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The Mechanism of the Stille Reaction tionalized organostannanes. Although it is nowadays considered
Investigated by Electrospray lonization Mass a standard method in organic synthesis, recent modifications
Spectrometry and variants of the S_tllle reaction havg p_p_ened a multitude of
new and highly attractive synthetic possibilities. Therefore, much
] ) effort has been dedicated to understand its mechanistic details
Leonardo S. SaintosT*G|ovann| B. ROS.S‘?; so as to guide the use of Stille reactions in the most rational
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Laboratory of Asymmetric Synthesis, Chemistry Institute of ~ reaction is based on three reaction steps: (i) oxidative addition,
Natural Resources, Unérsidad de Talca, P.O. Box 747, Talca, (ii) transmetalation, and (iii) reductive elimination (Scheme 1).
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elusive. For the Pd intermediates, there have been several reports
Issantos@utalca.cl; eberlin@igm.unicamp.br on their interception and characterization, but these studies have
) used mainly model reactions outside the real catalytic cycle.
Receied December 7, 2006 Structural evidence for main intermediates in a real, complete

catalytic cycle of a Stille reaction has been raes the report
by Casado and co-workers on the characterization of main Stille
intermediates byH, 1°F, and3'P NMR spectroscop$?
Comprehensive mechanistic investigations usually require
kinetic data based on long time scale monitoring usually
provided by UV, IR, or NMR spectroscopy. However, these
techniques are not often suitable to the short time scale required
for investigating transient species, whereas unequivocal assign-
ments of UV and IR bands or NMR peaks and couplings,
particularly for more complex or transient structures, may be
challenging and sometimes unfeasible. Electrochemical tech-
| ESI-MS niques have been used to monitor short-lived species, but they
e 150; o ﬂf“wm S provide limited structural information on the detected intermedi-
ates. Using electrochemical techniques, Amatore and co-workers

On-line monitoring of Stille reactions was performed via have obtained evidence for anionic Pd(0) and Pd(ll) intermedi-
direct infusion electrospray ionization mass spectrometry &t€s and then proposed a new catalytic cycle for Pd-catalyzed
(ESI-MS) and its tandem version (ESI-MS/MS). When cross-coupling reactions in which anionic palladium species are
operated in the positive ion mode, ES)MS was able to involved“PcRecently, these authors studied the transmetalation

: : . sStep of the Stille reaction in DMF in the presence of As&hd
transfer, directly from solution to the gas phase, the speC|esS ) X 4
involved in all main steps of a Stille reaction, that is, the established that it proceeds from PhPdI(AGBIMF species!

. . . . - Direct infusion electrospray ionizatidrmass (and tandem
catalytlcally_ active palladium species Pd(BE’h In its mass) spectrometry [ESI-MS(/MS)] has recently emerged as a
molecular ion form as well as the key cationic Pd(ll)

. . . X . . fast, sensitive, and selective technique able to probe reaction
intermediates, including cyclic IPd-(GBH)Sn species. a P

. I . M- mechanisnfs and to evaluate catalystsESI-MS provides
When searching for anionic species, ESMS monitoring y P
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continuous “snapshots” of the ionic composition (anions and
cations) of the reaction medium since it gefithansfers reagents
and products, but most particularly reaction intermediates (ionic
species or ionized forms of neutral species) directly from
solution to the gas phase in which MS and MS/MS character-
ization can be performedl Herein we report a ESI-MS(/MS)
investigation in which key Pd intermediates involved in the
major steps of a real catalytic cycle of a Stille reaction have
been intercepted and characterized.

The Catalytically Active Pd(0) SpeciesWe initiated our
investigation by the Stille coupling reaction of vinyltributyltin
(4) with 3,4-dichloroiodobenzene24) promoted by Pd(0)
precursors that is expected to form styrene deriva®ee
(Scheme 2). We searched first for the catalytically active Pd(0)
species, supposedlya, involved in the oxidative addition step
(Scheme 1). In Stille reactions, coordinatively unsaturated 14
electron Pdk speciesl, usually coordinated with weak donor
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FIGURE 1. ESI(+)-MS of an acetonitrile solution of Pd(OAZPPh.
The spectrum is shown across a narno¥z range in which major Pd
species were detected.

ligands such as tertiary phosphanes, are reasonably assumed to
constitute the catalytically active complex. Pd(BRP°which
occurs as a Pd(PB)s complex in solution, is the most common
Stille precatalyst¢ After the endergonic loss of a second
phosphane ligan#,¢the catalytically active species Pd(R]zh

is generated. It is proposed that phosphanes and water reduce
the Pd(ll) from the Pd(OAg) precatalyst to generate the
catalytically active species Pd(P#h but the in situ formation

of such species has remained elusive.

