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Although Pd[PCyj,, Pd[PMeB],, Pd[PBLls]2, and a large number of similar bisphosphinepalladium-
(0) compounds are excellent cross-coupling catalysts, most are not readily synthesized and stored, and
research involving their utilization generally reliesiorsitu synthetic processes that proceed at unknown
rates and in unknown vyields. This paper describes, in part, the development of an efficient synthetic
route to the representative catalysts Pd[R&YPd[PMeB(),, and Pd[PBl], via reactions of Pdf-
C3Hs)(17°-CsHs) with 2 equiv each of PGy PMeBU,, or PBUz. The procedures, which may be generally
useful, are optimized such that known concentrations of the bisphosphine catalysts may be generated
quickly, reliably, and under mild conditions. That said, the chemistry of the 2:1 compounds can be
surprisingly complex; although Pd[PBJ4 shows no inclination to increase its coordination number, Pd-
[PCys), and Pd[PMeBlU], react with added PGyor PMeBL, to form 3:1 coordination compounds.
Equilibrium constants for dissociation of the compounds f0LPdL, + free L (L = PCy;, PMeBL)
were measured over a range of temperatures, and from the resulting linear ploksofdri/T, AH and
ASvalues of 21 kJ moft and 59 J degt mol ™, respectively, were determined for the BBystem, and
23 kJ mof?t and 86 J degt mol%, respectively, for PMeBp The enthalpy values provide a rough
measure of the PdP bond dissociation energies, which are, as expected, considerably lower than both
the single Pd(l)-phosphine and the single Ptt@hosphine bond energies that have been reported (both
~55 kJ moft). The significant formation of the catalytically less active 3:1 compounds has serious
implications for many of the published catalytic cross-coupling processes that involve catalyst formation
via the slow reduction of palladium(ll) precursors in the presence of excess phosphine; for many such
systems, relatively little of the added palladium may actually be present as the catalytically active
bisphosphinepalladium(0) compound.

Introduction to coupling of alkyl halides are also being explored. The most

The discovery and development of palladium-catalyzed widely accepted catalytic cycle (Scheme 1) typically involves

Suzuki-Miyaura cross-coupling reactions have revolutionized

methodologies for the formation of carbeoarbon bonds and

have thereby profoundly changed the strategies for the construc

tion of many types of complex organic moleculds.the general
case, an aryl halide ArX (%= ClI, Br, I) reacts catalytically
with an arylborate species [BY3]~ (Y = halide, alkoxide,
etc.) to form the coupled product AAr’, although extensions

(1) For recent reviews, see: (a) Littke, A. F.; Fu, G.Ahigew. Chem.,
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oxidative addition of ArX to what is believed to be a homoleptic
bisphosphine Pd(0) compound RdL = tertiary phosphines),
followed by transmetalation and reductive elimination steps.

High temperatures and long reaction times are often utilized
to obtain good yields of cross-coupling products, and attempts
to improve reaction efficiencies have included varying the nature
of the phosphines L (sterically demanding phosphines often
seem to be best), the L:Pd ratio, the solvent, the temperature,
added salts and bases, and Mterestingly, a possibly central
variable that has not generally been considered is the extent to
which the putative catalytic species, Rdis actually present
in solution. Bisphosphine Pd(0) compounds not only are
extremely air sensitive but also are prone to expand their
coordination spheres to form species of the types,Pdand
PdLL'; (L' = CO, alkenes, alkynes, phosphines) and to form
clusters containing PePd bonds. Therefore, because of their
delicate and often unpredictable nature, preformed bisphosphine
compounds are rarely utilized.

