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Many palladium catalyzed cross-coupling reactions follow a quite trans [PARICI(PPhy),]
general pathway: oxidative addition of’Rto Pd(0) to give a +ZnMe, 4
[PARIXL,] intermediate, transmetalation from [MiRto give -zomecl | ™M
[PARIR?L ], and reductive elimination to afford the productRR trans-[PdRMe(PPhg).] _ﬂ cis-{PdR{Me(PPhy),
and regenerate the Pd(0) catalyst. The former and later steps are 3 2 3
common to all the cycles and have been studied in some dépth. o016 1 +znwe, }(3} ks | (4)
The various cross-coupling reactions differ in the nucleophile used mol /L ] it
for transmetalation and, consequently, in the transmetalation step. orale  TVCHERISRES R
Powerful distinct synthetic protocols are available for different :\% qouod
couplings partners using the Negishi processcently including 1 oo’ !
alkyls# The Negishi reaction is peculiar in that two types of Loy L BR
organometallic reagent, ZnRX and ZpRire available. Both are ] !_Lc!-r" Sy o
actually used depending on the prototdhe choice of one or the 0.004+y ﬁ' ©002
other seems to be totally empirical or based on the ease of access 1R
to them. o] TRnN ; § 9 3-—F‘(‘I’Me
Compared to other reactions (Stille, Suzuki-Miyaura), mecha- o 200 450 "800 800
nistic proposals on the transmetalation step in Negishi couplings Y(min)

are purely speculative, and the essential stereochemical and kineticFigure 1. Concentration/time data for the reactiant- ZnMe, obtained
aspects remain obscure. We report here what are the first experi-2y **F NMR, in THF at 298 K. Starting conditions1] = 1.65x 10" M;
mental observations on the transmetalation in a Negishi coupling. [znMe] = 0.33 M.
An unexpected observation is made: in the transmetalation with trans-{PdRIMe(PPhg),]
ZnMe; or ZnMeCl, using [PdRfCI(PRJy] (1, Rf = 3,5-dichloro- 2 ]“2)
2,4 6-trifluorophenyl) as a modekach methylating reagent affords mol/L (5)
stereoselectively a different isomer (cis or trans) of the [PdRfMe- | goigJr1 @ IPICIRIPPRg)] + ZnCiMe ~- cis [Pd:"”a‘PP“G)?]
(PPh),] coupling intermediate. Moreover, the isomerization of these 1y l(a) ZnCly j(an
isomers is a slow process._Thls is a key point to understand that siia] trans{PACIMe(PPha)y] + ZnCIRT AfMe
the choice of the organozinc reagent could strongly affect the o
outcome of the Negishi cycle. 1 cPo0o0o00o00co 2
Observation and Isolation of Intermediates.In refluxing THF, 0.008 odjfp
the coupling reactions of ZnMer ZnCIMe with Rfl catalyzed by J &'82
trans[PdRfCI(PPh),] afford in both cases RfMe. Hence the system Eb5d.] 145 “A%%
is a real model of the Negishi coupling. At room temperature the ;&V‘. HHTP
reductive elimination of RfMe proceeds very slowly (this should I
be undesired for synthetic purposes, but it is convenient for the O'W C. 4 . e
observation of intermediates and potential side reactioms). 0 200 400 600 800
mixture oftrans{PdRfMe(PPh),] (2) andcis-[PdRfMe(PPh),] (3) ttonin)
was produced in both cases, along with other products (see below).Figure 2. Concentration/time data obtained froftF NMR in THF, at
Both isomers were independently prepared and fully charactetized. 2982K for the reactiorL + ZnMeCl. Starting conditions: 1 = 1.65 x
1072 M; [ZnMeCI] = 0.33 M.
Studies on the Transmetalation Step.The transmetalation
reactions oftrans{PdRfCI(PPR),] (1) with ZnMe, and with and [PdMeg(PPh),] by aryl for methyl exchange between the metal
ZnCIMe were monitored by*°F NMR, with concentrations of centers. After 10 h standing at 298 K, about 60% of the Rf group
reagents as would be found in a catalysis with 5% Pd catalyst. was in the form of4, showing that in the working conditions the
Transmetalation with ZnMe,. Figure 1 shows the reaction  equilibrium was displaced toward ZnRfMe[PdMe(PPh),]. This
course ofl with ZnMe, (Zn/Pd= 20:1). The starting complex is  exchange reaction, which is slower than the methyl transfer from
consumed very fast giving rise toans[PdRfMe(PPh),] (2) (eq ZnMe;, to 1, explains most of the disappearance2aibserved in
1). Then the methylated compl@qprogresses in two competitive  Figure 1.
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ways: (i) to givecis-[PdRfMe(PPHh),] (3) in a very slow process Transmetalation with ZnMeCl. Figure 2 shows the reaction

