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Abstract: Mechanistic studies of a palladium-mediated decarboxylative olefination of arene carboxylic acids
are presented, providing spectroscopic and, in two instances, crystallographic evidence for intermediates
in a proposed stepwise process. Sequentially, the proposed pathway involves carboxyl exchange between
palladium(ll) bis(trifluoroacetate) and an arene carboxylic acid substrate, rate-determining decarboxylation
to form an arylpalladium(ll) trifluoroacetate intermediate (containing two trans-disposed S-bound dimethyl
sulfoxide ligands in a crystallographically characterized form), then olefin insertion and s-hydride elimination.
Because of the unique mode of generation of the arylpalladium(ll) trifluoroacetate intermediate, a species
believed to be substantially electron-deficient relative to phosphine-containing arylpalladium(ll) complexes
previously studied, it has been possible to gain new insights into those steps that are common to the Heck
reaction, namely, olefin insertion and S-hydride elimination. The present results show that there are notable
differences in reactivity between arylpalladium(ll) intermediates generated by decarboxylative palladation
and those produced in conventional Heck reactions. Specifically, we have found that more electron-rich
alkenes react preferentially with an arylpalladium(ll) trifluoroacetate intermediate formed by decarboxylative
palladation, whereas an opposite trend is found in conventional Heck reactions. In addition, we have found
that the aralkylpalladium(ll) trifluoroacetate intermediates that are formed upon olefin insertion in the present
study are stabilized with respect to g-hydride elimination as compared to the corresponding phosphine-
ligated aralkylpalladium(ll) complexes. We have also crystallographically characterized an aralkylpalladium-
(IN) trifluoroacetate intermediate derived from arylpalladium(ll) insertion into norbornene, and this structure,
too, contains an S-bound dimethyl sulfoxide ligand; the ipso-carbon of the transferred aryl group and
trifluoroacetate function as the third and fourth ligands in the observed distorted square-planar palladium-
(Il) complex.

Introduction carbonate (2 equiv) as a base (and stoichiometric oxidant) in a
The Heck coupling of alkenes with aryl halides is of mixed solvent of dimethyl sulfoxide (DMSO, 5% v/v) M,N-

fundamental importance in synthetic organic chemistry and hasdimethylformamide (DMF) and promotes the coupling of an

provided the inspiration for the development of many procedural arene carbogyhc aC|d.(1 equw) W'.th an glkeng (1.5 gquw). The
variants as well as entirely different palladium-catalyzed decarboxylative coupling reaction is efficient with various ortho-
coupling processes (eq L)Recently, while searching for substituted arene carboxylic acids as substrates, and many olefins

catalysts that would promote a decarboxylative coupling of arene Ere Su'ts?bﬁ r(]:ouplr:nghpartner:s,d including cyahgﬁl -unsatu_ratle?
carboxylic acids with any of several different potential coupling etones. Although the method is not currently practical for

partners, we discovered a system that accomplished a Heck_large-scale synthesis due to the high loadings of silver and
like cou;;Iing of arene carboxylic acids with alkenes (ed 2) palladium that are required, the process is nonetheless of interest
" given the novelty of the chemistry involved. Like the Heck

ArX PN Pd(0) Are 2 ) reaction, the decarboxylative coupling of arene carboxylic acids
: T 7R B: R with alkenes forms a styrene derivative as product. As we will

show, the two processes share common elementary steps in their
late stages, but there are important differences as well. The most

Pd(O,CCF3)»

ArCOH  + S A~y @ (1) Recent reviews: (a) Beletskaya, I. P.; Cheprakov, ACKem. Re. 200Q

Ag>CO3 100, 3009-3066. (b) Whitcombe, N. J.; Hii, K. K.; Gibson, S. E.
Tetrahedron2001, 57, 7449-7476.
The method we developed employs a catalytic quantity of @ Q"lyzeg&figfa”aka' D.; Mannion, M. R. Am. Chem. So@002, 124,

palladium(ll) bis(trifluoroacetate) (0.2 equiv) and silver(l)  (3) Tanaka, D.; Myers, A. GOrg. Lett.2004 6, 433-436.
10.1021/ja052099! CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 10323—10333 = 10323
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noteworthy of these is the mechanism of generation of the
arylpalladium(ll) intermediate; in the Heck reaction this involves

(a) DMSO-dg, 23 °C (500 MHz)

OCH
oxidative insertion of palladium(0) into a carbehalogen bond, ’
whereas in the decarboxylative coupling the process is mediated CHiO COsa
by palladium(ll) and involves decarboxylative—C bond cHd M

cleavage. Here, we describe detailed mechanistic studies that
shed light on each step of the decarboxylative coupling process.
Development of a Stoichiometric System for Mechanistic
Study. To develop a system that was suitable for spectroscopic
analysis of the organopalladium intermediates that are formed
during the decarboxylative olefination reaction, we modified
our standard conditions in several ways. First, a stoichiometric
quantity of palladium(ll) bis(trifluoroacetate) was used rather
than 20 mol % as beforepbviating the need for an oxidant in
the reaction. Second, the reaction was conducted in a stepwise
fashion, either by lowering the reaction temperature or by
withholding the olefinic coupling partner. This allowed us to
observe intermediates that were present prior to the olefin
insertion step (vide infra). It was found to be more convenient
to use pure DMSO for spectroscopic studies rather than the
mixed solvent previously employed (5% v/v DMSO in DMF).
This had the added benefit of producing exceptionally clean
spectra relative to those obtained from mixed solvent systems.
Finally, in the absence of the olefinic substrate and the base
(silver(l) carbonate), we found that partial protonolysis of an
observed arylpalladium(ll) trifluoroacetate intermediate (vide
infra) occurred; however, this side reaction was completely
suppressed when the sodium salt of the arene carboxylic acid
was used as substrate. Our primary substrate for study was
sodium 2,4,5-trimethoxybenzoat#) ( selected on the basis of
the simplicity of the'H NMR spectra of its derivatives, as well
as its favorable reactivity profile.

(b) + Pd(OoCCFg)y, 23 °C

ArCO,PdO,CCF, (2)
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. . . i _ Figure 1. IH NMR study of the reaction between palladium(ll) bis-
NMR spectroscopic analysis of sodium 2,4,5-trimethoxyben (trifluoroacetate) and sodium 2,4,5-trimethoxybenzoéjer( the absence

zoate () in pure DMSO#ds showed two singlets in the aromatic  of an olefinic reactant. (@ NMR spectrum of sodium 2,4,5-trimethoxy-
region O 6.49 and 6.99, Figure 1a). These were shifted to lower benzoate ) in DMSO-ds at 23°C (500 MHz). (b)'H NMR spectrum 5
field and were somewhat broadened upon addition of 1.2 equiv Min after addition of Pd(@CCF), at 23°C. (c—€) *H NMR spectra after

