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Abstract: The mechanism of the transmetalation step in the metal—carbon bond-formation process catalyzed
by palladium complexes has been studied by spectroscopic and kinetic methods. The reaction of properly

| 1
designed model complexes [#°-(1-Ph,P-2,4-Ph,)CsH,](CO)sMoPd(PR3)l (3, R = Ph; 15, R = Bu; 16, R =
Me), resulting from oxidative addition of a Mo—I moiety to a palladium center, with aryltributyltinacetylides
Bu3Sn—C=C—(p-XC¢H,) (11a, X = H; 11b, X = ClI) yields the products of transmetalation [1°-(1-Ph,-

FI’-2,4-th)C5H2](CO)3Moll3d(PR3)-CEC7(p-XC6H4) (5a,b). The reaction, which shows a strong dependence
on the nature of the phosphine ligand PR3 (Ph > Bu > Me) and less so on the nature of the p-substituent
X group, proceeds through two competing pathways, depending on the initial concentration of substrate.
At high [3] (=1072 M), the transmetalation proceeds through an intermediate species (12) formed by the
interaction of complex 3 with 11a. This associative complex accumulates in the presence of added PPhs
and has been characterized spectroscopically. At low [3] (=10"* M), the reaction rate shows an inverse
dependence on the concentration of the complex. This is due to the formation of a solvent-coordinate
species (13), in which PPhs has been substituted by a dimethylformamide (DMF) molecule, as shown by
UV—vis and 3P NMR spectroscopy. Values of ks depend on the concentration and nature of the
aryltributyltinacetylides, in agreement with the existence of a kinetically detectable intermediate. A dimeric

iodide bridged complex [{175-(1-Ph2F|>-2,4-Ph2)CsH2} (CO)gMoIIDdI]z (14) has been obtained during attempts
at isolating 13, which changes quantitatively into 13 upon dissolution in DMF and reacts with 11a to give
the transmetalation product.

Introduction work* other authors have used this procedure to obtain simple
metal acetylide complexé&snetallaacetylide dimefspligomers,
and polymer&’ (Scheme 1).

With regard to the mechanistic features of the overall process,
we have looked for analogies with the palladium-catalyzed
carbon-carbon (C-C) coupling reaction between organic
electrophiles and organostannanes. This is known as the Stille
reaction and is an extremely valuable tool in organic chemfstry.
It is characterized by a sequence okidative addition/
transmetalation/trans-to-cis isomerization/redwetelimination
steps which are represented in FiguréThe detailed mecha-
nism of this process has been studied for long time and is still
a matter of intense debatedue to its intrinsic complexity.

In the past few years most of our activity has been devoted
to the study of the palladium-catalyzed metehrbon (acetylide)
bond formatior This is an unprecedented feature of palladium
that we discovered serendipitously while using the Stille
reactiorf to assemble bis(cyclopentadienyl)ethynyl-framed bi-
metallic complexe$.This new transformation consists of the
zerovalent palladium-promoted coupling of metal halide{(M
I) complexes (M= Fe, Ru, W, Mo) with trialkyltinacetylide
compounds (ESn—C=C—R') (R = Me, Bu; R = H, alkyl,
aryl) to form metal acetylide derivatives (MC=C—R').* The
mild reaction conditions, the effectiveness of the transformation,
and the considerable importance of the products have made this

new procedure a useful synthetic tool. Following our seminal (4) (a) Crescenzi, R.; Lo Sterzo, Organometallicsl992 11, 4301. (b) Viola,
E.; Lo Sterzo, C.; Crescenzi, R.; Frachey,JGOrganomet. Cheni995
493 55. (c) Viola, E.; Lo Sterzo, C.; Crescenzi, R.; Frachey, .

TE-mail: Claudio.Losterzo@uniromal.it. Organomet. Chenl995 493 C9. (d) Viola, E.; Lo Sterzo, C.; Trezzi, F.
(1) Lo Sterzo, CJ. Chem. Soc., Dalton Tran$992 1989. Organometallics1996 15, 4352. (e) Buttinelli, A.; Viola, E.; Antonelli,
(2) (a) Stille, J. K.Angew. Chem., Int. Ed. Endl986 25, 508. (b) Mitchell, E.; Lo Sterzo, COrganometallics1998 17, 2574.

T. N. In Metal-Catalyzed Cross-Coupling Reactipbsederich, F., Stang, (5) (a) Chandrasekharam, M.; Chang, S.-T.; Liang, K.-W.; Li, W.-T.; Liu, R.-

P. J., Eds.; Wiley-VCH: Weinheim, Germany, 1998; p 167. (c) Farina, S. Tetrahedron Lett.1998 39, 643. (b) Cotton, F. A.; Stiriba, S.-A,;

V.; Krishnamurthy, V.; Scott, W. JThe Stille ReactignJohn Wiley & Yokochi, A. J. Organomet. Chen200Q 595 300.

Sons: New York, 1998. (6) (a) Hartbaum, C.; Roth, G.; Fischer, Bhem. Ber.1997 130, 479. (b)
(3) (a) Lo Sterzo, C.; Miller, M. M.; Stille, J. KOrganometallics1989 8, Hartbaum, C.; Fischer, HChem. Ber1997 130, 1063. (c) Hartbaum, C

2331. (b) Lo Sterzo, C.; Stille, J. KOrganometallics199Q 9, 687. (c) Lo Fischer, H.J. Organomet. Chenil999 578, 186.

Sterzo, C.; Bocelli, GJ. Chem. Soc., Dalton Tran$991, 1881. (d) Lo (7) (a) Antonelli, E.; Rosi, P.; Lo Sterzo, C.; Viola, E. Organomet. Chem.

Sterzo, COrganometallicsl99Q 9, 3185. (e) Lo Sterzo, C.; Bandoli, G.; 1999 578 210. (b) Altamura, P.; Giardina, G.; Lo Sterzo, C.; Russo, M.

Dolmella, A.J. Chem. Soc., Dalton Tran&992 697. V. Organometallics2001, 21, 4360.
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Figure 1. Catalytic cycle of the Pd-promoted carbecarbon (C-C) bond-
formation process.
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With the use of properly designed model substratés({-
PhP-2,4-PR)CsH,](CO)MI (1, M = Mo; 2, M = W), bearing
a chelating diphenylphosphine sidearm on a cyclopentadienyl

cycle by3P NMR, due to the presence of the two phosphorus
centers in complexe8—8.9°¢ These analyses have indicated
that each step of the catalytic cycle outlined in Figure 2 is indeed
composed by different elementary processes.

We report here a detailed mechanistic investigation of the
transmetalation step of the metalarbon bond-formation
process. In Pd-catalyzed carbetarbon coupling (Figure 1),
the rate-determining event of the cycle has been proposed to
be either the oxidative addition, the transmetalation, or the
reductive elimination reactio®;%1depending on the substrate
and reaction conditions. While a number of accurate studies
have been dedicated to the oxidative addition and reductive
elimination processéd,the transmetalation step has received
much less attention and is not well understd®n the basis
of spectroscopic and kinetic studies, Fatrand Hartwid* have
independently postulated that the transmetalation process is
regulated by the rate of ligand dissociation (-L) from the
intermediateb of Scheme 2. Upon screening the effect of a
large variety of ligands of different donicit§and stannanes of
different nucleophilicity* on the rate of transmetalation, they
have ruled out that the reaction proceeds via a classical
associative proced81° In particular, it was shown that the
reactions of complexes containing ligands of poor donicity, such
as AsPh which dissociates easily from the Pd(ll) intermediate
b, are much fasterx10°) than those of complexes with good
donor ligands (i.e., PBh!2 Following ligand dissociation, the
solvent-coordinated complex interacts with the olefinic
stannane to form an intermediatecomplex €l), which then
evolves into the coupled produe It was presumed that
couplings involving alkynylstannanes proceed through formation
of analogous intermediate-complexes.

ring, it has been possible to isolate and characterize the product§10 (a) Negishi, E.; Takahashi, T.: Baba, S.; Van Horn, D. E.; Okukadd, N.

