytically active species is stable under The differences in catalytic performance, in the absence of
reaction conditions (room temperature, polar solvent). silver salts, between cycloaurated compRxor 21 and the
We tested the addition of 2-methylfuratiyf to these cationic  grthometalated derivativeis3 and14is quite surprising. Subtle
species (molar ratio 1:1) at low and room temperatures (NMR gjfferences in the charge distribution over the cycloaurated ring
experiments). We could not observe, however, a considerablecon»&aining the PPhfragment (in the case of the iminophos-
change in thé of the signals assigned to 2-methylfuran in the phorane ligands) may be related to the different behavior

*H NMR spectrum or to those assigned to the solvated species.gpserved. While cycloaurated compounds generate stable cat-
Similar results were obtained while adding MVK (molar ratio

1:1) to a solution o6 in CD3CN, since no changes could be (25) Vicente, J.; Berriez, M. D.: Carrillo, M.-P.; Jones, P. G.Chem.
observed in the shape and positions of the NMR signdds ( Soc., Dalton Trans1992 1975.
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ionic complexes that may be the active catalytic species, [AuCl{N(=PPhs)C(O)Ce¢H,OMe-4}], 7. Complex7 was pre-
coordination compounds also generate cationic species (bypared following the same method as that reportedsfdt (0.200
removal of CI anions with silver salts) that display moderate g, 0.48 mmol) reacted with Na[Aug}l(0.193 g, 0.48 mmol) in
catalytic performance. The main difference between the orga- CH:CN (20 mL) to give7 as a yellow solid. Yield: 0.221 g, 0.31
nogold and coordination gold(Ill) complexes is that the latter mmol, 63.6%. Complex’ was crystallized from a CiCl/EtO
decompose to metallic gold under reaction conditions. The C,N- mixture, giving crystals o7-0.8CHCl,, which were subsequently

backbone is thus an important tool to stabilize the gold(lll)
centers and to generate stable and active catalytic species.

Conclusion

In conclusion, we have prepared new cycloaurated gold(lll)
compounds with iminophosphorane ligands that are efficient
catalysts in the addition of 2-methylfuran and electron-rich
arenes to methyl vinyl ketone in the presence of silver salts.

used for analytic purposes. Anal. Calcd for §8,,AuCls-
NO,P]-:0.8CHCI, (782.71): C, 41.12; H, 3.04; N, 1.79. Found:
C, 40.93; H, 3.15; N, 2.01. MS (FAB): 608 (15%) [M— Cl3]™.
IR: v 1625 (co), 1269 ¢py) cm~L 31P{IH} NMR (CDCLk): 6
41.7.*"H NMR 300 MHz (CDC}): 6 3.86 (s, 3H, OMe),7.98 (d,
2H, Hzs, 332 = Hz), 7.62-7.67 (m, 6H, HK-PPh), 7.73-7.80
(m, 3H H-PPh), 7.93-8.00 (m, 6H, H-PPh), 8.21 (d, 2H, Hg,
3‘JH273 = HZ).

[AuCl 3{ N(=PPhs)C(O)CeH4Br-2}], 8. Complex8 was prepared

From NMR experiments it can be concluded that cyclometalated following the same method as that reported@o8 (0.200 g, 0.43

gold(lll) cationic derivatives might be the catalytically active

species in these addition reactions by, more plausibly, electro-

philic gold C—H activation of 2-methylfuran or the electron-

rich arenes as a first step. These promising preliminary results
may be the basis for future studies on organogold(lll) derivatives

as a replacement for Augih some catalytic reactions by tuning

the electronic and steric properties on the iminophosphorane
ligand or by ligand exchange reactions of the labile Cl on these

molecules.