Instead more readily accessible compounds, such as the
relatively poor catalyst Pd(PBR,2¢9k! are utilized or the
phosphine to be used is added to solutions of precursor Pd(0)
compounds such as Pd(dpahd Pd(dba} (dba= transtrans
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Scheme 1 PMePh give similar species in DMF at 60 .5 Thus reduction
Precatalyst to Pd(0) does seem to occur in some instances although the
l2L species produced have not in fact been identified. Interestingly,
under the particular conditions of the latter study, reduction is
inhibited by bulky substituents on the phosphéfigich that
reduction of even Pd(OAg)by monodentate phosphines be-
comes disfavored when the phosphine cone angld &. This
corresponds approximately to the size of £Etand thus
reduction of Pd(OAg) by the bulkier phosphines normally
utilized in Suzuki cross-coupling reactidris problematic. For
instance, the commonly used PCPMeBU,, and PB4 have
cone angles of 17¢ 161°,” and 1825 respectively.
. . The question arises then, if one particular palladium(ll)
dibenzylideneacetoné)in the case of Pd(dbapnd Pd(dbay, phosphine cross-coupling catalyst system is found to be more
it was at one time generally assumed that the dba is completelygtfactive than another, does the difference arise because one
displaced or, if not, that it does not impede QX|dat|ve addition. phosphine is intrinsically superior, as is generally claimed or
However there has now accrued ample evidence that alkene§mplied? Or does the difference arise because more of the Pd-
containing electron-withdrawing groups, including dba, bind (I1) precursor is reduced in the one case than in the other?
very strongly to Pd(0) and are not always fully displaced by pryrthermore, in situations where, in spite of the addition of
tertiary phosphine$ Furthermore, for a combination of elec-  aycess phosphine, reduction of the Pd(ll) is far from complete
tro.nlc gnd ste.rllc reasons, dba is found to actually inhibit many g\,cn that the ratio L:Pd(0¥ 1, say 100:1 or 1000:1, might the
oxidative addition reactiorrs. _ _ major palladium(0) species in solutidor some phosphindse
Catalyst solutions are alternatively generated by adding a predominantly a less active species RPdt PdLs, depending
phosphine to a suspension or solution of a Pd(ll) compound oy the steric requirements of L? The importance of and
such as Pd(OAg)r PdCh, sometimes in the presence of abase, gitficulties in identifying the true catalyst(s) in the plethora of
the assumption made being that the Pd(Il) salts are somehowprocesses investigated has been explicitly recogrized,
reduced to Pd(0) compoun#isAlthough suggestions of rel-  githough itmaybe an exaggeration to suggest that the “literature

evance for a number of reducing processes have appeared for @55 grown into a morass, with an endless list of hypothesized
variety of palladium-based catalytic systems, there seems in facty; cjaimed true catalytic specie¥”.

to be a paucity of careful studies establishing the usefulness,
general or specific, of any class of reducing agents. Indeed, for

Ar-Ar PdL, Ar-X

[BXY3l [ArBY3

However, as mentioned above, high temperatures and long

most of the phosphine/palladium catalyst systems used, ther
is little or no evidence that substantial reduction is effected either

rapidly or completely.

Indeed, although tertiary phosphines themselves may serve
as reducing agerftand it has long been known that triarylphos-

phines in DMF reduce Pd(OAgrand Pd(OCOCH, via the

corresponding bisphosphine Pd(ll) compouffd$,dethe analo-
gous halo compounds PdPPh), (X = CI, Br, |) are stable
with respect to reduction in this w&j.0n the other hand,

unidentified but presumed Pd(0) compounds are formed when

Pd(OAc) and PdC] are treated with PBuin benzene and
THF>¢ and reactions of Pd(OAg)with PBw, PMePh, and

(2) For background references information on Pd(0) chemistry in general,

see: (a) Kudo, K.; Hidai, M.; Uchida, YJ. Organomet. Cheni.971, 33,
393. (b) Kudo, K.; Sato, M.; Hadai, M.; Uchida, Bull. Chem. Soc. Jpn.

€,

reaction times are often required to obtain good yields in
Suzuki-Miyaura arykaryl cross-coupling reactions. If one
hypothesizes that somewhat extreme conditions may be neces-
sary in order that a Pd(0) catalyst species be formed in
catalytically effective concentrations, then a mild and efficient
method to produce bisphosphine Pd(0) compounds unambigu-
ously would permit an accurate assessment of the relative merits
of various phosphines in the catalytic cycle. It might also result
in the realization of much milder reaction conditions for cross-
coupling reactions involving otherwise poorly reducible Pd(ll)
precatalysts, a potentially useful development where thermally
sensitive functionality in cross-coupling substrates would pre-
clude the use of high temperatures for prolonged periods of time.
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In order to explore these possibilities, we have begun a study
of cross-coupling reaction chemistry in which we have deter-
mined initially the mildest conditions under which useful
compounds of the specific stoichiometry Bdhay be generated
unambiguously, quantitatively, quickly, and under mild condi-
tions. The method chosen utilizes B4 CsHs)(17°-CsHs),2 which,
on heating in the absence of potential ligands, reductively
eliminates GHs—C3Hs (as a mixture of isomers) and deposits
palladium meta?. It also reacts with phosphines L to give,
following reductive elimination of gHs—CsHs, Pd(0) com-
pounds of the types Pgl(n = 2—4);2thm.p.105_allyl compounds
of the typen®-CsHsPd@1-C3Hs)L and dinuclear species of the
type PdL(u-CsHs)(u-CsHs) are often intermediatés.