of the stoichiometric reaction between the metiadide com-
plexes1 and 2 and zerovalent palladiui(Figure 2). The

complexes 1[15-(1-Pt‘gFl’-2,4-PIa)C5Hz](CO)3MI|3d(PP|3)I (3, M

= Mo; 4, M = W) are the product of oxidative addition of the
M—I moiety of 1 or 2 to the palladium center. The subsequent
reaction of3 and4 with trialkyltinacetylides BgSn—C=C—R
affords the corresponding transmetalated complexég1l-

PhP-2,4-Ph)CsHz](CO)MPd(PPR)(C=CR) (5, M = Mo; 6,

M = W), which are further converted into complexéand8,
respectively, bytrans-to-cis isomerizatianThe final products
of the catalytic metatcarbon coupling procesg¥(1-PhP-
2,4-Ph)CsH,](CO)sM(C=CR) (9, M = Mo; 10, M = W) are
then generated bgeductive eliminationon palladium (Figure
2).%¢ Therefore, an entire catalytic cycle, from metal halides
and 2 to metal acetylide® and 10, has been examined by
analysis of each of the consecutive reaction steps, which are
closely related to the typical sequence of the Pd-catalyze@ C
bond-formation process

During these studies, it has been possible to detect the

Am. Chem. 8001987 1OQ 2293. (b) Farlna V. InComprehense
Organometallic Chemistry JlAbel, E. W., Stone, F. G. A., Wilkinson, G.,
Eds.; Pergamon: Oxford, 1995; Vol. 12, p 200.

(11) Casado, A.; Espinet, P.; Gallego, A. Nl. Am. Chem. So200Q 122
11771 and references therein.

(12) (a) Stang, P. J.; Kowalski, M. H.; Schiavelli, M. D.; Longford, D.Am.
Chem. Soc1989 111, 3347. (b) Brown, J. M.; Cooley, N. AOrganome-
tallics 1990 9, 353. (c) Farina, V.; Krishnan, Bl. Am. Chem. S0d.991,

113 9585. (d) Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G.JP.
Org. Chem1993 58, 5434. (e) Amatore, C.; Cdrrg.; Jutand, A.; Tanaka,
H.; Ren, Q.; Torii, SChem:Eur. J.1996 2, 957. (f) Amatore, C.; Broeker,
G.; Jutand, A.; Khalil, FJ. Am. Chem. S0d.997, 119, 5176. (g) Gillie,
A.; Stille, J. K. J. Am. Chem. Socl98Q 102 4933. (h) Tatsumi, K.;
Hoffmann, R.; Yamamoto, A.; Stille, J. KBull. Chem. Soc. Jpr981,
54, 1857.

(13) Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G.2.Am. Chem. Soc.
1991 113 9585.

(14) (a) Louie, J.; Hartwig, J. FJ. Am. Chem. Socl995 117, 11598. (b)
Hartwig, J. F.Angew. Chem., Int. EA.998 37, 2046.

(15) If occurring through a classic substitution process, transmetalation should
proceed via an associative mechanism in which the stannane (incoming
group) and the halide (leaving group) are simultaneously bound at the apical
positions of a penta-coordinate intermedit¥t¥. Recent studies also
provided a theoretical background for this transformatfon.
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existence of transient species in the various steps of the catalytiqi6) Cattalini, L. InProgress in Inorganlc Chemistryippard, S., Ed.; Wiley:

(8) (a) Mateo, C.; Cardenas, D. J.; Fernandez-Rivas, C.; Echavarren, A. M.
Chem:Eur. J.1996 2, 1596. (b) Amatore, C.; Jutand, A.; Suarez, A.

Am. Chem. Socl1993 115 9531. (c) Casado, A. L.; Espinet, P.
Organometallics1998 17, 954.

(9) (a) Spadoni, L.; Lo Sterzo, C.; Crescenzi, R.; FracheyDfganometallics
1995 14, 3149. (b) Cianfriglia, P.; Narducci, V.; Lo Sterzo, C.; Viola, E.;
Bocelli, G.; Kodenkandath, T. AOrganometallics1996 15, 5220. (c)
Tollis, S.; Narducci, V.; Cianfriglia, P.; Lo Sterzo, C.; Viola, Brgano-
metallics1998 17, 2388.

New York, 1970; Vol. 13, pp 263327.

(17) Cross, R. JLigand Substitution Reactions of Square-Planar Molegules
The Royal Society of Chemistry: London, 1985.

(18) Frankcombe, K. E.; Cavell, K. J.; Yates, B. F.; Knott, ROBganometallics
1997, 16, 3199 and references therein.

(19) In a more recent study about the accelerating effect of Cu(l) salts in the
Stille coupling, while remarking about the previously proposed “predis-
sociation” mechanism, Farina postulates that the transmetalation of a newly
formed organocopper derivative, after a Sn/Cu exchange, with the oxidative
addition intermediate may occur through an associative mechanism (via a
penta-coordinate intermediat€y°
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Figure 2. Catalytic cycle of the Pd-promoted metadarbon (M-C) bond-formation process.
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In a series of recent papers?l-22Espinet has proposed that
the transmetalation reaction in Pd-catalyzed coupling of aryl
electrophiles R-—X (X = halides, triflates) with organotin
reagents RSnBy (R? = vinyl) occurs via two different
associative pathways, namedg2Scyclic” and “S2 open”
(Scheme 3%3

The &2 cyclic mechanism, in solvents of moderate polarity

[s]

L
c

—_— Pd—I
+S | |
L

/\SnBu3

- T

When the cyclic mechanism cannot operate, because a
coordinating solvent or the absence of halide prevents formation
of the Pd-X—Sn bridge, transmetalation occurs via a2S
open” mechanism. This proceeds through either neutrphth
b) or cationic specied,(path ¢, S= L or solvent), which are
involved in dynamic equilibria affected by the nature of X, L,
the solvent, the temperature, or the presence of added LiCl (in

and weakly coordinating, is characterized by the presence of athe case of X= OTf). The process is an associative substitution

bridging leaving group X (halide), which assists th&fBr-L

reaction, in which thex carbon of R is the entering ligand,

substitution on palladium (path a). This process leads to the and the Pd complex is the electrophile. Depending on the trans

three-coordinate T-shaped intermedidatefrom which the
coupling product R-R? is rapidly formed without need of
further dissociation or isomerization steps. The coupling is
strongly retarded by free L, and the straightforward formation
of the product R—R? does not allow the detection of intermedi-
ates after transmetalation.

(20) Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L1.®rg.
Chem.1994 59, 5905 and references therein.

(21) Casado, A. L.; Espinet, B. Am. Chem. S0d.998 120, 8978.

(22) Casado, A. L.; Espinet, P.; Gallego, A. M.; Martinez-llarduya, JCklem.
Commun 2001, 339.