To investigate therefore the in situ formation of Pd(E)Rh
(1a), we used either Pd(OAgPhsP or Pd(PP¥)4 as precatalyst.
Acetonitrile solutions of these precatalysts were directly infused
into the ESI source operated in the positive ion mode so as to
monitor, via ESIf-)-MS, the cationic species formed in solution
(or during ESI) and eventually transferred to the gas phase. As
Figure 1 exemplifies, for both Pd(PBhand Pd(OAcyPPh
solutions, very similar spectra were acquired.

As shown in Figure 1, we found that indeed the catalytically
active species we were “fishing” for, that is, Pd(BRHPdL,
in Scheme 1), were efficiently intercepted and characterized by
ESI(#)-MS mainly as a typical cluster of isotopologue [Pd-
(PPh)2]** ions (la™), the most abundant of those being that
of m/z630. Besidedat, its acetonitrile and water adducts [Pd-
(PPR)2(MeCN)(H0)]™* (1b™) of mVz 689 and [Pd(PP-
(MeCN)(H,0),] ™ (1c™) of mVz 707 were also detected with
characteristiowz ratios and distributions of Pd isotopologue
ions. Speciedais suggested therefore to be present in its neutral
form in solution and to be oxidized to its respective molecular
ion during the ESI proces8.The solvent adductkb™ and1c'
are most likely formed fromia™ during the ESI process.

The 1%Pd isotopologue ion afa’™ of m/z 630 was selected
for ESI(+)-MS/MS characterization via collision-induced dis-
sociation (CID). It dissociates mainly via a structurally diag-
nostic pathway that proceeds by the loss of PRh give
PhePPd™ of m/z 368 followed by the loss of Pd to give PPh
of mz262. The somewhat uncommon loss of atomic palladium
(19%Pd)! was confirmed via ESH#)-MS/MS/MS'2 of the ion
of m/z 368 (PRPPd™), which shows that the ion dissociates
nearly exclusively by'%%Pd loss. The loss of Pd is likely
governed by the thermochemistry associated with competition

(9) (@) Hartley, F. R.Organomet. Chem. Re A 197Q 6, 119. (b)
Rosevear, D. T.; Stone, F. G. A. Chem. Soc. A968 164. (c) Coulson,
D. R.Inorg. Synth.1972 13, 121. (d) Mann, B. E.; Musco, Al. Chem.
Soc., Dalton Transl975 1673. (e) Fauvarque, J.-F.; Riler, F.; Troupel,
M. J. Organomet. Chenil981, 208 419. (f) Amatore, C.; Pflger, F.
Organometallics199Q 9, 2276.

(10) Zenobi, R.; Knochenmuss, Rlass Spectrom. Re1998 17, 337.
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FIGURE 2. ESI(+)-MS of an acetonitrile solution of Pd(PPhafter 400 500 600 700 S0 .80 SIo0o; ieng a0 900

the addition of 3,4-dichloroiodobenzefa.
FIGURE 3. ESI(+)-MS of the Stille reaction of 3,4-dichloroiodo-

SCHEME 3 benzeneZa) and vinyltributyltin @a) in acetonitrile mediated by Pd-
(PPh)..
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for the electron (the IE of RR is much lower than Pd, that is, 5a" m/z 569

m/z 958

IE Pd= 8.3369 eV versus IE BR = 7.44 eV). Speciega’™,
that is [PA(PPh),] ™, also dissociates by the loss of a neutral o reaction occurring in an acetonitrile solution containing
benzene molecule to forrn the.mlnor fragment iomwt 552 vinyltributyltin, [Pd(PPh)J], and 2a by ESI(+)-MS from 30 s
(see Supporting Information Figures S1 and S2). up to 2 h.

