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Transition-metal-catalyzed cross-coupling reactions (cycle A in Scheme 1. Representative Mechanism for Metal-Catalyzed
Scheme 1) have enjoyed wide application in organic synthesis andCross-Coupling Reactions

are now extensively used for the efficient formation of carbon R‘*Rz\ . R'-X M —R' N \ M?—X
carbon and carberheteroatom bonds.The synthesis of these 1 M ( \ M
complexes is believed to occur via intermediates containing metal / \\ /

heteroatom and metatarbon bonds$. In principle, analogous /

coupling reactions could be devised in which a metal complex could MR’ MR’ m'-m? Mt w2
be used to catalyze the formation of a bond between a different R® \ X R’ X
metal center and a carbon or heteroatom (cycle B in Scheme 1), ,_// /
generating products potentially analogous to the above proposed " SN I , ™ s
intermediates. The ability to catalytically synthesize these types of M MR M= X M™ R
complexes could have a wide impact on research areas in which A B

such complexes are employed or are postulated as intermediates, o, jnjtial experiments targeted the transmetalation of a phenyl

especiglly if mechanistic insight can be gained to guide new group from BuSnPh 2) to 1 to generate [IFJPhCI3) ([IF] = Cp*
synthetic developme.nts.. " ) (PMey)lr; eq 1), resulting in the formation of a new iridiuntarbon
HO_W ever, the appllcathn of tranS|t|on-met_al-catalyzed couplln_g bond. A variety of potential transition metal catalysts were examined
reac_tlons to the synthesis of organometallic complexes remains, ttect the desired cross-coupling reaction (Table 1). The most
relatlvely_ rare. A few recent e>_<amples have come from the promising complexes were platinum-based. While catalysts derived
laboratories of Lo SterZaand Komiya? In both cases, it has been from Pt(dba) gave the best yieldswe chose to use PBUs); (4)

propqsgd that insertion of a transition metgl catalyst, Mto a for our subsequent studies due to its solubility and the ability to
transition metal complex R4+-X bond (X = halide, H) plays a key monitor 4 by bothH and3%P NMR.

role in the overall transformation. The2¥M*—X intermediate is In an effort to lower the reaction temperature, the use of-Me

Loy . L . .
analogous to the R'M*—X intermediate implicated in typical SnPh ba) was explored with the hope that decreased steric repulsion

- i . . o i : / at .
organic cross-coupling reactions (Scheme This M*=M'=X  14increase the reaction rate. Surprisingly, use of this compound
intermediate is then assumed to react via atransmetalatlonllnsertlorb“d not furnish3. Instead, exclusive methyl transfer was observed

followed by reductive elimination, yielding the organometallic
product.

It seems likely that many organometallic reactions that are
catalyzed by a second metal complex remain to be discovered. Toqqanometallic reactions studied by Lo Sterzo where selective
investigate this, we have explored the possibility that Stille-type alkynyl transfer from BSn—R' (R = Bu, Me, R = alkyne) is
reactions can be developed to promote the metal-catalyzed tranSfeBbserved.O Tin reagents bearing both Ph and alkyl groups com-
of an alkyl or aryl group from a tin reagent to the iridiun_] center in monly transfer the Ph rather than the Me group in electrophilic
Cp*(PMe)IrCl, (1) (Cp* = #°-CsMes; eq 1). The resulting aryll o5 ctiongit In our system, only methyl transfer is observed with
alkyl chloride complexes are important precursors to catalysts for the tin reagents M&nPh (5b) and MeSnPh (50), in addition to

H/D_ ex_chang‘é and for the hydration of alke_n@and C-H bond SnMg, (5d), where only methyl transfer is possible (Table 2).
activation’ We have found that such reactions can be catalyzed |, the absenceof the Pt catalyst, a slow background reaction

by coor(_jinati'vely unsaturated plati_num complexes. However, the is observed. However, in this thermal process, selegiivenyl

mechanism is much more complicated than the type of routes y.anefer occurs at 105 from 5c¢, while both phenyl and methyl

proposed previousf? transfers occur fronsa (Table 2)12 At 75 °C, these reactions are
extremely sluggish. Thugl is crucial to controlling the rate and

at 75°C, yielding [Ir]MeCl (6). The selectivity for methyl transfer
contrasts with the preferential aryl transfer from tin reagents
observed in organic cross-coupling reactiéms, well as with the