(23) The possibility of a transmetalation process proceeding via a cyclic and/or
an open transition state was first envisaged by Stlle.
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effect of Rt and on the other ligands, the open transition state
may form by a X-for-R or a L-for-R? replacement at the Pd
center, which leads either to thes (n) or the trans (o)
transmetalated intermediates. When titas-to-cis isomeriza-

tion is slow, the intermediat® may be observed before
evolution toward the final product of coupling*RR2. These
studies, based on kinetic, spectroscopic, and stereochemical
evidences, offer a comprehensive view of the Stille reaction
and support anassociatie model based on an L-forR
substitution as the rate-determining step of the transmetalation
reaction (in contrast with the proposal ofdésociatve rate-
determining step)34
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In this paper, we report the results of our studies on the the simultaneous increase of the signals of the product (Figure
transmetalation step in the palladium-catalyzed meatatbon 3, path a, red and blue, respectively)n the reaction oB with
(M—C) coupling process. On the basis of (i) the spectroscopic a 10-fold excess afla two new narrow doubletsl(= 10 Hz)
observation of an adduct formed between the organostannaneappear along with the peaks of substrate and product, indicating
and the oxidative addition complex, (ii) the isolation (in a the formation of a transient species (Figure 3, path b, green).
halobridged dimeric form) of an intermediate species resulting The fact that this intermediate complex is observed only in the
from ligand dissociation, and (iii) the analysis of consistent presence of a large excess of the reagent suggests that it is an
kinetic data, it is shown that the transmetalation reaction adduct between compleX and the tinacetylide. This species
proceeds by two different mechanisms, which operate dependingappears during the time of conversion ®fnto 5 and is not
on the initial concentration of the oxidative addition complex. detected at the end of the reaction. The strong variation of the

Close analogies between the catalytic cycles of Pd-catalyzed3'P NMR coupling constants, from ca. 450 Hz of comple&es
carbon-carbon bond (Figure 1) and metadarbon bond (Figure  or 5 to 10 Hz (see expansion in path b), indicates that the
2) formation become evident from comparison of our results phosphorus ligands are still bound to the palladium center in
with those reported in Farina'$, Hartwig's!4 and Espin- the intermediate, while a severe change of the coordination
et'stt21.22stydies. geometry occurs during the transmetalation. On the basis of
these facts, a tentative description of the intermediate complex
is shown in Figure 3 as the five-coordinate structlipe

The transmetalation reaction of this study is a transformation  The proposal that the speci&8is an associative complex is
by which an arylethynyl group is transferred from tin to supported by various considerations. (i) The tinacetylide com-
palladium?® The molybdenum compleg, that is, the product  pounds exhibit Lewis acid character and are prone to become
of the oxidative addition step of the catalytic cycle in Figure 2, five-coordinate, as in the case of intramolecular coordination
has been used as substrate to study in detail the transmetalationf heteroligand€? (i) The iodine atom of3 offers an unshared
process. The transformation & into product5 has been  electron pair to the Lewis acid center and may contribute to
monitored by?’P NMR spectroscopy, since both complexes bear the association via a bridging halide(iii) 7-Complexation
two nonequivalent phosphorus moieties bound to palladium petween Pd and the acetylenic group is well kné¥iiv)
which exhibits two doubletsl(= 450 Hz) characteristic dfans Finally, the palladium center of compleX suffers a severe
configuration around a square-planar metal center (Figure 3).distortion from the ideal square-planar geometry, as it was

leferer!t features were Observe_d depe_ndlng on the relative (27) Hegedus L. S. librganometallics in SynthesiSchlosser, M., Ed.; John
molar ratio between3 and the tinacetylideslla,bh Upon Wiley & Sons: Chichester, England, 1994; p 415.
treatment oB with a 3-fold excess of (phenylethynyl)tributyltin ~ (28) Mateo, € Ferandez Rivas, C.; Echavarren, A Cardenas @gdno-
(11a), in DMF at 25°C, a sequence of spectra shows the (29) Reagents were loaded 2 5 mm NMRtube and dissolved in DMF (0.4
progressive decrease of the signals of the starting material and ~ ™ML)- DMF-7 (0.01 mL) was added to the solution to provide the lock

Results and Discussion

signal.
(30) (a) Davies, A. GOrganotin ChemistryVCH Verlagsgesellschaft: Wein-

(24) Labadie, J. W.; Stille, J. KI. Am. Chem. S0d.983 105, 6129. heim, Germany, 1997; p 134. (b) Petrosyan, V. S.; Yashina, N. S.; Reutov,
(25) The driving force of this metathesis reaction is provided by the difference O. A. In Advances in Organometallic Chemisfr@tone, F. G. A., West,

in electronegativity of the two metals (Sn more electropositive thaf®Pd) R., Eds.; Academic Press: New York, 1976; Vol. 14, p 63. (c) Yasuda,

as well as by the formation of the stable Sul2728 M.; Chiba, K.; Baba, AJ. Am. Chem. So200Q 122 7549.
(26) Tsuji, J.Palladium Reagents and Catalysg®hn Wiley: England, 1996; (31) Purcell, K. F.; Kotz, J. norganic ChemistryHolt-Saunders International

p 17. Editions: Hong Kong, 1987; p 205.
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Figure 3. Transmetalation of compleX with tributyl(phenylethylnyl)tin (18) f
11a Path b: reaction 08 with 10 equiv oflla

determined by X-ray structural analy$kywhich makes penta-
coordination a favorable process. Further support to our proposal
comes from the structural analogy betwd@and the activated
complexg of Scheme 3}-2as well as from the structure of an
associative intermediate observed by Cé#ar the course of

a transmetalation reaction.

Kinetic and Spectroscopic Investigation of the Trans-
metalation Reaction by3P NMR: The Observation of Two
Alternative Mechanisms. Reactions were carried out in DMF
at 25°C using complex3 in the concentration range (+3.5)

x 1072 M and at least a 10-fold excess of (phenylethynyl)-
tributyltin (118), as to work undempseudofirst-order condi-
tions2® Disappearance of the substrade formation of the
transmetalated produBt as well as of the intermedial® versus
time are shown in Figure 4. The concentration of the intermedi-

ollowed by 3P NMR spectroscopy. Path a: reaction3ofvith 3 equiv of

0.04

M

0.03 5

0.02

0.01 -

0.00 T T T T T T
0 5 10 15 20 25 30
time/min
Figure 4. Reaction profile for the transmetalation step of com@@¢8.045
M) with 11a(0.47 M) in DMF-d; at 25°C, obtained from thé’P NMR

ate species has already reached the highest value in the firssignals of3 (®, 6 22.0 ppm),12 (O, 6 29.0 ppm), and (<, 6 30.5 ppm).

spectrum after mixing. This indicates that the rate of formation
of 12is higher than the eventual back reaction or its transforma-
tion into 5. Consumption of starting material was complete
within 30 min and followed a first-order behavior. The analysis
according to eq 1 yields a value of observed rate congtgnt
= 0.0021 st ([3] = 0.045 M, [L1d = 0.47 M), and the
corresponding plot of I1g] versus time is linear. Values &fps

G = Co + (Cp — Cur) €XP(Kod) (1)
for the disappearance 8funder different conditions are reported
in Table 1. At constantd] = 0.023 M, kops increases upon
increasing the concentration of (phenylethynyl)tributyltin, from
0.0026 s (0.19 M) to 0.0042 st (0.72 M), indicating rate

1064 J. AM. CHEM. SOC. = VOL. 124, NO. 6, 2002

The concentration values of the intermediate spetsre only an estimate
judged from peak intensities.

dependence on the concentration of the organostannane (entries
2—6, Table 1).

To evaluate the role of the triphenylphosphine ligand in the
formation of the associative compled? and in the overall
transmetalation process, measurements were performed in the
presence of added PPtentry 9). The addition of PRR0.13
M) to the reaction of3 (0.016 M) with11a (0.36 M) retards
the consumption of the substrate and, to a greater extent, the

(32) Trebbe, R.; Schager, F.; Goddard, Rrdebke, K.-R.Organometallics
200Q 19, 521.