Although Pd{3-C3Hs)(5°-CsHs) has been used in this way
previously to generate Pd(0) cross-coupling catakj$tg;r.10

Mitchell and Baird

Table 1. 3P NMR Data (at 25 °C in toluene-dg unless
otherwise indicated)

2)(P-P

compound o (free L) o (PCy) o (PMeBuy) o (PBus) gHz))
Pd[PCy]. 9.89 39.2
Pd[PCy3 25.8
Pd[PMeBUy)], 11.4 41.9
Pd[PMeBUy]s 30.3
Pd[PBUg]» 63.3 84.7
Pd[PCy][PMeBU,] 40.3 40.8 300
Pd[PMeB,][PBuU'] 41.8 85.4 246
Pd[PCy][PBU] 41.4 85.2 241

aAt —68°C. P At —88°C. ©In benzeneds at 25°C; calc as an AB spin
system.

deoxygenated by passage through a heated column of BASF copper
catalyst and then dried by passing through a column of 4 A

a systematic study to determine the optimal conditions for molecular sieves. Handling and storage of air-sensitive organome-
catalyst generation has not previously been carried out. We haverallic compounds were done in an MBraun Labmaster glovebox,
now determined and herein report the optimum (i.e., minimum and NMR spectra were recorded using a Bruker AV 600 spec-
temperature, maximum time required) conditions under which trometer.3P NMR spectra were run at 242.95 MHz and are

the representative, catalytically very importéftdhcompounds
PdL, (L = PCy;,229PMeBU,,2? PBU3?"™9) are generated cleanly
and essentially quantitatively.

referenced with respect to external 85%Pi,; data are given in
Table 1, although it should be noted that the chemical shifts vary
somewhat with temperaturéd and'3C NMR data are referenced

Complementing these findings, and relevant to understandingto TMS via the residual proton signals of the deuterated solvents.
cross-coupling processes under the commonly occurring cir-  Tolueneds and benzenek (Cambridge Isotope Laboratories, Inc.
cumstances where L:Pd(Gy 1 (see above), we have also OF CDN Isotopes) were degassed under vacuum and dried by
determined the conditions in which significant proportions of Passage through a small column of activated alumina before being

palladium(0) species produced are present as the homolepticStored ove4 A molecular sieves. The phosphines RBMeBL,,

3:1 compounds Pdi(L = PCy;, PMeBUy), in equilibrium with
the corresponding 2:1 species BdKp of Scheme 2), and the
thermodynamic parameters for dissociation of el PdL, +

L (L = PCys, PMeBU). The heteroleptic species Pd[PHy
[PMeBU,], Pd[PMeB;][PButs], PA[PCy|[PBu'], Pd[PCy]-
[PMeBU,],, and Pd[PCy],[PMeBLU,] are also formed in mixed
phosphine systems. In a following papérye shall describe a
related kinetics study of the oxidative addition of PhBr to Pd-
(PCyws)n (n = 1, 2, 3), of importance as the first step of the
Suzuki-Miyaura cross-coupling catalytic cycles involving this
very important, representative catalyst system.

Scheme 2

Pd[PCys,], Pd[PCy,], + PCy,

Experimental Section

All syntheses were carried out under a dry, deoxygenated argon

atmosphere using standard Schlenk line techniques. Argon was

(8) Tatsuno, Y.; Yoshida, T.; Otsuka, Biorg. Synth.199Q 28, 342.