Experimental Section

Solvents were dried and distilled under argon using standard

procedures before use. Elemental analyses were carried out on
Perkin-Elmer 2400-B microanalyzer. Infrared spectra (40200
cm~1) were recorded on a Perkin-Elmer 883 infrared spectropho-
tometer from Nujol mulls between polyethylene sheets. THig
13C{1H}, and3P{H} NMR spectra were recorded in CDQbr
CDsCN or solutions at 25C (other temperatures were specified)
on Bruker ARX-300, Avancell-300, Avance-400, and Avance-500
spectrometers ¢ ppm; J, Hz); H and 3C{!H} NMR were
referenced using the solvent signal as internal standard, Wrie
{*H} NMR was externally referenced tosPIO; (85%). The mass
spectra (MALDH-) were recorded from C}Cl, solutions on a
MALDI-TOF Microflex (Bruker) spectrometer (DCTB as matrix).
Compound9 was prepared as previously report€dComplexes
11 and13 have been recently reportétland experimental details
will not be included here.

1. Synthesis of the New Compounds. la. Synthesis and
Characterization of the Gold(lll) Coordination Compounds (6 —
8) with Stabilized Iminophosphorane Ligands (1-3). [AuCls-
{N(=PPhg)C(O)CsH4Me-2}], 6. To a solution ofl (0.100 g, 0.25
mmol) in CHCN (20 mL) was added Na[Aug}l (0.101 g, 0.25
mmol). The resulting yellow reaction mixture was stirred at room

mmol) was reacted with Na[Aug}l(0.173 g, 0.43 mmol) in CECN
(20 mL) to give8 as a yellow solid. Yield: 0.195 g, 0.25 mmol,
59.0%. Complex8 was crystallized from a C}I/Et,O mixture,
giving crystals of8CH,Cl,, which were subsequently used for
analytic purposes. Anal. Calcd for {6,6AuBrCIsNO,P]-CH,CI,
(848.56): C, 36.80; H, 2.50; N, 1.65. Found: C, 36.50; H, 2.90;
N, 2.01. MS (FABt): 657 (10%) [M— Cl3]*. IR: v 1641 @'co),
1306 @pn) cm L 31P{1H} NMR (CDCly): 6 42.2.'H NMR 300
MHz (CDC|3) 07.08 (td, 1H, H, 3JH4_5,3 =7.6 HZ,A\]H4_6 =1.8
Hz), 7.20 (td, 1H, H, 334546 = 7.5 Hz,%Jys—3 = 1.1 Hz), 7.39-
7.44 (m, 6H, H,-PPh), 7.48-7.52 (m, 4H, H + Hy-PPh), 7.75—
7.81 (m, 7H, B + Ho-PPh).

1b. Synthesis and Characterization of the New Organomer-

gury (12), Organogold(lll) (14), and Organogold(l) (15, 16)

Derivatives with the Semistabilized Iminophosphorane Ligands

(4, 5). [H{ CeH4(PPh,=N(CsH4Me))-2} Cl], 12. To a solution of

[Li{ CeH4(PPB=N(CsH4Me))-2} ], (10) (generatedh situ by mixing

2.72 mmol, 1.0 g, o6 and 2.1 mL, 3.8 mmol, of PhLi 1.8 M) in
dry ELO at room temperature under, Mas added HgGI(0.492

g, 1.81 mmol). The reaction mixture was stirred for 5 h. ThgEt
was completely removed, and the white residue was extracted with
CH.Cl,. The resulting colorless solution was filtered through Celite
and the solvent subsequently removed under vacuum to yield an
oily product that gavé 2 as a white solid compound after treatment
with 15 mL of n-hexane. Yield: 0.790 g, 1.31 mmol, 72.3%4a,¢
NPHgCIl (MW = 602.50 g/mol). MS(MALDH-) [mVz, (%)]: 603
[M]*. 31P{1H} NMR (CDCl): 6 9.6.'H NMR (CDCk): 6 1.74

(s, 3H, Me), 6.316.32 (m, 2H), 6.53 (s, 1H), 6.64 (t, 1Hy5-Ha6
=77 HZ), 7.19 (tdd, lH?\]Hw_p =4.0 HZ,4JH4'_H5' = 1.3 Hz,
SJua—nz,5 = 7.6 Hz), 7.277.31 (M, 4H, K-PPh), 7.38-7.49 (m,