/&i catalyst /& o chemos_electiv_ity of the reaction._ _ .
,'r<g,' + QSnBUa ligand \/|r<© + BusSnCl (1) Our first evidence for mechanistic complexity appeared when
MesP MezP reaction monitoring revealed that all of the cross-coupling reactions
1 2 3 studied showed the gradual formation of a new Rtcomplex,

identified as (Busz),Pt(H)(CI) (7). Since the source of the HCl in
t University of California, Berkeley. this complex was unclear, we sought to determine whether the
#Colorado State University. presence of adventitious acid could be responsible for the catalytic
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Table 1. Preliminary Examination of Transition-Metal-Catalyzed
Carbon—Iridium Cross-Coupling

& catalyst /&
\,"<§|' : ansua lgand >"/CI + BugSnCl
MesP CH.Cl, MesP
1 2 3
catalyst ligand temp time
(mol %) (mol %) (°C) (h) %32
Pt(PPh)4 (9) NAd 135 26 0
(COD)PtC} (30) P{Bu)s (45) 135 26 0
[(COD)IrCI]2 (20) P{Bu); (57) 135 26 0
(CH3CN),PdCL* (15) NA 105 23 <2
(COD)NiI (55) P(Bu)s (80) 135 26 6
(COD)NiI (36) NA 135 26 9
Pt(PBus)2 (9) NA 130 22 20
Pt(dba)® (15) NA 135 21 40
Pt(dba} (9) P(Mes} (9) 130 22 48

aYield of product measured B3P NMR. © Pt black formed¢ Reaction
performed in DMF, and Pd black formed almost immediatéMA = not
applicable.

Table 2. Platinum-Catalyzed Sn—Me Transfer to 1

& s
/Ir<g|| + PhSnMe,,  9-13mol %4 /|r<,a'e + Ph,SnMe,,Cl

Me;P x=03 CD,Cl,, 75°C MesP
1 5a-d 6
time
tin complex (h) % 12 % 62
MesSnPh Ba)P 25 18 74
Me,SnPh (5b) 46 36 59
MeSnPh (5¢)¢ 140 57 24
Me,sSn (6d) 29 15 85

aYield of product measured P NMR. b Reaction performed in THF-
dg. ¢ Catalyst was generated in situ from Pt(dba)d P{Bu)s.

transformation ofl to 6 by carrying out a control experiment with
deliberately added acid. This revealed that HCI, in the absence of
Pt, is capable of catalytically convertiigo 6 with tin complexes
5aand5d. However, with tin compleXb, both phenyl and methyl
transfers occur, and only phenyl transfer occurs V&itt#® This
differentiates the acid-catalyzed from the metal-catalyzed pathway.
In order to prevent complications resulting from the acid-catalyzed
background, reactions catalyzed #ynly were performed in the

presence of base to scavenge adventitious acid. Amine bases werg

found to shut down the HCl-catalyzed transmetalation reaction.
However, the resulting ammonium salts can apparently still
protonated, as hydride7 was formed in the presence of the amine
baseg? All other stronger bases examined (e.g., Verkade's Base,
KO'BuU, sodium 2-methylbutan-2-oxide, (dimethylamino)trimeth-
yltin(IV), sodium malononitrile) reacted with eithér the solvent,

or 4, rendering them incompatible. Chloride is not responsible for
the conversion ofl to 6 since it inhibits the transmetalation:
reactions performed in the presence of 1 equiv ofsPMN*CIl~

did not produce any product.