(eq 2); and (ii) to give ZnRfMe4) (eq 3)7 Finally, the coupling course ofl with ZnMeCl (Zn/Pd= 20:1). The Me transfer from

product RfMe is produced slowly frord (eq 4). zinc to palladium (measured as the consumptiori)ois slower
In separate experiments the isolated compleXesd 3 were with ZnMeCl than with ZnMe, as expected from the lower

shown to react with ZnMge(Zn/Pd= 20:1) to give ZnRfMe 4) nucleophilicity of ZnMeCl. Initially cis-[PdRfMe(PPHR);] (3) is
3508 = J. AM. CHEM. SOC. 2007, 129, 3508—3509 10.1021/ja070235h CCC: $37.00 © 2007 American Chemical Society
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9 190 0-0g Sy e induced by the presence of the reagent ZpMehile it is a very

minor problem with ZnMeCl. This side reaction can eventually lead
to homocoupling products.

Note that these conclusions should not be extrapolated to less
conventional ligands, solvents, or reagents. Further studies of other
systems are under way.

Figure 3. Concentration/time data obtained fréff NMR in THF at 298 K
for the isomerization and reductive elimination process.

produced, whiletrans[PdRfMe(PPh).] (2) is formed only at a
slower rate, possibly by isomerization 8f(see later). Thus the
behavior of ZnMeCl is different from that observed for the reaction
with ZnMe,, for which the kinetic product is the trans isontr

The concentration 08 reaches a maximum and then decreases
owing to its isomerization t@. On the other hand, some ZnRfCl
(5) (amounting toabout 20% of total Rf) is formed fast at the early
stages of the reaction, but then its concentration changes only
modestly during the reaction. In separate experiments the reactions
2 or 3with ZnMeCl (Pd/zn= 20:1) afforded, after 12 h, only small
amounts of ZnRfCI§) (10% of the total of fluorinated products)
showing that this exchange is shifted toward the fluoroaryl group
on the palladium complex.

Study of the Cis—Trans Isomerization. The cis-trans isomer-
ization in THF, observed during the transmetalation reactions was
monitored as an isolated step ¥ NMR. An evolution to a cis
trans equilibrium was observed, whether starting fébor from 3

Acknowledgment. We thank the Ministerio de Ciencia y
Tecnologa (Grant CTQ2004-07667), Consolider Ingenio 2010
(Grant CSD2006-0003), and the Junta de Castilla yn_@rant
VA-060-04) for support.

Supporting Information Available: Details of syntheses, charac-
terization of the complexes, and kinetics experiments. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Komiya, S.; Hirano, M. lmis:
Kurosawa, H., Yamamoto, A., Eds.; Elsevier: Amsterdam, The Nether-

lands, 2003; Chapter 3. Ozawa, F. Fundamentals of Molecular

(Figure 3). In a competitive coupling process, RfMe is formed from
3.