4H, Hs + Hy + Hy-PPh), 7.67-7.71 (m, 4H, H-PPh), 7.77 (dd,

1H, Heg, 4JH6’*H4’ =15 HZ,3JH6'7H5' =79 HZ)13C{1H} NMR
(CDCly): 6 21.07 (Me), 117.94 (s, £NPh), 119.47 (d, € NPh,

3Jpc = 14.1), 125.65 (d, & NPh,3Jpc = 19.9), 125.90 (d, &

temperature during 24 h. The solvent was removed under vacuum,CeHa, *Jpc = 14.9), 127.61 (s, £ NPh), 128.41 (d, G PPh, *Jpc

and the oily residue obtained was dissolved in,CH (10 mL)
and filtered through a Celite pad. The clear yellow solution was

= 11.4), 130.19 (d, G CeHa, “Jpc = 3.4), 131.23 (d, G PPh,
Jpc = 2.7), 13147 (d, Geo PPh, Upc = 84.2), 132.73 (d, &

evaporated to dryness and the residue treated with a mixture ofCeHa, 2Jpc = 19.2), 133.00 (d, & PPh, 2Jpc = 9.4), 137.58 (d,

Et,O andn-hexane (3:1) to givés as a yellow solid, which was
filtered and dried under vacuum. Yield: 0.146 g, 0.21 mmol, 83.6%.
Complex6 was crystallized from a Cyl,/n-hexane mixture, giving
microcrystals of6-1.5CHCl,, which were subsequently used for
analytic purposes. Anal. Calcd for 4§1,,AuCIsNOP]1.5CHCl,
(826.16): C, 39.98; H, 3.05; N, 1.69. Found: C, 40.32; H, 3.02;
N, 1.92. MS (FABt): 592 (5%) [M — Cl3]™. IR: v 1644 (co),
1298 @py) el 31P{IH} NMR (CDCl): 6 41.4.H NMR
(CDCly): 6 2.43 (s, 3H, Me),7.16 (d, 1H, $13J43-4 = 7.7 Hz),
7.26 (td, 2H, H,513JH4—3,5: 7.5 HZ,A\JH4_H6 =15 HZ), 7.5F+7.61

(m, 6H, Hy-PPh), 7.68-7.72 (m, 3H H-PPh), 7.92-7.97 (m,
6H, H,-PPh), 7.99 (dd, 1H, H, 3J4e-5 = 7.4 Hz,*Jye-ns = 1.4
Hz).

Cs, NPh,%Jpc = 2.2), 138.79 (d, &, CeHg, 1Jpc = 131.2), 139.56
(d, Gy, CeHa, 3Jpc = 15.7), 150.46 (d, & NPh,2Jpc = 3.0), 174.23
(d, Cy, CeHg, 2Jpc = 18.3).