(9) (a) Liang, C.; Xia, W.; Soltani-Ahmadi, H.; Schar, O.; Fischer, R.
A.; Muhler, M. Chem. Comnm2005 282. (b) Niklewski, A.; Strunskus, T.;
Witte, G.; Wdl, C. Chem. Mater2005 17, 861. (c) Xia, W.; Schilter, O.
F.-K.; Liang, C.; van den Berg, M. W. E.; Guraya, M.; Muhler, ®atal.
Today2005 102-103, 34.

(10) (a) Galardon, E.; Ramdeehul, S.; Brown, J. M.; Cowley, A.; Hii,
K. K.; Jutand, A.Angew. Chem. Int. EQR002 41, 1760. (b) Leoni, P.
Organometallicsl993 12, 2432. (c) Stauffer, S. R.; Beare, N. A.; Stambuli,
J. P.; Hartwig, J. FJ. Am. Chem. So@001, 123 4641. (d) Matsumoto,
T.; Kasai, T.; Tatsumi, KChem. Lett2002 346. (e) Barrios-Landeros, F.;
Hartwig, J. H.J. Am. Chem. So@005 127, 6944. (f) Stambuli, J. P.; Buhl,
M.; Hartwig, J. F.J. Am. Chem. So2002 124, 9346. (g) Grotjahn, D. B.;
Gong, Y.; Zakharov, L.; Golen, J. A.; Rheingold, A. . Am. Chem. Soc
2006 128 438. (h) Mann, G.; Shelby, Q.; Roy, A. H.; Hartwig, J. F.
Organometallics2003 22, 2775. (i) Netherton, M. R.; Fu, G. GAngew.
Chem., Int. Ed2002 41, 3910.

(11) (a) Werner, H.; Kbn, A.; Tune, D. JChem. Ber1977 110, 1763.
(b) Kuhn, A.; Werner, HJ. Organomet. Chenl979 179 421. (c) Werner,
H.; Kihn, A.; Burschka, CChem. Ber198Q 113 2291. (d) Werner, H.
Angew. Chem., Int. Ed. Endl977, 16, 1. (e) Werner, HAdv. Organomet.
Chem.1981, 19, 155.

(12) Mitchell, E. A.; Jessop, P. G.; Baird, M. C. Manuscript in
preparation.

and PBl were obtained from Strem and used without further
purification. Tetraoctylphosphonium bromide (TOPB) was purchasd
from Aldrich and dried under vacuum at 4& prior to use. The
compounds Pd-C3Hs)(175-CsHs) 2 PA[PCy],2™ PA[PMeBy] 2™

and Pd[PBi4],2™ were prepared according to the literature. While
the 31P resonances of the three bisphosphine compounds were all
sharp singlets at 25C and below, thé'P resonances of Pd[Pgy

and Pd[PMeBY], broadened significantly in the presence of free
PCy; or PMeBU; at 25°C. The resonances of coordinated RBu
remained sharp under all circumstances.

In Situ Generation of PdL, (L = PCys, PMeBU,, PBUS). In
a typical reaction, 4.5 mg of Pgi-C3Hs)(77°-CsHs) (0.021 mmol)
in 0.18 mL of GDg was combined with 12 mg of P@y0.043
mmol) in 0.3 mL of GDs in an NMR tube, and &P NMR
spectrum of the solution was run every 10 mim foh at 25°C.
Similar experiments were carried out for various periods of time
in the temperature range 680 °C and using PMeBpand PB{
at various temperatures.

In Situ Generation of Pd[PCy][PMeBut;]. A solution of 4.4
mg of Pd[PMeB{}], (0.010 mmol) in 0.5 mL of benzengswas
added to a solution of 7.2 mg of Pd[P£y(0.011 mmol) in 0.5
mL of benzeneds at 21°C, and &P NMR spectrum was obtained
at 25°C. In a complementary experiment, 10 mg of Pd[Eley
(0.015 mmol) in 0.7 mL of toluendg was treated with 2.5 mg of
PMeBU, (0.015 mmol) in 0.3 mL of toluends at 21 °C, and
31P NMR spectra were obtained in the temperature range 25 to
—93°C. Similarly 27 mg of Pd[PCy]; (0.04 mmol) in 0.7 mL of
tolueneds was treated with 13 mg of PMeBu(0.082 mmol) in
0.016 mL of toluenedg at 21°C, and a3'P—31P NMR correlation
spectrum was obtained at88 °C.