. . . 5, 10, and 15 min heating, respectively, at®Q Ar = 2,4,5-trimethoxy-
of palladium(l) bis(trifluoroacetate) at 2& (614 6.62 and 7.01, phenyl. Although not identified unambiguously, the peaké;a¥.27 and
major species, Figure 1b), which we attribute to the formation 6.71 (labeled *) correspond exactly with those observetHiNMR analysis
of trifluoroacetato palladium(ll) 2,4,5-trimethoxybenzoa®® (  of a sample of 2,4,5-trimethoxybenzoic acid in DM$©-prepared
In addition, a minor species was observed, characterized by a"dependently.
slight downfield shifting of the lower-field peakWe assign
the minor species as palladium(ll) bis(2,4,5-trimethoxybenzoate)
(3, 0n 6.62 and 7.04, the distribution of major and minor
products was-6:1, Figure 1b). The structural assignments of . .
the major and minor species are supported by the observation(mﬂuoroacete_‘te) was the same n both ex_penmg_nts_). The
that the integration values of the two peaks were dependent uponoro.dUCt species were shown to b.e in dynamic equilibrium by
the ratio of arene carboxylate to palladium(ll) bis(trifluoroac- variable-temperaturé NMR analysis (coalescence temperature

etate). Thus, with 1.5 equiv of sodium 2,4,5-trimethoxybenzoate ;40 C)'lAt 3}0 g Wh]?rledeqU|I|br|um is rapid on tHﬁLNMR .
(2) relative to palladium(ll) bis(trifluoroacetate) the ratio of Ime scale, the downhield resonances weré merged, appearing

. . . as a single peak (Figure 1c). Saturation-transfer experiments
trifluoroacetato palladium(ll) 2,4,5-trimethoxybenzoa® (o0 . .
ruor P tumll) ! xybenz ( conducted at 20C established that the palladium(ll) carboxylate

species were exchanging even at ambient temperature.
Observation and Structural Analysis of an Arylpalladium-

(1) Trifluoroacetate Intermediate; Palladium-Induced De-

carboxylation: Step 2. When solutions of the proposed

trifluoroacetato palladium(ll) 2,4,5-trimethoxybenzoate inter-

Spectroscopic Analysis of Carboxyl Exchange: Step 1H

palladium(ll) bis(2,4,5-trimethoxybenzoaté) (vas~1:1, while
with 0.33 equiv of the sodium carboxylate the observed ratio
was >95:5 (the initial concentration of palladium(ll) bis-

(4) The presence of a third species is inferred from the large line width of the

major, downfield aromatic peak in thel NMR spectrum §y 7.01, Avy,

= 8.1 Hz) and from the line shape of the carboxyl peaks int#3eNMR

spectrum generated usifgC-1 (carboxyl labeled, Figure 3a). The third
species constitutes<15% of the reaction mixture (determined from
deconvolution analysis of thEC NMR spectrum) and, considering the
coincidence of théH NMR chemical shifts, is presumably very close in
structure to trifluoroacetato palladium(ll) 2,4,5-trimethoxybenzo@e (

perhaps containing a®-bound rather thar&bound DMSO ligand or
ligands.

10324 J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005
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Figure 2. Structure of the arylpalladium(ll) trifluoroacetate intermedidtas determined by X-ray crystallographic characterization. The unit cell also
contains a molecule of DMS@s, which has been omitted here for clarity. Selected bond lengths (A) and bond angles (deg)- R(1.2805(9), Pd-
(1)—S(2) 2.2940(9), Pd(H)O(4) 2.120(2), Pd(1yC(1) 1.994(3); S(1yPd(1)-C(1) 88.27(9), S(2yPd(1)-C(1) 90.14(9), O(4yPd(1)-C(1) 173.99(13).

Table 1. Crystal Data and Structure Refinement Parameters for
Arylpalladium(ll) Trifluoroacetate 4

Compound 4

empirical formula C,H,D,F.O.PdS,

formula weight 633.05

temperature 1932) K

crystal system triclinic

space group P-1(2)

crystal color yellow

unit cell dimensions a=8.5349(16) A, o, = 77.006(4)°
b=12.272(2) A, B =84.234(4)°

c=12.397(2) A, y=75.749(4)°

volume 1224.9(4) A®
V4 2
goodness-of-fit on F* 0.930

final R indices [ >20()] R1=0.0417, wR2 =0.0664

2.5 min at 80°C, 'H NMR analysis), producing the proposed
arylpalladium(ll) trifluoroacetate intermediate (Figure 1c-
e). Intermediatet was characterized by a substantial upfield
shifting of the two singlets in the aromatic regiai(6.40 and

(a) '3C-1 + Pd(O,CCF3),, DMSO-dj, 23 °C ('3C NMR, 100 MHz)

Pd(Ar'3CO,), ('3C-3)
\-—Ar“’COdeOZCCFg (**c-2)

DMSO-d
(150 MHz)
172 171
— Ar'3CO.H
(b) 60 °C, 8 min 19C0,
DMSO-dj

Ar'3C0O,PdO,CCF,
(130_2)

Oy

T T T T T T T T
160 140 120 100 80 60

T
40 ppm

13C NMR study of the decarboxylation of3C-carboxyl
2,4,5-trimethoxybenzoate*C-1). (a) 13C NMR spectrum of!3C-1 and

Figure 3.

6.72), as well as by a decrease in the line width of these peakspd(Q,CCR), in DMSO-ds at 23°C (100 MHz, inset= 150 MHz). (b)23C

relative to the precursod{ oy 6.72,Avyp = 2.5 Hz;2: on
7.01, Avyp, = 8.1 Hz). The decarboxylation reaction was
complete after just 15 min at 80C, affording a product
spectrum that was remarkably clean (Figure 1e).

Addition of tetrahydrofuran (THF) to a solution of the
arylpalladium(ll) trifluoroacetate intermediatein DMSO-dg
followed by cooling produced single crystals suitable for X-ray

NMR spectrum after 8 min heating at 6C.

trimethoxycinnamate and palladium black (vide infra). These
observations support the proposal that the arylpalladium(ll)
trifluoroacetate comple# is an intermediate in the decarboxy-
lative olefination reaction.

The decarboxylative palladation reaction that produced the

analysis. The structure of the crystalline product was determinedarylpalladium(ll) trifluoroacetate complekwas also monitored

to betrans[(2,4,5-trimethoxyphenyl)Pd(DMS@g)(O.CCFs)]

by 13C NMR analysis using substrate bearing®€-label on

(4, Figure 2, Table 1). The complex is monomeric and contains the carboxyl carbonC-1, Figure 3). When'3C-1 and palla-

two DMSO-ds ligands, each bound to palladium through its
sulfur atom (palladium sulfur bond distances: 2.281 and 2.294
A). The ipso-carbonpalladium bond distance is 1.994 A, and
the aryl ring is perpendicular to the palladium square plar-(
(1)—Pd(1)-C(1)—C(2) = 89.6). Dissolution of the crystalline
material in DMSOds and'H NMR analysis of the resulting

dium(ll) bis(trifluoroacetate) (1.2 equiv) were combined in
DMSO-ds at 23°C, we observed the carboxyl carbon resonance
as a broad peak & ~ 172 (3C NMR, 100 MHz). At higher
field (150 MHz, see inset, Figure 3a), two partially resolved
peaks were observed at 171.7 and 171.8, and these we
tentatively assign as trifluoroacetato palladium(ll) 2,4,5-tri-

solution provided a spectrum that was identical to those obtainedmethoxybenzoate?] and palladium(ll) bis(2,4,5-trimethoxy-

prior to crystallization; further, this solution was found to react
with tert-butyl acrylate at 23°C, affording tert-butyl 2,4,5-

benzoate)J), respectively, on the basis of the correspondence
of their relative intensities with those observedtd NMR

J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005 10325
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(@) 4 +7 >Co,tBu, DMSO-dg, 20 °C, 2 min (400 MHz)