(33) Cotter, W. D.; Barbour, L.; McNamara, K. L.; Hechter, R.; Lachicotte, R.
J.J. Am. Chem. S0d.998 120 11016.
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Table 1. Values of kops for the Reaction of Complex 3 with
Bu3SnC=CPh (11a), Obtained by 3P NMR in DMF/DMF-d; at 25 ‘
OC | i
entry 3(M) 11a (M) Kebs (579
1 0.45 0.47 0.0021
2 0.023 0.19 0.0026
3 0.023 0.23 0.0026
4 0.023 0.33 0.0036
5 0.023 0.68 0.0041 ‘ ‘
6 0.023 0.72 0.0042 | 1 i ‘
7 0.015 0.72 too fast L P Col | ‘
8 0.015 0.16 too fast WWMWW'WWWMW‘WMWMWMMMMAWMMW‘“ vl s it et “J‘ ArkHhiioy
9 0.016 0.36¢PPh 0.13 M) very slow S : — : ‘
45 40 35 (ppm) 30 25 20

] ) ] ] Figure 5. 3P NMR spectrum recorded during transmetalatior8 afith
conversion of the intermediatE2 into 5. As a consequence, 1lain the presence of a 10-fold excess of BPAccumulation of the

the specied2 accumulates in solution, where it is observed as intermediatel2.
the main component (Figure 5). a ‘

This experiment suggests that triphenylphosphine must | | | |
temporarily dissociate from complekx2 (and re-enter in a
subsequent step) to allow formation Bf (vide infra). The
dissociation step becomes rate limiting in the overall transmeta- 4 i i
lation reaction. N i ‘ ; ‘

A rate dependence was observed on the initial concentration
of complex3. At the same concentration of (phenylethynyl)-
tributyltin (0.72 M) used in the experiment of entry 6, or lower ¢ |
(0.16 M), and 8] = 0.015 M, rather than 0.023 M, the reaction
becomes too fast to be followed ByP NMR spectroscopy
(entries 7, 8). This inverse dependence of the reaction rate on
the initial concentration o8 is also evident from comparison 4 ] ‘1 , 1 |
of the kops value of entry 1 with those of entries 4 and 5, where e
higher rates correspond to lowe][ These results suggest that
the true species which undergoes transmetalation is generated
from 3 upon dilution.3'P NMR spectra obtained upon increased Figure 6. 3P NMR spectra of comple$ at different concentrations in
ilion of 3, DI, are shown n Figure 6, where races a, MFIOUE.Gr Trace 2,8 0029 M tece b g - 000io M race o
b, and c correspond to different concentrations of the complex

|
L

i | | \ ,
o g 4M~/"“"W‘J“W*«;"““«‘W"f by h"‘m"'\‘*'WVln"‘ LR Aoy
i T ’

T T u T u y ORIt
54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16

{ppm)

(a=0.029 M, b= 0.0019 M, c= 0.0010 M). The clean doublet  Scheme 4 o on

of doublets of the two nonequivalent phosphorus atoms in a K

transconfiguration around palladium is displayed in trace a. In P rphz F |Pth

the more dilute sample b, a new peak appeais %t.9 ppm. (CO)sMo Pd—I (CO)sMo Td——l + PPhy
This becomes the main species in solution c. The change from s Lph 13 [s

the doublet of doublets, relative to structBeinto a singlet c(1-0) ? co  g=pMF O

accounts for the formation of a new species in which the two
phosphorus atoms are no longer interacting. These experimentafor the inverse dependence ks on the initial concentration
observations are in agreement with an equilibrium, described of 3. In diluted solutions, complet3 is the main species and
by eq 2, may react faster tha®iwith the tin reagent, because of its higher
electrophilic characte® The reactivity of the solvent-coordinate
speciesl3 was investigated by addition of (phenylethynyl)-
tributyltin (118 to the solution of trace b. The signal@61.9
ppm immediately disappears upon addition, and this is followed
which involves a substitution of ligand (P§Iby solvent (DMF) by a slower change & into 5.
to form the specie43, as represented in Scheme 4. The signal  The lability of the triphenylphosphine ligand in compl8x
of free triphenylphosphine is not detectable under these condi-was confirmed by its fast and complete replacement upon
tions34 treatment of3 with tributylphosphin€®The course of the
Trace d is the spectrum obtained upon addition of an excesstransmetalation reactions of complexes bearing different L, with
of triphenylphosphine to the solution of trace c (Figure 6).

)

Disappearance of the signal &t51.9 ppm and formation of
the original doublet of doublets of compl&account for the
reverse reaction of Scheme 4. The formationl8faccounts

(34) According to the dissociative equilibrium presented in Scheme £he
NMR spectra ac of Figure 7 should reveal the presence of free

triphenylphosphine. It is possible that the rate of exchange of triphenylphos-

phine with the solvent on palladium is too fast with respect to the NMR
time scale. Occasionally, a peak@®6.1 ppm, along with that a 51.9

ppm, appeared in progressively diluted sample3.&y comparison with

an authentic sample, this new peak was identified as being due to
triphenylphosphine oxide, which formed by adventitious oxidation of free
PPh released fron8.

(35) Substitution of a good donor ligand such as $Bha solvent molecule is

expected to increase the electrophilic character of palladium and hence to
increase its reactivity.

(36) ThedP NMR spectrum of a solution &in DMF/DMF-d; in the presence

of PBu; showed immediate and complete exchange of the phosphine ligand,
as indicated by the replacement of the signal$ ¢frace a of Figure 7)
with a new doublet of doublets)(35.1, d;—0.45, d;J = 468 Hz).
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Figure 7. 3P NMR evidence of the formation of the solvent-coordinate spek3dsy reaction of compled with Pdx(dbay, and subsequent conversion of

13into the oxidative addition intermediagby reaction with PPh

respect to3, gave further information on the role of the
phosphine ligand? At room temperature, both the tributyl- and
trimethyl-phosphine derivatives5 and 16 remain inert in the

The identification of the associative complé? and the
existence of the solvent-coordinate sped8disolated in the
halobridged dimeric forni4) in diluted solutions indicate that

presence of an excess of (phenylethynyl)tributyltin. The onset the transmetalation reaction of compl@wrccurs by two distinct

of the transmetalation reaction is observed only at@5and
several hours are required for completion. RBod PMg are

pathways. In this respect, the system of this study shows a close
analogy with the dual pathway scheme found by Espinet for

good donor ligands which have a smaller cone angle and athe transmetalation step of the Pd-catalyzedGC bond-

higher dissociation energy than does RPh

We attempted the direct synthesis of the solvent-coordinate

species13. A preliminary investigation was carried out by
following the 3P NMR spectra of the reaction afwith 1 equiv

of Pdy(dba} (dba= 1,5-diphenyl-1,4-pentadiene-3-one) in DMF
(Figure 7). The singlet peak dfat 6 —18.9 ppm (trace a) is
replaced by a new peak at51.9 ppm (trace b). By addition of
PPHh to this mixture, the latter is immediately and completely
converted into the doublet of doublets characteristi8 (iface

formation process (Scheme 3).

Kinetic and Spectroscopic Measurements by UV Vis
Spectrophotometry. UV —vis spectrophotometry has been used
as a complementary technique to obtain more information on
this complex phenomenon, in particular to observe the process
in the low concentration range of substrate, whEBds most
likely the dominant or only species in solution. A series of V
vis spectra of complex3 in DMF were obtained in the
concentration range 2.9 10°% — 1.0 x 10°2 M. The intensity

c). This experiment shows that the solvent-coordinate speciesof a shoulder absorption withnax = 470 nm increases linearly

13 (6 51.9 ppm) can be either obtained fr@y loss of PPh
(Scheme 4) or prepared independently by reactioh wfth a
zerovalent palladium complex in a coordinating solvémthe
absenceof phosphorus ligands. The synthesisl&was then

attempted on a preparative scale. Despite the complete formation

of 13 observed by'P NMR, the workup of the reaction afforded
instead the dimeric halobridged comple®{1-PhP-2,4-Ph)-
CsH2](CO)sMoPd(u-1),PdMo(CO}[#5-(1-PhP-2,4-Ph)CsH,]
(14).38

(37) Luo, L.; Nolan, S. POrganometallics1994 13, 4781.

1066 J. AM. CHEM. SOC. = VOL. 124, NO. 6, 2002

(38) During the preparation of this manuscript, a complex closely relatéd to
was characterized by X-ray structural analy8ighe structure shows the
existence of a halo-bridged dimeric form of two coordinatively unsaturated
palladium moieties.
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Figure 8. Plot of kops Vs alkynylstannane concentration for the reactions
of 3 (1.67 x 1074 M) with 11a (<) and11b (@).

with concentration only up to3] = 1 x 1073 M, while a
downward deviation occurs at higher concentrations. This is
indicative of a change in the nature ®fvith concentration, in
analogy with the¥lP NMR studies.