In Situ Generation of Pd[PCy][PBuls]. A solution of 7.3 mg
of PBU; (0.036 mmol) in 0.18 mL of toluends was added to 10
mg of PCy (0.036 mmol) in 0.25 mL of toluendg in an NMR
tube. The sample was preheated to°Z7 and 7.6 mg of Pdg-
Cs3Hs)(17°-CsHs) (0.036 mmol) in 0.25 mL of toluends was added.
The sample was heatedrfb h at 77°C, then cooled to 21C, and
a 3P NMR spectrum was then obtained at°ZL Alternatively 7.0
mg of Pd[PCy], (0.011 mmol) in 0.5 mL of toluends was added
to 7.3 mg of Pd[PBy], (0.014 mmol) in 0.2 mL of toluends at
21°C, and a3'P NMR spectrum was then obtained.



Bisphosphinepalladium(0) Precursors for Cross-Coupling Catalysis

Pd

= | -
s o2
V

Figure 1. Reaction sequence in the formation of RdL

Pd
\CH2CH=CH2

+L — »

In Situ Generation of Pd[PMeBU,][PBu';]. A solution of 71
mg of Pd[PMeB], (0.17 mmol) and 89 mg of Pd[PB{; (0.17
mmol) was made up in 0.65 mL of toluewg-at 21°C, and &P
NMR spectrum was obtained at 2E.

Determination of Kp for PdL3 (L = PCys, PMeBUY). In a
typical experiment, 6.1 mg of Pd[P€ly (9.8 x 10-2 mmol) in 0.5
mL of tolueneelg was added to 2.5 mg of P€§9.0 x 10-3 mmol)
in 0.1 mL of tolueneds. The resulting solution was diluted with
an additional 0.2 mL of toluends, a glass capillary containing a
tolueneds solution of tetraoctylphosphonium bromide (TOPB)
(0.046 M, 3.0x 103 mmol) was added ([Pd(PGy], = [PCys]
= 0.011 M), and3P inverse-gated NMR spectra were obtained
between—85 and—68 °C with d; = 45 s. Similar experiments
were carried out using PMeBu

Results and Discussion

Syntheses of the Homoleptic Compounds Pdl(L = PCys,
PMeBu';, PBU'3). A small number of Pd(0) compounds PdL
have been prepared previously via reactions ofyR@gHs)-
(7°-CsHs) with tertiary phosphined;hmp.10 byt there have

Organometallics, Vol. 26, No. 21,528%

> 12 L—Pd—Pd—L —» PdL, + CgH1p

/

L—Pd—Pd—L PCy;

10 min ‘

70 min

140 min l

Pd[PCy;],
L—Pd—Pd—L

10 min 1

80 min J |
),

160 min

10

apparently been no attempts to ascertain the conditions underFigure 2. Stacked plots of’P NMR spectra for reaction of Pd-
which 2:1 compounds are best prepared. We have therefore(r3-CsHs)(575-CsHs) with 2 equiv of PCy (a) at 25°C and (b) at

monitored by3!P NMR spectroscopy the reactions of F#(
C3Hs)(n°-CsHs) with 2 equiv each of the representative phos-
phines PCy, PMeBU,, and PBU, all of great relevance in
the context of catalytic SuzukiMiyaura cross-coupling
reactiongP-10ni.13.14n this way we have determined the optimal
conditions (lowest temperature for quantitative conversion
in minimal time) under which specifically the compounds
Pd[PCy],, Pd[PMeBW],, and Pd[PBu], are obtained in
tolueneds.
Conversion of Pdf3-CsHs)(17°-CsHs) to the 2:1 compounds
is expected to proceed as in Figure 1, via the typesgladllyl
and dinuclear intermediates shoWReactions of Pd-CsHs)-
(7°-CsHs) with 2 equiv each of PGyor PMeBL, at 25 °C
(Figure 2a for L= PCys) were found to proceed slowly to
produce intermediate species exhibitfig resonances at27.8
and 35.4, respectively, attributable to the corresponding di-
nuclear specie¥, in addition to extremely broad resonances at
0 54.6 and 61.0, respectively, attributable to tieallyl inter-
mediatesicAfter a day at this temperature, there were observed
no 3P resonances &t 39.4 or 41.0, the chemical shifts of the
2:1 compounds Pd[PG}¢ and Pd[PMeBl4],, respectively??15
Supporting these conclusions, thé NMR spectrum of the
Pd(73-C3Hs)(175-CsHs)/PCys reaction mixture in toluends at
25 °C exhibited a broadenegP-CsHs singlet of Pdf3-CzHs)-
(7°-CsHs) atd 5.84 and a new sharp singletca6.03, attributed
to the dinuclear species RBCys)a(u-CsHs)(u-CsHs). The
resonance ab 6.03 gained in intensity over the course of the
reaction and exhibited an HSQC correlation t6@ resonance
at 0 89.9, consistent with a coordinated-CsHs ligand in a
dinuclear specie¥'? while theH resonance ab 5.84 dimin-