Pd
Pd Ar
Ar ArPdO,CCF3 (s)COZt-Bu
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AR | /
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Figure 4. H NMR study of the olefin insertion reaction betwetent-butyl acrylate and the arylpalladium(ll) trifluoroacetate intermediaad the subsequent
pB-hydride elimination reaction of the derivedaralkylpalladium(ll) intermediate5j. (a) *H NMR spectrum 2 min after the addition tdrt-butyl acrylate
to a solution of arylpalladium(ll) intermediatein DMSO-ds at 20°C (400 MHz). (b)*H NMR spectrum aftel h at 20°C. (c) *H NMR spectrum after
12 h at 20°C. Ar = 2,4,5-trimethoxyphenyl. Although not identified unambiguously, the pealig @t27 and 6.71 (labeleg correspond exactly with those
observed intH NMR analysis of a sample of 2,4,5-trimethoxybenzoic acid in DM&@repared independently.

analysis (see Figure 16When warmed to 60C, the solution reaction. Solutions with added bromide showed no evidence of

was found to smoothly evolvEC-labeled carbon dioxided¢ decarboxylation nor of arylpalladium(ll) intermediate formation

123.9)° while the peaks aic ~ 172 diminished correspondingly ~ even after heating at 82C for 2 h ¢H NMR analysis); the

(Figure 3b)¢ There is little doubt that the species giving rise to spectra were, however, consistent with the formation of a

the newly formed peak is carbon dioxide, for degassing of the (nonreactive) 2,4,5-trimethoxybenzoato palladium(ll) bromide

NMR sample removed it; also, we had earlier observed that intermediate (see Supporting Information). Last, the rate of

decarboxylative palladation of 2,4,5-trimethoxybenzoic acid decarboxylation was dependent upon the composition of the

under our standard conditions led to a positive limewater test solvent, with the rate of reaction in a 19:1 mixture of DMf--

for carbon dioxide in the reaction efflueht. and DMSOeg being 2-fold greater than that in neat DM31p-
Finally, we briefly note a series of observations concerning (k= 1.2 x 1073 s7%, 19:1 mixture of DMFel; and DMSO¢l,

the influence of additives and solvent composition upon the rate versusk = 5.5 x 1074 s71, DMSO-ds, 'H NMR analysis, 60

of decarboxylative palladation, which bear upon mechanistic °C).

discussions later. First is the fact that added sodium trifluoro-  opservation of e-Aralkylpalladium(ll) Intermediates:

acetate (6-32 equiv) was found to slow the rate of decarboxy- Qlefin Insertion and -Hydride Elimination: Steps 3 and 4.

lative palladation ofl only slightly, even when in large €xcess  preformed solutions of the arylpalladium(ll) trifluoroacetate

(k=15x 1075, 32 equiv of NaQCCFs, versusk = 4.8 x intermediate4 in DMSO-s or, in the case of low-temperature

107 s™, 0 equiv,'H NMR analysis, 80C), whereas addition  yeactions €20 °C), a 19:1 mixture of DMFd; and DMSOé,
of just 1.1 equiv of lithium bromide or tetra-butylammonium respectively, were treated with 1.2 equiv of eithert-butyl

bromide completely abolished the decarboxylative palladation ¢yjate, styrene, or acrylonitrile, and the ensuing reactions were
followed by'H NMR spectroscopy. The coupling éfandtert-

(5) Williams, E. A.; Cargioli, J. D.; Ewo, AJ. Chem. Soc., Chem. Commun.

1975 366-367. butyl acrylate was most conveniently monitored, at 2D

(6) The reaction was conducted at 80 rather than at 80C as in earliefH ; ;
NMR experiments (Figure 1) to allow sufficient time to acqui{€ NMR (Flgure 4)' We ob§erved that, over the (.:OUI’SG Of_the _reactlon,
spectra of intermediates in the reaction. peaks corresponding # gradually diminished while signals

10326 J. AM. CHEM. SOC. = VOL. 127, NO. 29, 2005
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attributable to ther-aralkylpalladium(ll) intermediaté andtert- Scheme 1. Summary of Competitive Olefination Experiments with
butyl 2,4,5-trimethoxycinnamate, the final product, grew in Styrene, tert-Butyl Acrylate and Acrylonitrile (1 equiv each)?
sequence (Figure 4)After 1 h at 20°C (Figure 4b), the Results of Competition Experiments Employing:
intermediates had been completely transformed inéot-butyl A ph A COut-Bu Z>CN
2,4,5-trimethoxycinnamate; however, small amounts of the (1 equiv) (1 equiv) (1 equiv)
arylpalladium(ll) trifluoroacetate intermediateremained. In

addition, the'H NMR spectrum was characterized by a (a) COM “ R
distinctive broadening of peaks corresponding to the cinnamate @[ 2" 20 mol% Pd(0,CCFa)s, /@\/\/
ester. Significantly, the product spectrum at this point revealed CHgO OCH;z 5% viv DMSO, DMF, CHgO OCHg
a new and transient intermediate, characterized by two broad i Ag2COg, 80°C, 24 h A= ON < GOptBu < Ph
signals of equal intensity in the alkyl regiof(2.78 and 3.10). 1. 2 : 27
This intermediate is proposed to be the palladacgclermed (0) | i <R
by (reversible) addition of a hydridopalladium(ll) specieset /@i _10 mol% Pd(OAc), m
butyl acrylate? After 12 h at 20°C (Figure 4c), palladium black CH30 OCHz  NaHCOg, BusNBr,  GHs0 OCH,
had precipitated and peaks for the proposed palladaéywtere 10 DMF, 110°C, 30h R =CN > CO,tBu > Ph
absent; further, peaks foert-butyl 2,4,5-trimethoxycinnamate 17007 1
were notz_;lbly sharp (yield ca. 9(_)% Iy NMR) and the 10 mol% Pd(PPh3)4, SR
arylpalladium(ll) trifluoroacetate intermediaté had been /@

completely consumed. By conducting the olefin insertion CHgO OCHg “EGN, DM, 110°C, DMF,110°C: oHg0 OCHg
reaction at 0°C, the rate off-hydride elimination was R =CN > CO,tBuU > Ph
sufficiently slowed such that COSY, HMQC, and HMBC data 17 : 6 A

could be obtained (data not shown); all supported the assignment (@) 20 mol % Pd(GCCFs),, 5% v/v DMSO, DMF, AgCO;, 80°C, 24

of the primary intermediate as thearalkylpalladium(ll) species M (b) 10 mol % Pd(OAG) NaHCG, BwNBr, DMF, 110°C, 30 h; (c) 10
) : X _ mol % Pd(PP)s, EtN, DMF, 110°C, 30 h.

5. It is noteworthy that whereas in experiments employing 1.2

equiv of tert-butyl acrylate the olefinic peaks of both the CF3COPd._Ph CF3C0O,Pd._ COpt-Bu
substrate and the cinnamate product were observed to broaden j/ j/
as the reaction proceeded, in experiments employing 3.0 equiv Ar 7 Ar 5
of tert-butyl acrylate, the olefinic peaks of the cinnamate product t1o < 15 min, =20 °C t;o < 6 min, 20 °C
appeared as sharp doublets throughout the reaction. Also, under
the latter conditions, the palladacy@ewvas not observed. CF3COPd._CN CF3CO,Pd

The addition of the arylpalladium(ll) trifluoroacetate inter- Ar]/ Ar]@
mediate4 to styrene was observed to be much faster than the 8 1
corresponding reaction wittert-butyl acrylate and proceeded tip=25h,23°C tip>6d,23°C

to completion within 2 min at 23C. By conducting the reaction Figure 5. Half-lives of observedr-aralkylpalladium(ll) intermediates,

at—20°C, it was possible to observe signals corresponding to 7, 8, and 11. In each_ case, the—aralkylp_alladium(ll) intermediate was
’ transformed cleanly into the corresponding Heck-type product. Thus, the

the aliphatic protons of theuaralkylpalladium(ll) intermediate  pait.lives provide an estimation of the ratefshydride elimination in each