_ Stille Pd_(II) Intermediatee. After we succeeded in intercept- Initially, ESI(+)-MS data similar to those depicted in Figure
ing the main catalytic species Pd(RRf(12), we searched next 5 \yere acquired, but after 15 min, as Figure 3 illustrates, species
for species3a (Scheme 2) to be formed in the second step of g jhyolved in the transmetalation step was intercepted in the
the Stille reaction, that is, the oxidative additionla to 3,4- form of its molecular iorba** ([Cl,CeHa(PPh)IPd—CH(CHy)-
dichloroiodobenzene2g). Figure 2 shows a typical ESH)- SnBu]** of m/z 958) and mainly as the cationb* of m/z

MS of the reaction mixture. Note the detection of a main Pd- £eq \we rationalize thab* could have been sampled either
containing ion that corriaeponds to the Pd(ll) species:RpRd- directly from the reaction solution due to the ionization
CsHaClo] ™ (3b, ArPdLy"I™) for which the ion of/z 777 isthe o jilibrium of5a or be formed in the gas phase via dissociation
most abundant isotopologue. Note also the detection of the ¢ 5+ by the loss of both an iodide radical and neutral £Ph
acetonitrile adduc3ct of m'z818. ESI-MS/MS characterization or from both processes (Scheme 4). As shown by an inset in
of 3b" was performed by selecting its isotopologue ionmét Figure 3, another interesting ion aff’z 291 was intercepted.
777 for CID. As easH_y ratlenahzed from its putative structure, This ion corresponds probably to the interception of one of the
3b* was feqnd to drssocrate by the loss of a neutral PPh i ,nsmetalation producBa (Scheme 1) as BSN* (6b*), and
molecule giving the fragment ion afz515, whereas the phenyl g cation is again rationalized to be sampled either directly
cation rearrangement is I|kely'to precede the dissociation that .o the reaction solution (owing to equilibrium with )l or
forms another major fragrn.ent ion: PPtof miz339. Note that ¢, ES) jonization followed by iodine radical loss, or from
the loss of benzene frode™ and the formation of P#P™ from both processes. Note that the solution equilibria withmlay

3b™ as well as the loss of BW .from 7o (s_,ee below) are all be considerably disfavored but would be shifted toward the ionic
examples of P-C bond activation, for which there has been species as ESH) continuously removes Ifrom the solution.

precedent in the literatufé.The acetonitrile complex d3b”, Another key species that arises from transmetalation, that is
that is 3ct of m/z 818, dissociates mainly by the loss of the 7a, was also intercepted by ESI-MS via 7b* of m/z 657

CH:CN ligand to give3b™ of m/z 777, as expected by the  (rjgre 3). This ion is rationalized to arise via a (disfavored)
relative weakness of the Pd. bond (see Supporting Informa- — gqytion equilibrium betweer¥a and 7b* plus PhCj~. We
tion Figure S3). Next, we investigated the formation of | aiignalize that, despite its low concentration in solutidh®
intermediateda, 6a, and7a of the Stille reaction involved in is detected due to the outstanding sensibility of ESIS

the transmetalation and reductive elimination steps that occur, hereas the more abundant but neuftalescapes detectien.
after the addition of the vinylstannasta (Scheme 3). Note that ESI-MS/MS Characterization of the Pd(Il) Intermediates.

the use of a faster microreactbwas in this case unnecessary, To further characterize via ESH-MS/MS the important

actually Iinconve_niednt, sincel vinylstannane ado(ljition to the Pd;j cationic Stille intermediates, the most abundant isotopologues
(I1) species required several minutes to proceed. We monitored ot 1y, 958 (a*), 569 Gct), and 657 Tb*) were selected and

subjected to CID (see Supporting Information Figure S4).
Speciesba™ of m/z 958 dissociates by a structurally diagnostic

(11) Tomazela, D. M.; Gozzo, F. C.; Eberling, G.; Dupont, J.; Eberlin,
M. N. Inorg. Chim. Acta2004 357, 2349.