The UV—vis spectra of the starting mater&hand of product
5 were recorded in DMF solutions at identical concentrations
(1.7 x 104 M) to find the optimal conditions for kinetic
measurements. Compl&xis characterized by an intense band
With Amax= 400 nm € = 15 117 M1 cm™1), and complexs is
characterized by a shoulder of smaller intensity=(4 586 M~*
cm1) at the same wavelength.

The reaction o8 (1.67 x 1074 M) with BusSnG=CPh (2.14
x 1072 M) in DMF was monitored at 400 nm (2%C). The

Scheme 5
ka

3+t —=12 — §

coupling between the two specisand one involves rear-
rangement of the substrate in the first step followed by attack
of the reagent® Discrimination between the two alternative
mechanisms is possible by varying the nature of the tinacetylide,
which is expected to influence the limiting valuel@hsin case
of rate-determining transformation of a molecular complex.

A series of kinetic measurements performed usingSB=
C (p-Cl—CgHa) (11b) as the transmetalating agent also exhibit
a saturation behavior, as observed fogBuG=CPh, and yield
a different extrapolated value &5 (0.0070 s?) (Figure 8).
These data are therefore described by eq 3,

Kkj11]

ST 1 + K[11] 3)

in which K represents the equilibrium constant for formation
of an associative complex betwegmand the tin reagent arid

is the rate constant of the transmetalation step, according to
Scheme 5. The fitting between eq 3 and the experimental points
is also shown in Figure 8. These results indicate that the
transmetalation reaction occurs through a multistep mechanism
characterized by a fast pre-equilibrium between substrate and
tinacetylide to form an associative intermediate species, which
slowly evolves toward the product. The kinetic analysis yields
the values of the equilibrium constant between com@lexd
each of the tinacetylide species, which aresk376 M1 for
BusSnG=CPh and K= 430 M for BusSnG=C(p-Cl—CgHy).

The p-substituent in the aryl ring of the tinacetylide affects the
rate of the transmetalation stel)(but does not influence the
pre-equilibrium (K).

process is characterized by a rapid decay of absorbance, which Rate Dependence on the Concentration of Complex Rate

follows a first-order behaviolkgps= 0.010 s%). This is followed

by a slower increase, which is due to the reductive elimination

reaction of comple, favored by the excess of tinacetylitfe'°
Effect of Concentration and Nature of the Organostan-

nane. Kinetic measurements were obtained at different con-

centrations of BgSNG=CPh, and 3] = 1.67 x 104 M, using

at least a 10-fold molar excess of stannane to engseeido

first-order conditions. A plot okyps values versusllag shows

measurements of the reaction withg8nG=CPh (1.14x 1072
M) were obtained using different solutions of comp&ix DMF
(in the range 10° — 103 M). A plot of kops vVersus B] shows
the inverse dependence of the rate constant on the initial
concentration of the complex.

These results, in analogy with ti#éP NMR experiments,
suggest that the transmetalation reaction proceeds via the
solvent-coordinated specie3 of Scheme 4. The higher

a saturation behavior (Figure 8) where the rate constants tendreactivity of complex 13 with respect to the phosphine-

toward a limiting value K = 0.023 s%). This is typical of a
reaction proceeding through formation of kinetically detectable

substituted comple8 may be due to the higher electrophilic
character of the palladium center when coordinated by a poor

intermediates. Among the possible mechanisms which describedonor ligand such as DMF. As a consequence, the transmeta-

this phenomenon, one involves the formation of a molecular

lation rate increases with increasing dilution3fwhich shifts

complex of substrate and reagent followed by rate-determining the equilibrium of Scheme 4 versas.

(39) Ricci, A.; Angelucci, F.; Masi, D.; Bianchini, C.; Lo Sterzo, C., manuscript
in preparation.

(40) To confirm this sequence, the reactior8dP.015 M) with BuSNnG=CPh
(0.17 M) in DMF was monitored by'P NMR spectroscopy. Following
the fast disappearance of the doublet of doublets dB8etal its replacement
by the signals of5, a new peak at —20.2 ppm due to the reductive
elimination produc® appears and slowly rises in intensity with tirfie.

Ph Ph

Phpphz PPPn2
|
(0C)Mo — Pd— = C—R-——» (OC}Mo—C=C—R

Ph

PPth

| | BuySn—C=C—R
(OC)pMo —pd— | ——————————»

3 pprn s

(41) In our formerP NMR studies, forcing conditions (8C) were necessary
to induce the reductive elimination proces3] (& ~0.1 M) In the present
work, complex 3 (0.015 M) spontaneously evolves toward reductive
elimination. This is also an indication that the rate of reductive elimination
may show an inverse dependence on the initial concentrati@ of

PPh 9

The halobridged dimeric comple¥4, which was obtained
in the attempt to synthesize and isolate com@dl8xrepresents
a useful precursor of the DMF-substituted reactive spetias.
simple 3P NMR experiment showed the connection between
complexesl4 and 13. The addition of DMF to a solution of
purel4in CDClz (0 50.1 ppm) causes the appearance of a new
signal atd 50.8 ppm, which increases in intensity, with respect

(42) Jenks, W. PCatalysis in Chemistry and EnzimolodyicGraw-Hill: New
York, 1969; p 572.

(43) Butler, I. S.; Basolo, F.; Pearson, R. IBorg. Chem.1967, 6, 2074.

(44) The structure and the reactive behavior of spet3end14 are similar to
those of a dimeric halobridged oxidative addition intermediate previously
described by Hartwid?** which was isolated as a dimer, but found to react
in the catalytic cycle as a monomer.

J. AM. CHEM. SOC. = VOL. 124, NO. 6, 2002 1067



ARTICLES Ricci et al.
Scheme 6
Ph
LS Ph
P PPh,
P PPh,
(CO)Mo Pd—I cDCl |
+ 2DMF T—= 2 {CO)3Mo Pd—I
{—Pd Mo(CO); [DMF)
thp‘rpcg—% 13
P
Scheme 7
Ph
P L > pph Fh
? PPPh2
(CO)sMo Pd—I DMF |
] — (CO)sMo Pd—I
\—Pd Mo(CO),
l [DMF]
Ph, = |=5—rPh 13
14 P
lBu:;Sn——Czc— Ph
Ph Ph Ph
PSS pei, o TS o, S s
PPhg | l AT
(CO)sMo Pd— C=C—Ph (CO)sMo Pd—C=C—Ph | —> (CO)sMo— C=C—Ph
PPh [DMF] 9

to that of the halobridged dimeric complex, upon further addition
of DMF.#5 This new peak is due to the formation of the solvent-
coordinated speciek3, which forms by attack of DMF to the
halobridged dimed 4 (Scheme 6).

The interaction of DMF with comple%4 was studied further
by UV-—vis spectroscopy. Figure 9 shows the spectra of
solutions of14 at identical concentrations (35 1075 M) in

17

Further3’P NMR experiments have shown the involvement
of complex13in the catalytic cycle of the palladium catalyzed
metal-carbon bond-formation process. After dissolving complex
14in DMF, the appearance of t¢P NMR signal at 51.9 ppm
indicates the immediate formation of the solvent-coordinated
speciesl3. This signal disappears upon addition of an 8-fold
excess of BgEnCG=CPh, while two peaks of equal intensity are

CH.CI; and in DMF. The different patterns of the two spectra found atd 1.1 and 2.2 ppm. Subsequent addition of £Ph

indicate that different species exist in the two solvents, in
particular that the dimeric comple¥4 exists as such in the
noncoordinating solvent Gi€l,, while the solvent-coordinate
speciesl3 forms in the donor solvent DM#S.

2.0

0.6 -

0.4

0.2 H

0.0 T T T T T —
300 350 400 450 500 550
Anm

Figure 9. UV —vis spectra (256600 nm) of complexl4 (3.1 x 1075 M)
in CH,Cl, (—EnDash) and in DMFA++—-- ).