7 (see Supporting Information). In contrast to the adducts case.

derived fromtert-butyl acrylate and styrene, the acrylonitrile-  of the acrylonitrile-derived-aralkylpalladium(ll) intermediate
derivedo-aralkylpalladium(ll) intermediat@ was found to be (8) gave exclusively cinnamonitrile products.

slow to form (requiring 30 min at 23C for completion, see Competitive Olefination Experiments. To confirm the
Supporting Information) but, once formed, the complex exhib- relative reactivities of the olefinic substrates suggested by the
ited remarkable stabilityt{,, = 25 h, 23°C, insensitive to air) individual experiments discussed above (styrengert-butyl

permitting its characterization by HMQC, HMBC, ahi€ NMR acrylate> acrylonitrile), a competition experiment was con-
spectroscopy (see Supporting Information*f@ NMR). Unlike ducted using our original catalytic decarboxylative olefination
the reactions oft with tert-butyl acrylate and styrene, which  conditions and 1 equiv each of 2,4-dimethoxybenzoic a@jd (
afforded exclusively trans products, the reaction4ofvith and the three olefins styrertert-butyl acrylate, and acrylonitrile

acrylonitrile afforded a small amount of tlegs-cinnamonitrile (Scheme 1a). The product distribution was as expected, with
product, although the trans isomer predominated (3:1 trans:cis,the product stilbene- cinnamate> cinnamonitrile (distribu-
respectivelyf. Finally, although the reaction &f with styrene tion: 2.7:2:1, respectively). Importantly, parallel competition
was at least 3 orders of magnitude more rapid than the reactionexperiments employing the Heck substrate 1-iodo-2,4-dimethoxy-
of 4 with acrylonitrile, addition of styrene to preformed solutions benzene 10) and, again, 1 equiv of each of the three olefins
styrene,tert-butyl acrylate, and acrylonitrile under either the

(7) Peaks corresponding to unreacted-butyl acrylate (used in slight excess)  Jeffery condition¥ (Scheme 1b) or using tetrakis(triphenylphos-
are not observed in the spectrum at 2 min; however, broadened peaks arephj i i i
observed betweedy ca. 4.2-5.5 (Figure 4a). Similarly broadened peaks phme)palla@um(O) (.S(?heme. 1C) gave the .OppOSI'[e o_rd(_e”ng of
at oy ca. 5.4-6.2 were observed at 12 h (Figure 4¢). It is possible that products (cinnamonitrile> cinnamate> stilbene, 17+7:1,
these broadened peaks correspond to unreaetefutyl acrylate, shifted respectively in both cases)
and broadened as a consequence of interaction with a Pd(ll) species in ! i

solution. . Structural Characterization of e¢-Aralkylpalladium(ll)
(8) Brown, J. M.; Hi, K. K.Angew. Chem., Int. Ed. Engl996 35, 657~ Intermediates. Each of the three-aralkylpalladium(ll) inter-
(9) Similar observations have been reported in conventional Heck reactions

with acrylonitrile. Spencer, Al. Organomet. Chen1984 270, 115-120. (10) Jeffery, T.Tetrahedron Lett1994 35, 3051-3054.
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Figure 6. Structure of the norbornene addudt as determined by X-ray

crystallographic characterization. Selected bond lengths (A) and bond angles

(deg): Pd(1)-S(1) 2.2556(8), Pd(HO(1) 2.191(2), Pd(1C(5) 2.028 (3),
Pd(1)-C(12) 2.241(3); S(EyPd(1)-O(1) 95.35(7), C(15)Pd(1)-C(12)
70.11(12).

mediatesb, 7, and8 discussed above (see Figure 5) displayed
fluxional behavior in'H NMR analysis. For example, itH
NMR analysis of theert-butyl acrylate-derived intermediafe

at 20°C (Figure 4a) the resonance corresponding to the ortho-
hydrogen resonance of the trimethoxyphenyl group was sub-
stantially broadenedd(; 7.20, Avy;, = 11.1 Hz), whereas all
other signals for this compound were sharp (e.g., for the meta-
CH: 6y 6.60,Av12, = 2.3 Hz). The styrene-derived intermediate

7 exhibited similar behavior ifH NMR analysis at—20 °C
(see Supporting Information). For the acrylonitrile addj¢he
ortho-hydrogen resonance of the trimethoxyphenyl group was
relatively sharp at 22C (5% v/v DMSO#dg/DMF-d;, oy 7.34,
Avip = 5.7 Hz); however, this signal was observed to broaden
significantly as the probe temperature was reducea0(°C,

On 7.46,Av1, 37.8 Hz)M In each case, only the ortho-hydrogen
resonance of the aryl ring was broadened in theNMR
spectrum. By contrast, the resonances for the hydrogens of th
aliphatic carbonst andf to the palladium appeared as sharp
peaks.

The origin of the selective broadening observed in tHe
NMR spectra of ther-aralkylpalladium(ll) intermediates was
made clear in experiments with a fourth alkene substrate,
norbornene. Addition of norbornene (1.2 equiv) to a solution
of the arylpalladium(ll) trifluoroacetate intermediate in
DMSO-ds at 23°C produced an observahtearalkylpalladium-

(I) intermediate 1) that displayed fluxional behavior in both
IH and*C NMR analysis (see Supporting Information). As with
the other alkene addition products we studied, fluxionality was
associated solely with the trimethoxyphenyl group. Specifically,
the ortho-hydrogen resonance of the norbornene adtiijct
which was sharp in théH NMR spectrum at 23C (5% v/v
DMSO-ds, DMF-dy, 0y 7.36, Avi, = 6.4 Hz), became very
broad upon cooling the probe t620 °C (0 7.41,Avy, = 34.5

e

Table 2. Crystal Data and Structure Refinement Parameters for
o-Aralkylpalladium(ll) Trifluoroacetate 11

Compound 11

empirical formula C,H,D[F,0PdS
formula weight 564.91
temperature 193(2) K

crystal system orthorhombic
space group P222 (19)
crystal color yellow

unit cell dimensions a=9.3554(12) A, o = 90°
b=14.1121(19) A, B = 90°

c=16.823(2) A, y=90°

volume 2221.1(5) A
Z 4
goodness-of-fit on F° 1.188

final R indices [I > 2c(f)] R1=10.0330, wR2 =0.0689

structure of the norbornene adduct (Figure 6, Table 2) shows
that the palladium atom is bound to one molecule of DMSO
(Sbound, palladiursulfur bond distance= 2.256 A), trifluo-
roacetate, a norbornyl carbon, and the ipso-carbon of the arene
ring (palladium-carbon bond distance 2.241 A). The four
ligands form a square-planar coordination environment for the
palladium, somewhat distorted from an ideal geometry. In
addition, the plane of the arene ring is canted relative to the
C(6)—C(12) bond JC(6)—C(12)-C(15)= 168.3), but the two
ortho-carbons are equidistant from the palladium atom
(0-COCHg, 2.798 A;0-CH, 2.803 A).

Stereochemical Course of Olefin Insertion angd-Hydride
Elimination Steps. By usingcis- andtrans-3-deuterio-styrenes
as olefinic coupling partners, we were able to determine the
stereochemistry of both the olefin insertion afiehydride
elimination steps. Thus, reaction of the arylpalladium(ll) tri-
fluoroacetate intermediaté with cis-5-deuterio-styrene gave
unlabeledtrans-2,4,5-trimethoxystilbene as the sole product
(Scheme 2a), whereas reactiorafith trans3-deuterio-styrene
gave trans-a-deuterio-2,4,5-trimethoxystilbene exclusively

Hz), and the ipso-carbon was observed as a very broad peak atScheme 2b). By conducting low-temperature NMR experi-

dc ca. 80 in the*C NMR spectrum at 20C. It is noteworthy
that the ipso-carbon chemical shift appeared ca. 40 ppm upfield
relative to that oftert-butyl 3-(2,4,5-trimethoxyphenyl)propi-
onate, a palladium-free reference standard (ipsé«C119.4).