(13) Littke, A. F.; Fu, G. CAngew. Chem., Int. EA.998 37, 3387.

(14) (a) Netherton, M. R.; Dai, C.; Neuschutz, K.; Fu, GJCAm. Chem.
Soc.2001, 123 10099. (b) Kirchhoff, J. H.; Dai, C.; Fu, G. GA\ngew.
Chem., Int. Ed2002 41, 1945.

(15) Grushin, V. V.; Benismon, C.; Alper, Hnorg. Chem.1994 33,
4804.

65 °C.

ished. Concurrently a third broad resonance, attributable to the
7°-CsHs ligand of an intermediatg!-allyl species, appeared at

0 6.28. As reported previously for other phosphitést, seems
that Pd{®-C3Hs)(575-CsHs) reacts with PCy reversibly to
produce the intermediatg'-allyl species, which in turn forms
irreversibly the dinuclear speciesCys)(u1-CsHs) (1-CsHs).
While 'H resonances anticipated for gi-allyl intermediate
were not observed at 2&, such species are fluxional and rapid
exchange processes would undoubtedly result in extensive
broadening. In addition to the above, nér resonances also
emerged over the course of the reaction in the reglong—
6.5,~5.7,~4.9, and~3; these are attributed to the products of
reductive elimination, §Hs—CsHs, formed as a mixture of
isomerst?

Similarly, the PdgB3-C3Hs)(#°-CsHs)/PMeBU, system reacted
in tolueneds at 25°C to produce a new species with a resonance
at 0 6.02, consistent with the coordinate8CsHs ring of a
dinuclear species. Two virtual triplets appeared 4£08 (6.3
Hz splitting) and 1.00 (6 Hz splitting) and are attributed
respectively to the Buand PMe groups on the mutually trans
phosphines of PgPMeBU,),(«-CsHs)(u-CsHs). In addition,
resonances of the anticipated reductive elimination products
CsHs—C3Hs appeared as above.

At 65 °C (Figure 2b for L= PCy), the dinuclear species
PdL 2(1-CsHs)(u-CsHs) (L = PCys, PMeBU;) were slowly
consumed to produce the anticipated 2:1 products PdRCy
(6 39.4%) and Pd[PMeBi], (6 41.C%"). In contrast, and of note,
at 77 °C the 2:1 compounds Pd[Pgly (6 39.5) and Pd-
[PMeBuU,], (6 43.9) were both formed quantitatively within 1
h. In both cases, the anticipated resonances for the reductive
elimination products §Hs—CsHs were also observed in tHel
NMR spectra, while for the PMeBusystem broad singlets at
0 1.26 and 1.03 appeared and are attributed to theudiPMe
groups, respectively, of Pd[PMeB]s.
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In contrast, we find that PBygenerates neithey!-allyl nor TOPB
dinuclear intermediate species at 25 in tolueneds, as has

been noted elsewheté& only Pd[PBU]. is formed in a reaction .

that is complete withi 1 h at 25°C. The3'P and'H NMR -8 . A
spectra (25C) exhibit resonances respectivelya6.0 ( 85.2

in CeDg%) and atd 1.49 (virtual triplet, 5.6 Hz splitting) -56°C - . AJ\’
1.53, 5.7 Hz splitting in €Dg). The compound Pd[PB], is ' ‘ ) S o

also formed quantitatively in about 30 min at 7€ (*P: o -68°C | " » |

o "

88.4;H: 0 1.49, 5.6 Hz splitting). It seems likely in this system AN
that any-allyl species is formed initially but that the steric . 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6
bulk of the PB{ ligand induces rapid reductive elimination of d

CsHs—CgHs. The anticipated resonances of the latter are Figure 3. Stacked plots of low-temperatut# inverse gated NMR
observed in théH NMR spectra of the reaction mixtures at spectra for reaction of Pd[Pgly with 1 equiv of PCy (242.95
both 25 and 77C. MHz).