600
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produced a slow conversion of these signals into the typical
doublet of doublets of the transmetalated prodGctThis
experiment indicates that the PRieficient specied3 under-
goes transmetalation upon treatment with tinacetylides as well
as it does with the corresponding RRivordinate comples.
In fact, the new species characterized by the signals htl

and 2.2 ppm can be envisaged as the transmetalated intermediate

17, which converts into the PRitoordinate comple® upon
addition of the phosphine (Scheme 7). When thesRfgificient
speciesl? is warmed overnight at 6€C, the total conversion
into the reductive elimination produts achieved. Therefore,
the intermediate comple&7 can transform directly into the
reductive elimination product, also in the absence ofsPPh
Kinetic experiments were performed on the reaction of-Bu
SnG=CPh with complex14 in DMF, which generate43 in
situ. Values ofkgps identical within experimental error were

(45) Complex14 dissolved in pure DMF is converted quantitatively irit8,
which shows a peak &t 51.9 ppm in thé®P NMR spectrum. The slight
difference found for the chemical shift @8 generated by addition of DMF
into a CDC} solution of 14 may be due to a solvent effect.

(46) The intense color of the GBI, solution with respect to the DMF solution
and the band atmax = 420 nm might be due to a higher conjugatioriLih
than that inl3. Moreover, the spectrum profile @B obtained by dissolving
14in DMF is the same as the spectral&generated by increased dilution
of 3in DMF.

(47) Angelucci, F.; Ricci, A.; Lo Sterzo, C.; Masi, D.; Bianchini, C.; Bocelli,
G., manuscript in preparation.
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Scheme 8. Full Reaction Scheme for the Transmetalation of 3 with 11a2
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aPath a: reaction via the metallacycle intermedib2ePath b: reaction via the solvent-coordinate speti@s

Table 2. Values of kqps for the Reaction of 14 with 11a, Obtained
by UV—Vis Spectroscopy in DMF at 25 °C

entry 14 (M) 11a (M) Kobs (57%)
1 3.4x 10°° 2.7x 1073 0.034
2 1.7x 1075 2.7x 1073 0.036
3 3.4x10°° 6.8x 1073 0.057
4 1.7x 10°% 6.8x 1073 0.056

obtained using two DMF solutions df4 (3.4 x 1075 and 1.7
x 1075 M; [BuzSNnG=CPh]= 2.7 x 1072 M; Table 2, entries

strongly retarded by addition of an excess of RRhich favors
the accumulation 012.4°

When transmetalation is performed usBa lower concen-
trations &10~* M) (path b of Scheme 8), the reaction proceeds
through formation of a highly reactive solvent-coordinate species
(13), in which the palladium center has gained a stronger
electrophilic character, due to the substitution of a good donor
ligand (PPh) by DMF. Since a competing exchange between
PPh and DMF accounts for the equilibrium betwegand13,
formation of the latter species is favored in dilute solutions,

1 and 2). The reaction rate constants increased upon increasin@nd, as a consequence, the reaction rate is inversely dependent

the concentration of BiSnG=CPh (6.8x 1073 M) and were
again identical at two different concentrationsldf (entries 3

and 4). Therefore, the transmetalation rate is independent of

the initial concentration 014, in contrast with the behavior of
the PPh-substituted comple®. In this case, de-coordination
of PPk to form complex 13 precedes the transmetalation
process.

Conclusions

The overall mechanistic picture which comes out of this work

on the initial concentration of compleX In contrast, when the
—
PPh-deficient halobridged dimeric complegi[>-(1-PhP-2,4-

Phy)CsH2} (CO)gMOIIDdI]z (14) is dissolved in DMF, it is
converted immediately and quantitatively into the solvent-
coordinated speciek3. Under these conditions, the transmeta-
lation rate is independent of the initial concentratioriéfdue
to the absence of PRh

The transmetalation in the reaction I occurs through an
association complex with the organostannat®®,(which has

is described in Scheme 8. We have shown that the transmetapeen kinetically detected. It is evident that path a, involving

lation reaction of the oxidative addition complex®{(1-Ph-

P-2,4-Ph)CsH,](CO)MoPd(PPE)l (3) with tributyltinary-
lacetylides proceeds by two pathways (paths a and b), dependin
on the initial concentration 3.

In concentrated solutions of complé(=10-2 M), trans-
metalation occurs through the formation of the intermediate
speciesl2, which is an associative complex betwe®and the

organostannane (path a of Scheme 8). The essential feature og

12 is the cyclic structure resulting from the simultaneous
interaction of the palladium and iodine atoms3ofvith the tin
atom and the acetylenic moiety of the organostannane. Evolution
of complex 12 toward the product of transmetalatidn is

(48) In entry 1, the [BgSNG=CPh]/[13] ratio is ca. 80, while in entry 3 the
relative ratio is 200.

the formation of the metallacycle compl&g, closely resembles
the “S2 cyclic” mechanism proposed by EspiHetl-2?for the

éransmetalation step in the coupling of aryl halides with

organostannanes (path a of Scheme 3). However, it should be
taken into account that the key specgsf the “S2 cyclic”
mechanism of Scheme 3 is an activated complex, while the
metallacycle compleX2 of this work is a true intermediate

49) Although a significant amount 42 is formed in solution (path b in Figure

3) and, in the presence of an excess of PE¥8:1) and B4SnG=CPh
(~20:1), 12 represents the main component in solution (Figure 7), its
characterization is mainly based ¥ NMR evidence. Attempts to obtain
13C NMR and!H NMR data of12 are frustrated by the overwhelming
intensities of signals of PRland BuSnG=CPh that must be used in large
excess to maximize its formation. However, a FT-IR analysis of the reaction
mixture under similar conditions shows a band’at 2105 cnt?, which

may account forz-coordination of the alkyne at Pat (BusSnG=CPh)=
2132 cn).
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which can accumulate in solution as the main reaction compo-
nent. However, the transmetalation mechanism of path b in
Scheme 8, involving the formation of the highly reactive solvent-
coordinate specied3, is related to Espinet's ‘€& open”
mechanism, which occurs when the cyclic mechanism is
disfavored by reaction conditions (paths b and c of Scheme 3).
In this respect, it is worth mentioning that the intermedib3e

is an analogous species of the solvent-coordinate complex
proposed by Farina (Scheme®)n fact, a preliminary L-for-S
(PPhy vs DMF) exchange occurs in compléxto form 13,
fo_ll_owed by an I-f_or-F@ exchange, most likely precedgd by an [q5-(1-Ph2|5-2,4-Ph_,)CsH2](CO)3Moll3d(PBu3)| (15). A 100 mL
initial sz-coordination of the alkynyl stannane on palladium. This - gcpjenk flask was loaded withy§-(1-PhP-2,4-PB)CsH|(CO)Mol (1)-
sequence of events follows closely the one proposed by Farinag.4cHcl, (0.50 g, 0.67 mmol) and Riba) (0.34 g, 0.37 mmol).
(paths a-d, Scheme 2). Therefore, the results found in this work  After three cycles of vacuum/argon, THF (20 mL) and PBu17 mL,

are characterized by clear analogies with mechanistic studies0.68 mmol) were added, causing the formation of a deep red solution.
of the carbonr-carbon coupling process and offer a unifying After stirring (1 h, room temperature), approximately 20 g of Celite
view of previous contradictory interpretatiobst314.21.23yjth was added to the reaction mixture, and the solvent was removed under

the understanding that different systems have been investigatedvacuum. The residue was chromatographed on a silica column (40 cm
In conclusion, this work confirms our early supposition of > 3 cm). Elution with hexane/dichloromethane 7/3 allowed the
similar mechanistic features between the palladium-catalyzed separation of a pale yellow band, which was discarded. Further elution
metal—carbon (M-C) bond-formation and th rberarbon with hexane/dichloromethane 6/4 yielded a red band, which was
etar-carbon ( ) 0 ormation a ) € carbsearbo collected to give, after removal of the solvent, 0.56 g (82%)18j &s
(C—C) bond-formation processe8? In this respect, because