The norbornene-derived intermediatd)was unusually stable.
For example, only minor decomposition was observed after 6
days at 23C. Addition of THF and ethyl ether to a solution of
11in DMSO-gs followed by cooling to—20 °C produced single
crystals suitable for X-ray diffraction studies. The solid-state

(11) Full variable-temperature analysis was precluded by the thermal instability

of the aralkylpalladium(ll) intermediate and the freezing point of the solvent

(5% v/iv DMSOds, DMF-dy).
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ments, it was possible to observe the intermediatralkyl-
palladium(ll) complexes in each case. Thus, additior ab
cis-3-deuterio-styrene at40 °C produced ther-aralkylpalla-
dium(ll) intermediatel 2, which exhibited a three-bond coupling
(3Jn-n) of 4.0 Hz between the aliphatic protons, consistent with
the conformation depicted in Scheme 2a, whereas addition of
4to transS-deuterio-styrene at40 °C produced the-aralkyl-
palladium(ll) intermediatel3, which exhibited a 10.3-Hz
coupling between the aliphatic protons, consistent with the
conformation shown in Scheme 2b. These data are fully
consistent with syn-addition and syn-elimination mechanisms
in the olefin insertion and reductive elimination steps, respec-



Decarboxylative Olefination of Arene Carboxylic Acids ARTICLES

Scheme 2. 'H NMR Studies Establishing the Stereochemical
Course of the Olefin Insertion and $-Hydride Elimination Reactions
of the f-p-Styrene Derivatives (a) cis-3-p-Styrene and (b) CHy

trans-f3-b-Styrene@ \ e
(£ ’ o 1
Hooagwsos L RO W ol | = -
Ho ~dy, 3& >-15°C Ho 0—FPd—o0
D -78°Cto-15°C H M Ph H ‘ O>/_CFS o3
Ph 12 Ph CH3““,3¢::0 Ofs)
3JH-H =40Hz o Vé"urai
®) D 4, DMSO-d, Pd Ar Figure 7. Structure of palladium(ll) bis(trifluoroacetate) ligated by
DMF-d, Ar H >-15°C DMSO: trans[(O-DMSO)(SDMSO0)Pd(QCCR;),].12 Selected bond lengths
H P\ Taonas }2&[ H N (A) and bond angles (deg): PdE$(1) 2.203(4), Pd(HO(2) 2.076(9),
R Ph Pd(1)-0O(1) 2.036(7), PA(BO(3) 2.011(8); S(1)}Pd(1)-O(1) 91.9(3),
Ph 1 Ph S(1)-Pd(1)-0(3) 91.2(3), S(1Pd(1)-0(2) 174.9(2).
SJpp = 10.3 Hz

Scheme 3. Proposed Mechanism of Decarboxylative Palladation
aAr = 2,4 5-trimethoxyphenyl. The non-alkyl ligands around palladium

o] o]
have been omitted for clarity. DMSO
CHz0 Pd(0xCCFgla, CH30
g ONg L0292 CHg 0-Pd-0,CCF4
DMSO-dg, DMSO
OCHs 28°C CHs0 OCH3
1 2

tively, under the conditions of the decarboxylative olefination CH30

reaction. ‘
80°C

Discussion

The results of the experimental studies summarized in the OCHBMSO DMSO,;d/O
paragraphs above support the primary features of the mechanism oH304§i>—P'd—ozoCF3 CFsCOy” 0
of the palladium-mediated decarboxylative olefination of arene DMSO ( CHgO OCHg
carboxylic acids previously propos@ayhile providing consid- CHs0 O, | CHO
erable additional detail with regard to the structures of inter- 4 14

mediates in the process and the kinetics of their formation and complexes are viable and that dynamic processes of exchange
breakdown. Using sodium 2,4,5-trimethoxybenzodten(d**C- betweerS-andO-bound forms must be considered as possible,
1) as substrate and a stoichiometric quantity (1.2 equiv) of it not Jikely, at every stage of the decarboxylative coupling
palladium(ll) bis(trifluoroacetate) in DMS@s, we readily process? Also, we cannot rule out the presence ik
monitored the stepwise process leading to decarboxylative palladium(ll) intermediates.

insertion by'H and**C NMR spectroscopy (Figures 2 and 3). " The rate-determining step of the palladium-mediated decar-
T_he data are consistent with an initial dynamic exchange of boxylative coupling process is that where the ©bond of the
trifluoroacetate and the arene carboxylate substrate on theyrene carboxylic acid is cleaved to form the crystallographically
palladium(ll) center. With just a slight excess of palladium(ll) - characterizable arylpalladium(ll) trifluoroacetate intermediate
bls(trlfluqroacgtate) (1.2 quw),the primary species in solution 4 (Figures 1-3) and carbon dioxide (Figure 3). Under the
at 23°C is believed to be trifluoroacetato palladium(ll) 2,4,5-  condgitions specified, decarboxylative palladation of substrate
trimethoxybenzoate2), with lesser amounts of palladium(ll)  occurs with a half-life of 2.5 min at 80C. The solid-state
bis(2,4,5-trimethoxybenzoateg)(observable. The species were gy cryre of the arylpalladium(ll) trifluoroacetate intermediate
shown to be in equilibrium both by variable-temperature studies 4 shows that the complex is trans-configured, with both DMSO
and by saturation-transfer experiments. We have tentative igandsSbound. Although many arylpalladium(ll) complexes
evidence for at least one other, minor species in solution which, h5ve peen analyzed crystallographically, this is the only
if present, must correspond closely to the major species in monodentate arylpalladium(ll) trifluoroacetate known and only

solution, trifluoroacetato palladium(ll) 2,4,5-trimethoxybenzoate e second monodentate arylpalladium(ll) species with dimethy
(2), based upon the near identity of their chemical sHifts. sulfoxide as a ligané®

this regard, it is important to note that the complex of palladium-  \y/e propose that the formation @ from trifluoroacetato
(I1) bis(trifluoroacetate) itself with DMSO was studied sgveral palladium(ll) 2,4,5-trimethoxybenzoate?)( proceeds by the
years ago by Bancroft, Cotton, and Verbrugg@ithe solid-  ormation of a four-membered ring palladacyclic species such
state structure that they determined (Flgure 7) s_how_ed that two 54 14 depicted in Scheme 3, wherein the electrophilic palla-
DMSO molecules were bound to palladium(ll) bis(trifluoroac- - gjym(iry center is bonded both to the arene carboxylate oxygen
etate) in trans fashion, with or#bound and the othé-bound. 5 the ipso-carbon of the arene ring, followed by extrusion of

Although the solid-state structures of the palladium(ll) trifluo-  -5pon dioxide and association of DMSO. Interesting and
roacetate intermediatesand 11 presented here contain only nresolved details of the process that transfoBisto 4 are
Sbound DMSO ligands, it is evident from the work of Bancroft  \here dissociation and association of DMSO ligands occur,

et all2and from other crystal structuféthat O-bound DMSO whether14 is an energy minimum, and whether the DMSO
molecules that remain bound to the palladium are coordinated

(12) Bancroft, D. P.; Cotton, F. A.; Verbruggen, Mcta Crystallogr., Sect. C
1989 45, 1289-1292.