[Au{x?-C,N-CgH 4(PPh,=N(C¢HsMe))-2} Cl;], 14.To a solution
of 12 (0.200 g, 0.33 mmol) in 20 mL of acetone was added
K[AuCl4] (0.125 g, 0.33 mmol). The resulting yellow solution was
stirred at 40°C during 1 h. The acetone was completely removed
and the orange residue extracted with CH to afford an oily
compound that gavd4 as a yellow solid after treatment with
n-hexane/BO (1:2). Yield: 0.125 g, 0.20 mmol, 60%. Anal. Calcd
for CsH21AUCI NP (634.05): C, 47.36; H, 3.34; N, 2.21. Found:
C, 46.90; H, 3.05; N, 2.13. MS(MALD#) [m/z, (%)]: 634.33 [M]".
31P{1H} NMR (CDCl): 6 65.0.1H NMR (CDCl): 6 2.13 (s, 3H,
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Me), 6.77 (s, 1H, K NAr), 6.82-6.85 (m, 2H, H+Hs, NAr), 6.96
(t, 1H, Hs, NAr, 33y = 7.7), 7.13 (dd, 1H, B, CeHg, Iy = 1.5,
SJHH = 75), 7.36 (td, 1H, |2ﬂ, C6H4, 4\]HH = 0.6,3JHH = 74), 7.50
(td, 1H, Hy, CeHa), 7.59 (t, 4H, H,, PPh), 7.70-7.77 (m, 6H,
HytHo, PPh), 8.38 (dd, 1H, K, CsHa). 13C{*H} NMR (CDCly):
0 21.16 (Me), 124.56 (d, CPPh, Jpc = 93.9), 126.61 (d, &
NAr, 8Jpc = 5.7), 127.14 (d, & NAr, 3Jpc = 2.2), 128.03 (d, &
NAr, 4Jpc = 1.7), 128.39 (d, @, CeHa, 3Jpc = 13.1), 129.53 (d,
Cm, PPh, 3Jpc = 12.7), 129.74 (d, &, CeHa, 2Jpc = 18.3), 130.63
(d, C,NAr, 4Jpc = 5.9), 133.44 (d, & PPh, 2Jpc = 10.7), 133.56
(Ce, CsHy, 3Jpc = 14.4), 133.79 (d, & CsHg, “Ipc = 2.9), 134.47
(d, G, PPh, 4Jpc=2.9), 134.81 (d, &, CeHa, Jpc=126.9), 138.08
(d, G, NAr, 2Jpc = 1.6), 142.32 (d, & NAr, 2Jpc = 2.5), 149.19
(d, Cl, C6H4, ZJPC - 156)

[Au{CeH4(PPh,=N(C¢H5s))-2} (PPhg)], 15. The lithium deriva-
tive 919 was generated by reaction 4f0.600 g, 1.70 mmol) with
1.8 M PhLi (1.3 mL, 2.38 mmol) in 10 mL of dry &D during 30

Aguilar et al.

1H, Hg, CeHa), 7.68 (M, 4H, H, PPh), 7.73 (m, 1H, H, CsHa,).
13C{1H} NMR (CDCl): 6 21.45 (Me), 116.97 (& NPh), 119.89
(d, Gs, NPh,3Jpc = 16.0), 124.74 (d, & CeHa, 3Jpc= 12.8), 124.80
(d, G, NPh,3Jpc = 20.4), 127.89 (d, & PPh, 3Jpc = 11.5), 128.65
(overlapped G, NPh+ Cy, PPR), 129.31 (dd, G, CsHa, “Jpc =
3.6,%Jpc = 4.9), 130.51 (d, & PPh, 4Jpc = 2.6), 130.72 (d, &
PPh, 4Jpc = 2.2), 130.89 (d, Gso PPh, 1Jpc = 50.0), 132.96 (d,
Co, PPh, 2Jpc = 8.8), 133.63 (d, {0 PPh, 1Jpc = 99.9), 133.81
(dd, Cg, C6H4, ZJpphzcz 17.0,4Jpph3C= 62), 134.39 (d, Q Pph,
2Jpc=13.9), 136.60 (d, & NPh,*Jpc = 2.4), 137.94 (d, &, CsH,,
Jpc = 105.5), 140.54 (d, & CsHa, 3Jpc = 18.9), 152.45 (d, §
NPh,zJpc = 29), 178.80 (d, @, C6H4, ZJPPQC = 114.6,2\Jpphc =
21.7).

1c. Greener Transmetalation Reactions with Organogold(l)
Derivatives 15 and 16 to Afford the Cycloaurated Gold(lIl)
Compounds 13 and 14. 150.100 g, 0.123 mmol) was dissolved
in Me,CO (20 mL) at room temperature. This solution was reacted

min at room temperature. This solution was subsequently cooled yjth K[AuCI,] (0.036 g, 0.095 mmol) and stirred during 20 min at

at —78 °C, and [AuCI(PPK)] was added (0.646 g, 1.31 mmol).
The reaction mixture was stirred &8 °C during 1 h and a further
2 h at room temperature. After complete removal of thgEthe

residue was extracted with GEI,. The solvent was completely

the same temperature. The solvent was subsequently evaporated
to a small volume £1 mL), and E2O (15 mL) added to give a
yellow solid, which was identified as a (1:1) mixture 8 and
CIAuPPH This yellow solid was subjected to low-temperature (0