. a red solid. A sample suitable for microanalysis was obtained by
of the fortunate design of the model substrdtesd2, and the crystallization from THF/pentane (vapor diffusion) at room temperature.

easy access to the stable, but still reactive, oxidative addition 14 NMR (CDCl): 6y 8.42-8.36 (m), 7.68-7.61 (m), 7.55-7.51 (m),
and transmetalated derivativ8s-6, further investigations on  7.26-7.24 (m), 7.2+7.17 (m), 7.026.90 (m), 6.826.75 (m), 6.15
this palladium-catalyzed process can be foreseen. Such studiet, 1H,J = 2.1 Hz, Cp-H), 4.57 (t, 1H,J = 2.1 Hz, Cp-H), 2.22-
may clarify the factors affecting the metatarbon bond- ~ 2.16 (m, 6H, P(E2CHCH,CHz)s), 1.59-1.52 (m, 6H, P(CHCH.-
formation reaction, as well as shed light on unclear aspects of CHz2CHs)s), 1.47-1.40 (m, 6H, P(CHCH,CH,CH)3), 0.93 (t, 9H,J
the carbor-carbon coupling itself, a phenomenon of paramount :6;.}4 I:z, EI(D%';'CHi%';Zc(:;?@' jggNmsz(gE)C%C% I?ASI'\;1(3C(SEJJ
. . . . . , , —41. = y 3). .
importance in synthetic organic chemistry. dc 236.2, 225.5, 225.300), 137.4-125.6 Ph), 120.0 (d.Je_p = 9.8
Hz, Cy), 110.9 (d,Jc—p = 7.3 Hz,Cy), 95.1 (d,Jc—p = 6.1 Hz, Cy),
90.2 (d,\]cfp: 7.3 HZ,Cs), 58.8 (d,-](;fp =36.6 HZ,C]_), 26.7 (—CHZ-
G et o CHCHCH), 247 (4 =122 He CACHCHCH), 2614 @
; Je-p = 2.4 Hz,—CH,CH,CH,CH), 13.8 (-CH,CH,CH,CH3). FT-IR

Roma “La Sapienza”. IR spectra were recorded on a FT-IR Nicolet (CHCl, cnrY): 1959.8 (s), 1868.5 (Spko). Anal. Caled for GaHae
510 instrument in the solvent subtraction mode, using a 0.1 mm CaF IMoO P’Pd' C 51.96: H 486 Found: C,52.02; H, 4.88. MS (15 V
cell. UV—visible spectra were measured on a Perkin-Elmer Lambda ESP*)3=2 93;2(,\'/” a 3,CO’) o Lo '

18 spectrophotometer. The kinetic measurements were performed on ’ .
a Hewlett-Packard Vectra XM spectrophotometel.3C, and®'P NMR [75-(1-PhP-2,4-Ph)CsH,](CO)sMoPd(PMes)l (16). A Schlenk
spectra were recorded on a Bruker AC300P spectrometer at 300, 75 flask was loaded withi>-(1-PhP-2,4-Ph)CsH,](CO)sMol (1)-0.4CHx-
and 121 MHz, respectively. Chemical shifts (ppm) are reportedl in  Cl» (0.31 g, 0.41 mmol) and B@iba} (0.21 g, 0.23 mmol). After three
values relative to MeSi; for *H NMR, CHCl; (6 7.24) or DMF ¢ cycles of vacuum/argon, the addition of THF (20 mL) and RleM
2.90), and fo3C NMR, CDCk (6 77.0) were used as internal standards. in THF, 0.4 mL, 0.82 mmol) produced a dark solution with yellow
The3'P NMR chemical shifts are relative to 85%mP0,. Mass spectra reflections. The mixture was stirred for 30 min, and then solvent and
were obtained on a Fisons Instruments VG-Platform Benchtop LC- excess PMgwere removed by vacuum transfer. The resulting solid
MS (positive ion electrospray, ESPspectrometer. Solvents, including  was dissolved in CkCl,, adsorbed on Celite, and chromatographed
those used for chromatography, were thoroughly degassed before useon a silica column (40 cmx 3 cm). Elution with hexane/dichlo-
Chromatographic separations were performed with Z8 mesh silica romethane 7/3 separated a pale yellow band, which was discarded.
gel (Merck). Further elution with hexane/dichloromethane 1/1 gave an orange band,
All manipulations were carried out under an atmosphere of argon which was eluted and collected. Evaporation to dryness left 0.32 g
with Schlenk type equipment on a dual manifold/argon vacuum system. (88%) of (L6) as an orange solid. The product was crystallized from

CsH](CO)sMoPd(PPB)C=CPh &) was prepared by adapting our
previously described procedure for theNO, derivative?
Pd(dba) (Aldrich), PPh (Aldrich), PBw (Aldrich), PMe; (1 M in
THF, Aldrich), and BySn—C=C—Ph (Aldrich) were used as received.
Legend for'3C NMR spectra:

Ph

302
%O— PPh,
2 1

5

Experimental Section

Liquids were transferred by syringe or cannula. THF angDEvere
distilled from sodium-potassium alloy; DMF was distilled from CaH
under reduced pressure.

BUusSNNER™ [17°-(1-PhP-2,4-PR)CsHZ](CO)sMol (1), [1>-(1-
PhyP-2,4-PE)CsH5](CO)MoPd(PPE)! (3).% and HG=C(p-Cl—CsHa)

—
were prepared according to published procedurgq1-PhP-2,4-Ph)-

THF/pentane (vapor diffusion) at room temperatutel NMR
(CDCly): 6n 8.36-8.30 (m), 7.76-7.70 (m), 7.58-7.48 (m), 7.27
7.24 (m), 7.22-7.15 (m), 7.02-6.96 (m), 6.93-6.89 (m), 6.79-6.77
(m), 6.18 (t, 1HJ = 2.1 Hz, Cp-H), 4.60 (t, 1H,J = 2.1 Hz, Cp-H),
1.73 (dd, 9H,le7H =95 HZ,szfH = 3.0 Hz, P(G‘|3)3) 3P NMR
(CDCl): 0p 33.96 (d,J = 502 Hz,—PPhy), —15.19 (d,J = 502 Hz,
P(CHa)3). 3C NMR (CDCk): dc 235.9, 225.6, 224.900), 137.6-
125.6 Ph), 119.8 (d,\]cfp =9.0 HZ,Cz), 111.0 (S,C4), 94.7 (d,\]cfp

(50) Because the analogy between the two Pd-catalyzed processes is legitimate= 5.4 Hz,C3), 90.0 (d,Jc—p = 12.6 Hz,Cs), 59.9 (d,Jc-p = 37.7 Hz,
it is worth mentioning that our early reports on the preparation of the — _ _ —1y-
transmetalated compléxand other similar derivativéscindeed represent C1), 16.1 (d.Je-p = 23.3 Hz,~CHg). FT-IR (CHCl, cm™): 1959.1
the first examples of observation and characterization of a transmetalated
intermediate in a Stille-like catalytic cycle. Overlooking these papers, other (51) Jones, K.; Lappert, M. K. Chem. Socl965 1944.
authors have later claimed their reports as unprecedéhtéd? (52) Jacobs, T. LOrganic ReactionsJohn Wiley: New York, 1949; Vol. 5.
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(s), 1865.1 (s)*co). Anal. Calcd for GsHziIMoOsP.Pd: C, 47.19; H,
3.51. Found: C, 47.31; H, 3.53. MS (15 V, ESR=-806(M* — 3CO).