(13) (a) Navarro-Ranninger, C.; hez-Solera, |.; Alvarez-Valde A.; Rodfguez- (14) Steinhoff, B. A.; Fix, S. R.; Stahl, S. S. Am. Chem. SoQ002 124,
Ramos, J. H.; Masaguer, J. R.; Gar®uano, J. LOrganometallicsLl993 766—-767.
12, 4104-4111. (b) Nonoyama, M.; Nakajima, ®olyhedron1999 18, (15) The other is benzyltriphenylphosphonigis[dichloro(2,4,6-trinitrophenyl)-
533-543. (c) Johnson, B. F. G.; Puga, J.; Raithby, PA&a Crystallogr., (dimethyl sulfoxideS)palladium(ll)]: Vicente, J.; Arcas, A.; Borrachero,
Sect. B1981, 37, 953-956. M. V. J. Organomet. Chenl.989 359, 127-137.
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Scheme 4. Proposed Interconversion of Diastereomeric
Complexes 11 and 11’

CD; NS
CFsc:oz\,,{j
H'

CH30

OCHj
CHZ0

11"

by a fragmentation reaction that is isoelectronic with the
extrusion of carbon dioxide proposed here. Finally, we note that
the mechanism of decarboxylative palladation we propose is
consistent with the observed regiochemistry of palladium
substitution, where €C bond formation in the subsequent
olefination step is always to the ipso-carlign.

via sulfur or oxygen in transition structur&sAt present we Both of the final steps of the decarboxylative coupling
favor the pathway shown in Scheme 3 over a similar pathway process, olefin insertion arfdhydride elimination, were readily
involving a cationic organopalladium(ll) intermediate (i.e., monitored by'H NMR analysis of reaction mixtures prepared
where a second DMSO ligand replaces trifluoroacetate in by the addition of an olefinic substrate (1.2 equiv) to preformed
structure14). The fact that increasing proportions of DMSO  solutions of the arylpalladium(ll) intermediade We followed
slow the decarboxylative palladation reaction is consistent with the reactions o# with each of the olefins styrenggrt-butyl

the idea that dissociation of DMSO occurs prior to or during acrylate, and acrylonitrile. With each substrate, the rate of olefin

Figure 8. Structure of ar-aralkylpalladium(ll) intermediat&5 showing a

7, nt palladium-arene interactioh’ The counterion is tetrakis[3,5-bis-
(trifluoromethyl)phenyllborate (BArF) and has been omitted for clarity.
Selected bond lengths (A) and bond angles (deg): Pd®1}) 2.220(2),
Pd(1)-P(2) 2.363(2), Pd(HC(10) 2.065(7), Pd(BHC(2) 2.343(6); P(Ly
Pd(1)y-P(2) 86.67(7), C(2yPd(1)-C(10) 66.2(3).

the rate-determining step, but the effect is not laige (1.2 x
103 s71, 19:1 mixture of DMFel; and DMSO#ds, versusk =
5.5x 107*s1, DMSO-ds, IH NMR analysis, 60C). Addition

insertion was greater than that ¢@khydride elimination;
o-aralkylpalladium(ll) intermediates were observed in all cases.
The rates of olefin insertion into the palladitroarbon bond

of trifluoroacetate was also observed to have a modest inhibitory of the arylpalladium(ll) trifluoroacetate intermediadewere
effect upon the rate of decarboxylative palladation, but this is found by direct measurement to be styrengert-butyl acrylate
perhaps attributable to displacement of the equilibrium between > acrylonitrile. The same ranking was also observed in the

palladium(ll) bis(trifluoroacetate) and trifluoroacetato palladium-
(1) 2,4,5-trimethoxybenzoate?) in the carboxyl-exchange step
rather than loss of trifluoroacetate just prior to or during the
transition state.

It is evident that trifluoroacetate plays a key role in the
decarboxylative palladation reaction, for sources of palladium
bearing other ligands (e.qg., palladium(ll) acetate, palladium(ll)

subsequeng-hydride elimination step from the deriveearalkyl-
palladium(ll) intermediates. Althougpthydride elimination was
found to be rate-determining (after decarboxylation to fé)m
the fact that addition of styrene to preformed solutions of the
acrylonitrile-derivedr-aralkylpalladium(ll) intermediatesf gave
only acrylonitrile-derived products suggests that olefin insertion
is not reversible under the reaction conditions.

chloride, palladium (1) oxide, and palladium(ll) triflate) were Results of a competition experiment using styreag;butyl
ineffective or gave inferior results in both catalytic and acrylate, and acrylonitrile (Scheme 1) are consistent with these
stoichiometric decarboxylation reactions, and added bromide observations; the product distribution was found to be stilbene
completely inhibited decarboxylation, as discussed above. We > cinnamate ester cinnamonitrile, 2.7:2:1, respectively. By
believe that an electron-deficient palladium center is critical for contrast, we observed that in similar competition experiments
decarboxylative palladation to occur. The fact that electron- With the conventional Heck substrate 1-iodo-2,4-dimethoxy-
rich arene carboxylic acids exhibit enhanced reactivity in benzene, both under Jeffery conditidnsr using tetrakis-
decarboxylative palladation and the observation that electron- (triphenylphosphine)palladium(0), an inverse selectivity was
donating ligands such as phosphines and trialkylamines com-observed (cinnamonitrile cinnamate ester stilbene, 17+7:
pletely inhibit the reaction support this assertion. 1). In a prior study, Bom and Hermann showed that competitive
With regard to the proposed formation and fragmentation of couplings of aryl bromides with styrene anebutyl acrylate
a four-membered palladacyclic intermediate, the work of using bis(tri-ortho-tolylphosphine)palladium(0) and related cata-
Campora et al. must be cited, in which the crystallographically lysts favored the cinnamate ester product under all conditions
characterized cationig-aralkylpalladium(ll) complex.5 (Figure examined® These results reveal a fundamental distinction in
8, cf., the solid-state structure b1, Figure 6, and the proposed reactivity between the arylpalladium(ll) intermediates formed

structurel4, Scheme 3) was shown to extrude isobutene upon by decarboxylative palladation and those formed in conventional
Warming to 60°C .17 This extrusion was proposed to proceed Heck transformations. Again, we attribute this to the Specialized

ligand environment of the palladium(ll) center, here, with
(16) For other examples of the importance of DMSO as a solvent in Pd-catalyzed reference to the olefin insertion afiehydride elimination steps.
processes, see: (a) Larock, R. C., Hightower, TJROrg. Chem1993 Detailed structural information for a-aralkylpalladium(ll)

58, 5298-5300. (b) van Benthem, R. A. T. M.; Hiemstra, H.; Michels, J.
J.; Speckamp, W. NJ. Chem. Soc., Chem. Comm@894 357—359. (c)

Chen, M. S.; White, M. CJ. Am. Chem. So2004 126, 1346-1347. (d)
Zhou, C.; Larock, R. CJ. Am. Chem. SoQ004 126, 2302-2303. (e)
Fraunhoffer, K. J.; Bachovchin, D. A.; White, M. Qrg. Lett.2005 7,
223-226.

(17) Canpora, J.; Gufigez-Puebla, E.; Lpez, J. A.; Monge, A.; Palma, P.; del
Rio, D.; Carmona, EAngew. Chem., Int. EQ001, 40, 3641-3644.
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intermediate formed during decarboxylative coupling was

(18) Some substrates lacking an ortho substituent undergo competitive ortho-
palladation to form isocoumarin products; however, this transformation does
not involve decarboxylation: (a) Miura, M.; Tsuda, T.; Satoh, T.; Pivsa-
Art, S.; Nomura, M.J. Org. Chem1998 63, 5211-5215. (b) See ref 2.