removed under vacuum to afford a crude material that can be o) flash chromatography (jacketed column, silica, .CH as

crystallized from a CHCl./n-hexane mixture (15 mL) to yield5
as a microcrystalline white solid. The amount of crystallization
solvent was inferred from th#H NMR spectrum (by integration).
Yield: 0.763 g, 0.94 mmol, 71.0%. Anal. Calcd for fElzs
AuNP,]-0.75CHCI, (875.34): C, 58.65; H, 4.09; N, 1.60. Found:
C, 59.20; H, 4.61; N, 1.92. MS(MALDt) [m/z, (%)]: 812 [M]".
31P{1H} NMR (CDCly): ¢ 8.8 (NPPh), 42.2 (Au-PPhy). H NMR
(CDCL): ¢ 6.57 (t, 1H, K, NPh, 33 = 7.2), 6.91 (d, 2H, K
NPh, 33y = 8.1), 6.97 (t, 2H, K, NPh), 7.13 (tdd, 1H, b CeHa,
Jpny = 3.7,%3un = 1.2,334y = 7.5), 7.21-7.26 (m, 4H, K, PPh),
7.33-7.38 (m, 9H, K, + Hp, AuPPh), 7.40-7.54 (m, 10H, H +
Hs -+ Hp(PPh) + Ho(AuPPh)), 7.75-7.80 (m, 4H, H, PPh), 7.83
(d, 1H, Hs, CeHa, 3Jun = 7.8).13C{*H} NMR (CDCl): 6 116.04
(Cp, NPh), 123.50 (d, & NPh,3Jpc = 18.1), 124.80 (d, & CsHa,
3Jpc = 13.1), 127.97 (d, G PPh, 3Jpc = 11.7), 128.32 (d, &
NPh, 4Jpc = 1.6), 128.72 (d, G, PPh, 3Jpc = 10.8), 130.59 (d,
Cp, PPh, 4Jpc = 2.6), 130.77 (d, & PPh, 4Jpc = 2.2), 130.97 (d,
Ci, PPh, Wpc = 57.4), 133.02 (d, & PPh, 2Jpc = 8.8), 133.69 (d,
Ci, PPh, 1Jpc = 99.8), 134.47 (d, & PPh, 2Jpc = 13.9), 140.66
(d, Gs, CeHa, 3Jpc = 19.0), 152.73 (d, GNPh,2Jpc = 2.7), 179.31
(d, C1, CgHa, 2pc = 21.7). Signals due to £Cs, and G were not
observed.

[Au{CsH4(PPh,=N(C¢HsMe))-2} (PPhg)], 16. 16was obtained

following the same experimental procedure as that described for

15 above.5 (0.338 g, 0.91 mmol) was reacted with LiPh (0.71
mL, 1.8 M, 1.29 mmol) for 30 min at 28C in ELO (15 mL) to
afford 10, which was subsequently react&dsitu. The suspension
of 10 (0.91 mmol) in B3O was reacted with CIAUPRK0.35 g,
0.71 mmol) at-78 °C for 1 h. The stirring was maintained during
2 h while the temperature rose slowly to 256. The solvent was

eluent). The first colorless band is the gold(l) complex, followed
by a deep yellow band containing compleb3 exclusively.
Evaporation of the solvent to dryness from the yellow fraction and
Et,O addition gavel3 as a yellow solid. Yield: 40%. Complebd

can be obtained froml6 by aryl transmetalation following a
synthetic procedure strictly analogous to that describeti3orhus,
16(0.100 g, 0.12 mmol) was reacted with K[Au{X(0.035 g, 0.090
mmol) in acetone at 25C to give analytically purd4 after column
purification. Yield: 50%Note the moderate yields are due to the
small amounts of mixture (0.12 mmol) subjected to flash chroma-
tography.