[55-(1-PhyP-2,4-PB)CsH,](CO) sMoPd(PPh)) C=CPh (5). A Schlenk
flask was loaded withy-(1-PhP-2,4-PR)CsHs](CO)sMoPd(PPB)I (3)

= 2.4 Hz,dpp = 3.3 Hz, Cp-H), 4.59 (t, 1H,J = 2.4 Hz, Cp-H). 3P
NMR (CDCL): dp 50.16.33C NMR (CDCk): dc 237.7, 224.7, 223.7
(CO), 136.9-125.1 Ph), 119.4 (d,Jo_p = 9.0 Hz,Cy), 110.5 (d,Jo_p
= 9.0 Hz,Cy), 95.2 (d,Jc_p = 5.4 Hz,Cs), 89.2 (d,Jc_p = 12.6 Hz,
Cs), 57.7 (d,Jo_p = 46.7 Hz,Cy). FT-IR (DMF, cnt): 1966 (s), 1895

(0.52 g, 0.48 mmol), and three cycles of vacuum/argon were performed. (sh), 1876 (s)#co). Anal. Calcd for GH2:IMoOsPPd: C, 47.17; H,

Upon addition of DMF (10 mL), a bright red solution was obtained.
Following dropwise addition of tributyl(phenylethynyl)tin (0.56 g, 1.36

2.72. Found: C, 46.97; H, 2.74. MS (15 V, ESR= 818(M + H)*.
Kinetic Measurements.Manipulations were carried out under argon.

mmol), the color changed to dark brown, and the mixture was stirred DMF was degassed and distilled from Gatthder reduced pressure.

for 1 h. The reaction mixture was transferred into a separatory funnel, The kinetic experiments were performed by NMR spectroscopy and
diluted with 50 mL of THF, and extracted with brine ¢6 50 mL). UV —visible spectrophotometry, und@seudofirst-order conditions,

The organic phase was dried over sodium sulfate, filtered, and using at least a 10-fold excess of tributyltinacetylides with respect to
concentrated. Pentane was added to the solution, which was leftcomplexes3 or 14. The temperature in the NMR probe was determined

overnight at—28 °C, to allow the formation of a precipitate. This was

from the chemical shift difference between the OH and. Signals of

washed with pentane and dried in a vacuum, yielding 0.50 g (92%) of a solution of ethylene glycol containing 20% DMS#-The NMR

product ) as a brown solid. An analytical sample was obtained by
recrystallization from THF/pentane (vapor diffusion) at room temper-
ature.’H NMR (CDCk): on 8.67-8.59 (m), 7.96-7.62 (m), 7.60-
7.48 (M), 7.45-7.29 (m), 7.277.22 (m), 7.2+7.07 (m), 7.05-6.97
(m), 6.94-6.72 (m), 6.3+6.25 (m), 6.12 (t, 1H) = 2.1 Hz, Cp-H),
4.74 (t, 1H,J = 2.1 Hz, Cp-H). *%P NMR (CDCk): 0p39.72 (d,J =

455 Hz,—PPh), 28.22 (d,J = 455 Hz,PPh). 1*C NMR (DMF-d;):

Oc 234.1, 226.5, 225.400), 138.1-124.9 fPh), 118.7 (dJc-p = 9.8

Hz, C;), 115.2 (d,Jc-p = 8.6 Hz,—C=C—Ph), 109.6 (dJcpr = 7.3

Hz, C4), 107.2 (dd,J'c-p = 6.1 Hz,J’c—p = 28.5 Hz,—C=C—Ph),
94.4 (d,Jc-p = 6.1 Hz,C3), 89.4 (d,Jc—p = 11.2 Hz,Cs), 55.1 (d,
Jc—p = 43.3 Hz,Cy). FT-IR (CHCl,, cm‘l): 2106 (W) (rc=c), 1949.8
(s), 1869.0 (m), 1842.1 (sy£o). Anal. Calcd for GgH4,M0O5P,Pd:

C, 66.27; H, 4.03. Found: C, 66.54; H, 4.12. MS (15 V, EBR 967
(M* — 3CO).

BusSn—C=C—(CsH4)p-Cl (11b). A mixture of (diethylamino)-
tributylstannane (7.96 g, 0.022 mol) apatlorophenylacetylene (2.50
g, 0.018 mol) was stirred at room temperature for 1 h. Following
removal in vacuo of the diethylamine formed during the reaction, a
pure product (6.90 g, 94%) was isolated, as a pale yellow oil, by
Kugelrohr distillation at 200C/10* mm Hg.'H NMR (CDCLk): dn
7.35 (d, 2H,J = 8.9 Hz,metaPh), 7.23 (d, 2HJ = 8.9 Hz,ortho Ph),
1.61 (p, 6HJ = 8.6 Hz, CH—CH,—CH,—CH,—Sn), 1.37 (s, 6HJ =
7.7 Hz, CH—CH,—CH,—CH,—Sn), 1.05 (t, 6HJ = 8.3 Hz, CH—
CH,—CH,—CH,—Sn), 0.92 (t, 9HJ = 7.1 Hz, (H3—CH,—CH,—CH,—
Sn).13C NMR (CDCLk): ¢ 133.69, 133.07, 128.37, 122.52h), 108.71
(Ph—C=C-Sn), 94.63 (PhC=C—Sn), 28.87 (tJcsn= 11.3 Hz, CH—
CH,—CH,—CH,—Sn), 26.93 (t,Jcsn = 29.4 Hz, CH—CH,—CH,—
CH,—Sn), 13.65 CH;—CH,—CH,—CH,—Sn), 11.12 (CH-CH,—
CH,—CH,—Sn). FT-IR (CHCIl, cmY): 2959 (s), 2924 (br), 2872 (m),
2854 (m), 2134 (w), 1848 (s), 1466 (m), 1377 (w), 1207 (w), 1094
(m). MS (15 V, ESP) = 449 (M + Na)". HRMS (we): calcd for
CaoH3:CISn (M1): 426.1136; found, 426.1084; calcd fopdH30CISN
(M — H): 425.1058; found, 425.1060.

T 1 _
[75-(1-PhyP-2,4-Phy)CsH;](CO)sMoPd(u-1) .PdMo(CO)3[ 5-(1-

1

Ph,P-2,4-Ph)CsH;] (14). A Schlenk flask was loaded withy§-(1-
PhP-2,4-Ph)CsH,](CO)sMol (1)-0.4CHCI, (0.20 g, 0.28 mmol) and
Pdy(dba) (0.14 g, 0.15 mmol). After three cycles of vacuum/argon, 20

mL of THF was added to the flask, and the resulting dark solution was

tube (5 mm) was charged with compl&x(10—30 mg), 400uL of

DMF, and 100uL of DMF-d;, and BuSn—C=C—Ph was added by
syringe. Spectra were collected immediately, using a macro sequence.
The rate of disappearance of the compaxas followed by recording

the intensity value of the signal &22.0 ppm. First-order rate constants
(kob9 Were obtained by exponential fitting o8][versus time, using a
nonlinear least-squares regression program. The kinetic runs were
reproducible to within 10%.

UV—Visible Kinetics. A series of stock solutions were prepared
by dissolving complex3 (4.4 mg) or complexi4 (3.5 mg) in dry
degassed DMF in a 25 mL volumetric flask. In a typical run, a quartz
cuvette (1 cm path length) was loaded with 2 mL of a stock solution
and allowed to equilibrate at the appropriate temperature, before addition
of tributyltinacetylide. BySNnG=CPh was added (215 uL) as neat
liquid, while appropriate amounts (8®00xL) of a solution of Buy-
SnCG=C(p-CIC¢H,4) in DMF (70.9 mg in 5 mL) were used. The decrease
in absorbance associated with the reaction was followed with time.
First-order rate constantk.fg9 were obtained by fitting the exponential
dependence of absorbance versus time data using a nonlinear least-
squares regression program, which provides valuek.gfand A.
Fittings of kops to g 3 to giveK and k; values were obtained with
nonlinear least-squares calculations carried out by the program Sigma
Plot. The reaction o8 with BusSnG=CPh was followed at 400 nm
for [3] < 2.0 x 1074 M, and at 490 nm for higher concentrations. The
reaction of3 with BusSnG=C(p-Cl—C¢H,) was followed at 420 nm,
and that ofl4 with BusSnG=CPh at 410 nm. Single kinetic runs were
reproducible to within 5%, and the parametefs and k. were
reproducible to within 12% on duplication of a full kinetic set.
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