(19) Bthm, V. P. W.; Herrmann, W. AChem=—Eur. J.2001, 7, 4191-4197.
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obtained by investigation of the reaction of norbornene with
the arylpalladium(ll) trifluoroacetate intermediaken this case,

the rate of olefin insertion was too rapid to measure conveniently

by IH NMR analysis at 23C (complete reactiors5 min). The
o-aralkylpalladium(ll) insertion productL() was formed in high
yield and was crystallographically characterized (Figure 5). The
solid-state structure clearly shows that the palladium atom is
bound to the ipso-carbon of the arene ringyiafashion?® The

13C NMR spectrum ofl1 in solution revealed a pronounced
upfield shifting of the ipso-carbon resonance. The solution NMR

data are also consistent with exchange-induced broadening of

the ortho-hydrogen resonance, which we attribute to equilibra-

tion between the diastereomeric ipso-bonded structures labeled
asllandll in Scheme 4. We also observed exchange-induced
broadening of the ortho-hydrogen resonances in each of the

o-aralkylpalladium(ll) intermediates derived frotert-butyl
acrylate, styrene, and acrylonitril®, (7, and 8, respectively,

Figure 5), but in these cases the ipso-carbon resonances were

not markedly shifted relative to a palladium-free standard. Solid-
state structures of severadaralkylpalladium(ll) species have

Scheme 5. Plausible Sequence for the Formation of the
Palladacycle 6 from the o-Aralkylpalladium(ll) Intermediate 5 (see

f 8)

Z>CO0,tBu Pd(in
4 Ar
Olefin CO,t+Bu
Insertion
B-Hydride
Elimination
[ A X-CO2tBu [-Pd(InH
L~ >COo,tBu
Ar/\/COZt-Bu |

[ oousal s

[
Pd’ '0\7/Ot-Bu

shown that the nature of the bonding between palladium and The relative stabilities of the-aralkylpalladium(ll) interme-

the ipso-carbon can vary betweghand#? in closely related
systemg% Also, the degree of upfield shifting of the ipso-carbon
resonance in such complexes is highly variable. That the rigid
norbornylo-aralkylpalladium(ll) intermediat&1, with enforced

link the palladium and the arene ring, should display consider-
ably greater upfield shifting of the ipso-carbon relative to that
of the conformationally more mobile-aralkylpalladium(ll)
intermediate and 8 is thus perhaps not surprising.

Previous studies of olefin insertion into arylpalladium(ll)

intermediates have been conducted primarily in the context of
mechanistic studies of the Heck reaction, and in the few cases

whereg-aralkylpalladium(ll) intermediates were observed, these
typically involved substrates that were incapablesdiydride
elimination?* A notable exception comes from the work of
Brown and Hii® where thes-aralkylpalladium(ll) intermediate
derived from insertion of methyl acrylate into the arylpalladium
bond of phenyl(bis(diphenylphosphino)ferrocene)palladium(ll)
triflate was observed to form rapidly at60 °C. As in the
present work, Brown and Hii observed that olefin insertion was
faster than the subsequepvhydride elimination. Their study
provides a rare example of an observable phosphine-containin
o-aralkylpalladium(ll) intermediate that is capablefehydride
elimination (shown to be rapid above40 °C in that system).

In this regard, it is interesting to note that when we added an
excess of triphenylphosphine to the relatively stabkeralkyl-
palladium(ll) intermediate derived from acrylonitril&, 12, =

25 h, 23°C), s-hydride elimination was complete within minutes
at 23°C.

(20) (a) Li, C.-S.; Cheng, C.-H.; Liao, F.-L.; Wang, S.iL.Chem. Soc., Chem.
Communl199], 710-712. (b) Catellani, M.; Mealli, C.; Motti, E.; Paoli,
P.; Perez-Carreno, E.; Pregosin, PJSAm. Chem. So002 124, 4336~
4346 and references therein.

(21) Examples of NMR studies ef-aralkylpalladium(ll) intermediates in the
Heck reaction: (a) Li, C.-S.; Jou, D.-C.; Cheng, C.{®kganometallics
1993 12, 3945-3954. (b) Hii, K. K.; Claridge, T. D. W.; Brown, J. M.
Angew. Chem., Int. Ed. Engll997 36, 984-987. (c) Ludwig, M.;
Stromberg, S.; Svensson, M.; Akermark, Brganometallics1999 18,
970-975. (d) Hahn, C.; Morvillo, P.; Vitagliano, AEur. J. Inorg. Chem
2001, 419-429. (e) Spaniel, T.; Schmidt, H.; Wagner, C.; Merzweiler, K.;
Steinborn, D.Eur. J. Inorg. Chem2002 2868-2877. (f) Clique, B.;
Fabritius, C.-H.; Couturier, C.; Monteiro, N.; Balme, Ghem. Commun.
2003 272-273.

diates we observes(7, and8, Figure 5) suggest th@thydride
elimination is slowed by the presence of electron-withdrawing
substituents on the-carbon. It is tempting to speculate that
the same features of the palladium center and its ligand

eclipsing interactions between the intervening carbon atoms thatenvironment that promote the decarboxylative palladation

reaction may also contribute to the stability of tharalkyl-
palladium(ll) intermediates we observe, as well as account for
the fact that electron-rich olefins insert into the arepalladium
bond more rapidly than electron-poor olefins. The common
feature would appear to be electron deficiency at the metal
center.

Additional details of the olefin insertion an@-hydride
elimination steps emerge from consideration of the data from
the stepwise reaction of the arylpalladium(ll) intermedéteth
tert-butyl acrylate (Figure 4, Scheme 5). In this case, we
observed that as the-aralkylpalladium(ll) intermediate was
transformed into the cinnamate ester product, a new and transient
species was formed, which we assign as the palladaéyde
very similar intermediate was identified by Brown and Hii in
their studies of the Heck reaction cited above. They proposed
a sequence for its formation that involved the coordination of
tert-butyl acrylate to a hydridopalladium(ll) species followed

gby olefin insertion to form the observed palladacyclic intermedi-

ate® The formation of6 as an intermediate in our system is
reasonable, given that there was no base present in the reaction
mixture. It also accounts for the fact that although the olefin
insertion reaction was initially very rapidi <5 min), even

after 1 h asubstantial amount of unreacted arylpalladium(ll)
trifluoroacetate intermediateremained in solution (Figure 5b).

At this point in the reaction (1 h, 2%, Figure 4b), all remaining
tert-butyl acrylate (1.2 equiv was employed) had apparently been
temporarily sequestered in the form of the palladacgclksfter

12 h at 23°C (Figure 4c), however, neither the arylpalladium-
(I trifluoroacetate intermediatel nor the palladacycles
remained, and complete conversion to the cinnamate ester (and
palladium black) was achieved. We did not observe formation
of the palladacyclés in the initial phase of the reaction (1.2
equiv of tert-butyl acrylate, 10 min, 23C, Figure 4a) nor at

any point in the reaction when a large excesstaf-butyl
acrylate was used (3.0 equiv). Also, at no point in the reaction
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sequence did we observe any hydridopalladium(ll) intermediate.
Evidently, addition of palladium hydride tert-butyl acrylate

is both rapid and reversible in this system. Finally, we note
that during the reaction oft with tert-butyl acrylate, peaks
corresponding to the cinnamate ester product in'théNMR
spectrum were broadened, which we attribute to dynamic
association of the product with palladium(ll) intermediates in
solution. Later, when product formation was complete and
palladium black had precipitated, we saw no such broadening.
We also observed broadening of product peaks dutihyMR
monitoring of the reactions af with styrene and acrylonitrile,
which we attribute to dynamic association of the stilbene and
cinnamonitrile product, respectively, with palladium(ll) inter-
mediates in solution.