Several experiments were carried out to establish the source of
adventitious acid and remove it effectively. Basification of the
glassware wh 1 M NaOH, filtration of all reactants butthrough
basic alumina(l), and recrystallization of catalystrom hexanes
failed to stop the formation of. It was ultimately discovered that
silylation of the glassware prior to reaction prevented the production
of 7. Our tentative conclusion is that generation of HCI occurs via

1840 J. AM. CHEM. SOC. = VOL. 130, NO. 6, 2008

Scheme 2. Proposed Mechanism
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reaction of the product SnM@él (8) with the surface hydroxyls of
the glass, and only silylation is effective in inhibiting this process.

The effective removal of adventitious acid allowed us to initiate
kinetic studies of the purely Pt-catalyzed reaction. Early experiments
revealed a novel feature of the reaction: autocatalysis (vide infra).
A plot of the loss ofl versus time did not give simple kinetic
behavior but, instead, demonstrated the presence of an induction
period, which implies tha# is not the active catalyst. Potential
detailed mechanisms that might explain this induction period are
(1) the generatioft of colloidal P?, (2) the presence of radical
intermediated; and (3) direct reaction of one of the products with
the catalyst precurso4.18

Evidence against the generation of a colloid& &italyst was
obtained by performing control reactions in the presence of excess
Hgl.1% No inhibition of the Me transfer reaction is seen, arguing
against colloidal Ptas the active catalyst. Similarly, evidence
against a radical reaction was obtained by performing a reaction in
the presence of the radical initiator AIBN (43 mol %) and a separate
reaction in the presence of the radical inhibitor BHT (120 mol %).
In both experiments, the induction period remained and there was
no dramatic alteration in the reaction rate. Hence, it appears unlikely
that the reaction proceeds through radical intermediates. The third
potential mechanism was tested by addition of the stoichiometric
products to the reaction mixture. Addition 6fdid not affect the
induction period, but the addition of 10 mol % of Sn)@#% 8,
substantially reduced it. Thus, it appears that reactiod with 4
Is required to form the active catalyst (Schem@&®Addition of 1
equiv of free PBuU); to a reaction mixture containing 10 mol % of
8 and 12 mol % o#4 severely inhibits the reaction, indicating that
dissociation of PBu); is also required for catalysis to enstle.

A mechanism consistent with our currently available data is
shown in Scheme 2. We propose that the induction period results
from the slow direct reaction of with 5d, producing6 and 8.
Once8 forms, a second reaction occurs with the precatadytst
produce a key species within the catalytic cyde, eventually
leading to autocatalysis and the signature sigmoidal curve of
autocatalytic kinetics (Figure 1). Included in the Supporting
Information is an explanation of how the proposed mechanism
accounts for the observed autocatalysis and a fit to an idealistic
autocatalytic model, which proved to be the key to discovering the
proposed mechanism. All of these data provide compelling evidence
for an autocatalytic mechanism. Additionally, we have been able
to fit the more detailed mechanism proposed in Scheme 2 directly
to the experimental data as shown in Figure 1.



COMMUNICATIONS

» [IfCI2 Expt
+ SnMed Expt.
& PL2 Expt.

* [IrjMeCl Expt.
—[IF|CI2 Fit
—SnMed Fit
—PIL2 Fit
— [IF)MeCl Fit

Concentration (M)

____j_.--é‘/‘ aaa N .

0 T T T
1] 1000 2000 3000
Time {min}

4000 5000

Figure 1. Concentration versus time data and curve-fit to the mechanism
in Scheme 2. Conditionsl (0.0278 M) with5d (0.0445 M) and4 (0.0050

M). The reaction was performed in dioxadgat 74°C and monitored by
IH NMR. There is some overlap of tH&l NMR signals forl, 6, and4,

which is the reason for the relatively large amount of scatter about the curve-

fit for 1 and4. Rate constants for the fit ake = 1.0 x 1073 M1 min~1,
ko =2.0x 108 M2 min%, k., =580 M min~%, ks =1.0x 108 M~
min~!, ky = 3.8 x 10° M1 min~1. Additional fits and rate constants

documenting the autocatalysis are provided in the Supporting Information.

The autocatalysis and sigmoidal kinetics in Figure 1 are of

Supporting Information Available: Experimental details for the

reaction ofl with tin complexes and for the curve-fitting are available.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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