(12) Eberlin, M. N.Mass Spectrom. Re1997 16, 113. fashion, that is, by*lloss to form the fragment ion afVz 831,
(13) For a recent example, see: Qian, R; Liao, Y. X.; Guo, Y. L.; Guo, and then by PPhloss to form5b™ of nvz 569.
H. J. Am. Soc. Mass Spectro@006 17, 1582. Interestingly, gaseousb™ of mVz 569 dissociates by a gas-

(14) (a) Santos, L. S.; Metzger, J. @ngew. Chem., Int. EQ006 45, . AR
977. (b) Santos, L. S.: Knaack, L.; Metzger, J.16¢. J. Mass Spectrom. phase process analogous to the last reductive elimination step

2005 246, 84 and references therein. of the Stille reaction (Scheme 1), yielding both fireal Stille
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product 8a (detected by GEMS) and [BySn—Pd]" of m/z further illustrate the applicability of direct infusion ESI-MS(/
397. This structurally diagnostic loss for a gaseous and isolatedMS) in revealing, elucidating, and helping to consolidate
ion is evidence that Pd is able, intrinsically, to transfer the vinyl mechanisms of organic reactions.

group from Sn to the aryl group. Intermediate™ dissociates

mainly via two interesting routes involving either vinyl cation Experimental Section

or phenyl cation m'g”.i“‘)”. to phosphorus X‘"th formation of the General Procedure of Stille Reaction Screeningn a dry N,
respfctlve phosphonium ions ACH=CH," of m/z 289 and inert atmosphere glovebox, aryl iodi@a (0.057 mmol) and the
PPh™ of m'z 339. vinylstannanet (0.063 mmol, 1.1 equiv) were placed in a 2.0 mL

ESI(—)-MS Monitoring of Anionic Intermediates. We also vial, and the vessel was charged with 1.5 mL of previously dry
monitored by ESK-)-MS the same Stille reaction depicted in and degassed MeCN. To this solution was added PdjP@H0062
Scheme 2. We were particularly interested in the interception mmol, 10 mol %) and stirred vigorously. The system was taken at
of major anionic complexes such as those proposed by Amatore®nce with a Teflon-sealed microsyringe and analyzed on-line by
and co-workers to be the effective Stille catalysts, that is, ESI-MS for 3 h.

, _g S ; e ESI-MS and ESI-MS/MS. All experiments were performed on
ir: dI:ggéC)ee?jndcﬁ\;Eg:fgﬁgC);gi.agsmtgnlﬁiﬁﬁpengsaet:znpé a hybrid triple quadrupole linear ion-trap mass spectrometer (2000
Yy P ’ 9 QTrap MDS mass spectrometer, Applied Biosystems). For typical

detect only the raising, leveling off, and fading of of m/z electrospray ionization (ESI) conditions, the Teflon-sealed microsy-
127, that is, the counterpart anion of several solution salts ringe was put in a pump that delivered the reagent solution into
postulated for the interception & 5, and6 (see Scheme 5  the ESI source at a flow rate of 3. min—. ESI and the QqQ
and Supporting Information Figure S5). (linear trap) mass spectrometer was operated in the positive ion
Scheme 5 depicts a detailed catalytic cycle for the Stille reac- mode. Main conditions were curtain gas nitrogen flow, 20 mL
tion. Reaction steps and intermediates are basically similar to M™% ion spray voltage, 4500 eV; declustering potential, 21 eV;
e woring model proposed n e Sl reacion (Scheme ), YANce Pt 10 ey colsn cel et peter, 2.3, e
but now _the reactlo_n mtermecﬁatﬁa, 53’. 6a, and?alncll_Jdlng (CID) with nitrogen by using collision energies ranging from 5 to
the previously elusive catalytically active Pd(0) spediasire 45 eV,
shown in association with their respective ionic species inter-
cepted by ESI-MS and further characterized by ESI-MS/MS.  Acknowledgment. We thank the Brazilian research founda-
For a Stille reaction, on-line ESH)-MS(/MS) monitoring tions FAPESP and CNPq for financial assistance (R.A.P. and
have allowed us to intercept and characterize (a) the actualM.N.E.). L.S.S. also thanks IFS (F/4195-1) and Programa de
catalytically active species Pd(Ph (b) the oxidative addition ~ Investigacim en Productos Bioactivos-UTalca for support of
product3a as the corresponding ionic specigls, and (c) the research activity.
transmetalation intermediaba and two products of this process
6a and7a. Gas phase reductive elimination (féib*) has also
been observed. Therefore, for the first time, most of the major
intermediates of a Stille reaction have been intercepted, isolated
and characterized. Using ESI\-MS, the counteranionwas
the single species detected. Such straightforward experimentslO062512N

Supporting Information Available: Full details of spectro-
metric data ofla (Figure S1),3b,c (Figure S3),5ab, and7ab
(Figure S4). This material is available free of charge via the Internet
at http://pubs.acs.org.
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