One of the more unusual features of the (catalytic) decar-
boxylative coupling reaction is the fact that 2-cyclohexen-1-
ones are viable olefinic coupling partnéid/ith such substrates,
the g-aralkylpalladium(ll) adducts that would be expected to
form (by syn-addition of the arylpalladium(ll) intermediate to
the enone) must undergo an apparent anti-elimination. Although

tially with electron-poor olefins. Also, we observed that the
o-aralkylpalladium(ll) trifluoroacetate intermediates produced
upon olefin insertion were stabilized relative to corresponding
intermediates produced in Heck couplings. We believe that these
differences are attributable to the electron-deficient nature of
the palladium(ll) species involved.

Experimental Section

2,4,5-Trimethoxyphenylpalladium(ll) Trifluoroacetate (4). A
4-mL screw-cap vial equipped with a Teflon-coated stir bar was charged
with palladium(ll) bis(trifluoroacetate) (24.0 mg, 0.0722 mmol, 1.2
equiv), sodium 2,4,5-trimethoxybenzoate (4.1 mg, 0.0602 mmol,

1.0 equiv), and DMSQJ (0.6 mL). An atmosphere of argon was
introduced, and the vial was sealed. The sealed vial was heated at 80
°C for 10 min and then was allowed to cool to 28. The cooled
reaction solution was transferred to an NMR tube, an atmosphere of
argon was introduced, the NMR tube was sealed, and the following
spectroscopic data were recorddd.NMR (500 MHz, DMSO#g): 6

6.72 (s, 1H,0-CH), 6.39 (s, 1HmM-CH), 3.81 (s, 3H, O€i3), 3.71 (s,

3H, OCH3), 3.67 (s, 3H, OEl3); *3C NMR (100 MHz, DMSOsd): 6
158-160 (br, CECO,), 154.8, 147.5, 142.1 (3CCOCH;), 118.9

reasonable mechanisms have been proposed that avoid invokingO_CH) 114.7 (-C), 97.9 M-CH), 56.4, 56.2, 55.7 (3C, CHs); Or
an anti-hydride elimination step (e.g., stereoinversion via a (376 MHz, DMSOé): —73.1.

palladium enolate intermediat®we felt that it was important

in the present study to ensure that olefin insertion iy dride
elimination were occurring by the expected syn pathwdyss

is evident from our experiments wittis- andtrans5-deuteri-
ostyrene (Scheme 2), both steps proceeded with complete syn
stereospecificity.

Conclusions

In summary, we have presented NMR and X-ray crystal-
lographic evidence for many of the proposed intermediates in
a process leading to the decarboxylative olefination of arene
carboxylic acids. The data are consistent with a reaction
sequence involving carboxyl exchange between palladium(ll)
bis(trifluoroacetate) and an arene carboxylic acid substrate,
decarboxylation to form an arylpalladium(ll) trifluoroacetate
intermediate, then olefin insertion afdhydride elimination.
The decarboxylation step is rate-determining and is proposed
to involve intramolecular coordination of an electron-deficient
palladium(ll) center to the ipso-carbon of the arene ring followed
by expulsion of carbon dioxide and formation of an arylpalla-
dium(ll) intermediate. Using the discrete, crystallographically
characterized arylpalladium(ll) trifluoroacetate intermedite
prepared by decarboxylative palladation, we able to monitor
spectroscopically the ensuing olefin insertion ghhydride
elimination steps. Although these steps are nominally common
to the Heck reaction, it is evident from the data that the
organopalladium(ll) intermediates of the present study exhibit
reactivities that are different from those produced during
conventional Heck couplings. Specifically, we observe that the
arylpalladium(ll) trifluoroacetate intermediatecouples pref-
erentially with electron-rich olefins, whereas arylpalladium(ll)

species formed in conventional Heck reactions react preferen-

(22) (a) Friestad, G. K.; Branchaud, B. Petrahedron Lett1995 36, 7047—
7050. (b) Adams, N. J.; Bargon, J.; Brown, J. M.; Farrington, E. J.;
Galardon, E.; Giernoth, R.; Heinrich, H.; John, B. D.; Maeda,Pgre.
Appl. Chem2001, 73, 343-346.

(23) (a) Dieck, H. A.; Heck, R. FJ. Am. Chem. S0d974 96, 1133-1136. (b)
Thorn, D. L.; Hoffman, RJ. Am. Chem. S0d.978 100, 2079-2090. (c)
Larock, R. C.; Baker, B. ETetrahedron Lett1988 29, 905-908.
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A Typical Procedure for the Preparation of a o-Aralkylpalla-

dium(ll) Intermediate (Experiments Conducted at or above 20°C).

To a solution of the arylpalladium(ll) trifluoroacetate intermedidte

in DMSO-ds (0.6 mL) in a 4-mL screw-cap vial under an argon
atmosphere, prepared as described above, was added an olefinic reactant
(1.2 equiv) neat, via syringe. The vial contents were mixed, and the
resulting solution was transferred to an NMR tube. An atmosphere of
argon was introduced, the NMR tube was sealed, and the sealed tube
was inserted into an NMR probe pre-equilibrated at the desired
temperature. Spectroscopic data were then recorded.

A Typical Procedure for the Preparation of a o-Aralkylpalla-
dium(ll) Intermediate (Experiments Conducted below 20°C). A
4-mL screw-cap vial equipped with a Teflon-coated stir bar was charged
with palladium(ll) bis(trifluoroacetate) (24.0 mg, 0.0722 mmol, 1.2
equiv), sodium 2,4,5-trimethoxybenzoate (4.1 mg, 0.0602 mmol,

1.0 equiv), and a solution of DMS@sin DMF-d; (5% v/v, 0.6 mL).

An atmosphere of argon was introduced, and the vial was sealed. The
vial was heated at 88C for 10 min and then was allowed to cool to
ambient temperature (ZX). The vial was further cooled te40 °C,

and an olefinic reactant (1.2 equiv) in DME{50 uL) was added via
syringe. The vial contents were mixed, and the resultant solution was
transferred to an NMR tube. An atmosphere of argon was introduced,
and the NMR tube was sealed. The sealed tube was coole@85C
(causing the sample solution to solidify), and then the NMR tube and
its solid contents were transferred to an NMR probe pre-equilibrated
to the desired temperature-40 to 0°C). The solid sample quickly
liquefied, whereupon NMR data were recorded.

X-ray Crystallography. Crystal data and details of data collection
for compoundst and11 are given in Tables 1 and 2, respectively. In
each case, a suitable crystal was chosen and mounted on a glass fiber
using paratone. X-ray crystallographic data were collected using a
Bruker SMART CCD-based diffractometer equipped with an Oxford
Cryostream low-temperature apparatus operating at 193 K. Cell
parameters were retrieved using SMARSoftware and were refined
using SAINTS software. The structures were solved by the direct
method using the SHELXS-9%7program, and the data were refined

(24) SMART version 5.625 (NT); Bruker Analytical X-ray Systems: Madison,
WI, 2001.

(25) SAINT, version 6.22 (NT); Bruker Analytical X-ray Systems: Madison,
WI, 2001.

(26) Sheldrick, G. M.SHELXS-90 University of Gdtingen: Gdtingen,
Germany, 1990.
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