1d. Synthesis of [AY«?-C,N-CgH4(PPh,=N(C¢HsMe))-2}-

(CD3CN);](BF4), 26 andin Situ NMR Characterization. To a
solution 0f13(0.012 g, 0.02 mmol) in CECN (0.5 mL) under Ar
was added 0.04 mmol (0.011 g) of AgBFR he resulting suspension
was stirred for 20 min with exclusion of light at 2&, then filtered,
and the resulting reddish solution was transferred to an NMR tube.
The NMR spectra of the sample were immediately measured. See
drawing of the molecule that includes the numbers for H atoms in
the Supporting Informatior$P{*H} NMR (CDsCN): ¢ 66.9 [L3:
31P{1H} NMR (CD3CN) 6 65.5]. *H NMR (CDsCN): 6 7.13—
7.31 (m, 6H, 5H (NPh}t+ Hs (CeHa)), 7.51 (dd, 1H, H, CeHa,
8y = 7.4,%3py = 4.5), 7.59 (M, 1H, i CgH,), 7.65-7.70 (m,
4H, Hy, PPh), 7.83-7.88 (m, 6H, H+H,, PPh), 8.16 (dd, 1H,
HG, C6H4, 4\]pH = 24, 3JHH = 85)

2. Catalytic Studies.All catalytic reactions were performed at
25 °C in a Kontex tube using distilled and degassed solvents and
under an argon atmosphere. Procedure for the addition of MVK
(18) to 2-methylfuran 17): 2 mmol of 17, 2 mmol of 18, 0.02

removed under vacuum, and the yellow residue obtained was mmol of the corresponding gold complex, and 0.044 mmol (or 0.022

extracted with two portions of Ci€I, (2 x 10 mL). The mixture
was filtered through Celite, and the resulting clear solution
evaporated to dryness. Crystallization of the residue fromGIH
Et,O gavel6-0.5CHCI, as yellow crystals. Yield: 0.35 g (60.6%).
Anal. Calcd for [GaH3sAUNP,]-0.5CHCI, (825.7): C, 59.51; H,
4.18; N, 1.61. Found: C, 59.42; H, 4.90; N, 1.88. MS (MALDB)
[M/Z): 826 [M]*. 31P{1H} NMR (CDCl): 0 9.0 (d, NPPh “Jpp=
8.3), 42.1 (d, AuPPj). 'H NMR (CDCl): ¢ 1.94 (s, 3H, Me),
6.30 (d, 1H, H, NPh,3Jyy = 7.4), 6.41 (d, 1H, i NPh,3Jyy =
7.9), 6.51 (s, 1H, B NPh), 6.69 (t, 1H, I NPh,3Jyy = 7.7),
7.03 (tdd, 1H, B, CsHa, “Jpy = 3.6, %Iy = 1.6,%J= 7.4), 7.13
(m, 4H, Hy, PPh), 7.19 (m, 6H, H, PPh), 7.21-7.30 (m, 10H,
Hs (CoHa) + Hp + Ho (PPR)), 7.35 (m, 2H, H, PPh), 7.44 (m,

mmol) of silver salt (when necessary) were mixed in 5 mL of
CH3CN, and this mixture was stirred for a period of 6 or 18 h
(Table 1). After the reaction time was completed, the resulting
mixture was filtered through a short silica gel column using 20
mL of a EbO/n-hexane (3:1) mixture as eluent. The yellow solution
was evaporated to dryness under vacuum, affording fd®e
Procedure for the addition of MVK1@) to electron-rich arenes
(22 or 24): 2 mmol of 22 (24), 2 mmol of18, 0.03 mmol of the
corresponding gold complex (0.02 mmol in the case of AuCI
and 0.066 mmol of silver salt (when necessary) were mixed in 5
mL of CH3CN, and this mixture was stirred for 24 h (Table 2).
After the reaction time, the resulting mixture was filtered through
a short silica gel column using 20 mL of a,Bin-hexane (3:1)
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mixture as eluent. The yellow solution was evaporated to dryness  Supporting Information Available: Detailed NMR spectra of
under vacuum, affording pur23 (25). 13 and 26 in CDsCN as well as spectra of catalytic reactions
followed by NMR. Drawings of the new compounds including
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