Catalysis Kurosawa, H., Yamamoto, A., Eds.; Elsevier: Amsterdam, The
Netherlands, 2003; Chapter 9. (b) Hartwig, J fistisiktteise < 998
31, 852-860.

The reaction kinetics was fitted to a model that takes into account ~®) 51%)35.sF(’g;eéazgﬁhﬁf’?_tr;eg'smszfgéa413’7’4;%;
these competitive reactiofisit equilibrium the isomerization is 959.

shifted toward the trans isom2raffordingKisom = 1.9 by'°F NMR
integration when the equilibrium has been reached. The same
value is obtained from the rate constants obtained in the experi-
mental kinetic studies on th&to 2 (k, = 3.7 x 10°s L k, =

1.9 x 10°5s%; ks = 8.9 x 108 s71) and2 to 3 (same values
within experimental error) isomerization.

The observation that, under the conditions used, the treiss
isomerization is very slow in both senses compared to the
methylation ofl, supports that the methylation step, whether with
ZnMe, (keeping the trans stereochemistry of the palladium complex)
or with ZnMeCl (changing the trans stereochemistryl @b cis in

(3) (a) Handbook of Organopalladium Chemistry for Organic Synthesis

(4) (a) Zhou, J.; Fu, G.

G

the transmetalated product), is stereoselective to the isomer observed

in each case.
Some preliminary conclusions can be drawn from Scheme 1,

~

(6)

which summarizes our main observations. The transmetalation has

unexpected complications. The coupling reaction using ZnMeCl is
very direct, as the transmetalation gives directly a cis complex from
which the coupling product is obtained. On the contrary the reaction
with ZnMe,, although producing a faster transmetalation, gives a
trans complex which cannot couple unless it previously isomerizes
to the cis isomer. This isomerization is slow (it can be very slow,

depending on the ligands), allowing for other side processes to
occur. One observed here is the transmetalation Rf/Me, which is

7

(8) (a) Mendes,

~

Negishi, E., Ed Wiley- Intersmence New York, 2002; Vol. 1, Part Ill.
. Qian, M.; Hu, Q.; Huang, Mﬁaﬁ

] Meuere A, Dledench F., Eds.;

Wiley-VCH: Weinheim, Germany, 2004; Chapter 15.

@003 125 12527 12530. (b)

Zhou, J.; Fu, G. @003 125 14726-14727. (c) Tan,

Z.; Negishi, E Angew. Chem., InEd. 2006 45. 762—-765. (d) Jones, G.

D.; Martin, J. L.; McFarland, C.; Allen, O. R.; Hall, R. E.; Haley, A. D.;

Bandon, R. J.; Konovalova, T.; Desrochers, P. J.; Pulay, P.; Vicic, D. A.

*)QOOG 128 13175-13183. (e) Jones, G. D.; McFarland,
C.; Anderson, T. J.; Vicic, D. Aiaastaiaisie 0005 4211-4213.

The use of this fluorinated aryl slows down the reactions and facilitates
NMR studies by'°F, as applied in studies on the Stille reaction. See for
instance: (a) Casares, J. A.; Espinet, P.; Sala . 2002
8, 4843-4853. (b) Casado, A. L.; Espinet, P.; Gallego, A. M.; Maei-
llarduya, J. M. n2001 339-340. (c) Casado, A. L,
Espinet, P.; Gallego, A. MinsinmiSissseiiio 2000 122 1177+11782.
(d) Casado, A. L.; Espinet, P.; Gallego, A. s d 998
120, 8978-8985.
Compound?2 was isolated in good yield from the reaction wans
[PARICI(PPR),] with ZnMe; at 0°C, using an excess of PPto quench
its further evolution. Complex3 was independently prepared from
[PdMeCI(COD)] (COD= 1,5-cyclooctadiene) by arylation with LiRf and
then COD displacement with PRIfror details see Supporting Information.
ZnRfMe was identified by it¥F NMR signals compared with those from
a pure sample of ZnRfMe prepared independently mixing Zniigh
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