Homoleptic Compounds PdLls; Equilibria between PdL»

and PdLs. The analysis described above inevitably involved

on occasion the addition of slight excesses or deficiencies of %
the phosphines because of the small amounts of materials being
reacted, and we became aware of other apparent Pd(0) species

that were also being formed. In some cases there was observed x *

exchange broadening that implicated species other than the 2:1 5 .
compounds being investigated, while low-temperature spectra

sometimes exhibited weak resonances that could not be ac- -6+

counted for.

There is certainly precedent for 3:1 compounds $elkist-
ing in solution in equilibrium with the corresponding 2:1 com-
pounds’@17as in Scheme 2, but these usually involve sterically
undemanding ligands and perhaps would not be expected to b
very important in the chemistry of the three relatively large
phosphine ligands of interest here. On the other hand, there is
considerable speculation in the literature concerning possible
equilibria between 2:1 and 1:1 compounds and the possible role-
(s) of monophosphine compounds PdL in cross-coupling
reactionsi™18 and it was decided to investigate further the
palladium(0) systems being formed. Therefore, for all three
phosphines, experiments were carried out in which 1 equiv of
the phosphine was added to a solution of the Pcthimpound
in toluenedg and the’’P NMR spectra were obtained at various
temperatures.

Although the3P NMR spectrum of pure Pd[Pgly at 25°C
exhibits a sharp resonance @39.2 (Table 1), thé’P NMR
spectrum of a solution containing equimolar amounts of Pd-
[PCys]2 and PCy at this temperature exhibits only broadened
resonances ai 39.7 and 9.44, respectively, very close to the
chemical shifts of Pd[PG}. and PCy alone and hence
attributed to these compounds undergoing exchange. On coolin
the solution (Figure 3), the two resonances sharpen somewha
and shift slightly, and at-56 °C a new broad resonance appears
at 0 26.3. At —68 °C the latter is clearly apparent and of
intensity comparable with that of the 2:1 compound (Figure 3).
The resonance is not observed in low-tempera#ifeNMR
spectra containing just Pd[Pg}y, and therefore, consistent with
a previous report based on relatively low field spectra (36.43
MHz),29 it is attributed to the 3:1 compound Pd[P{yrather
than the 1:1 analogue Pd[Pg{y

Since the®'P resonances of all three compounds P®d-

"7 T T T T 1
0.0035 0.0040 0.0045 0.0050 0.0055 0.0060
1T K

grigure 4. Plot of InKp as a function of IV for the dissociation of
Pd[PCy]s (R? = 0.988) (* point from ref 2g).

hence to obtain thermodynamic data for this system in toluene-
ds. To this end, the concentrations of all three species in a 1:1
mixture of PCy and Pd[PCy], were determined via integrations

in the temperature range68 to —85 °C, mass balances being
ensured by relating all intensity measurements to the constant
intensity of a very narrow'P resonance of a solution of tetra-
octylphosphonium bromide (TOPB) standard in toluegend
contained in a glass capillary inserted into the NMR tube.

A linear plot of InKp vs 1/T was obtained (Figure 4), from
which values ofAH andASwere found to be 21 kJ mot and

59 J deg! mol™1, respectively. Extrapolation of this plot
indicates thaKp is 0.3 at 25°C and 1.5 at 100C. Thus, for
situations posited in the Introduction in which excess Plias
been added to a Pd(Il) precursor and the ratio of #72}(0) in

an attempted cross-coupling reaction might be 100:1, the

roportion of the total palladium present as Pd[Eeyould

&Ee 84% at 25C and 48% at 100C. On the other hand, if the
ratio of PCy:Pd(0) was, say, 1000:1, as might be the case in
the very early stages of any cross-coupling reaction involving
Pd(Il) precatalysts and excess RCe proportion of the total
palladium present as Pd[Pgyat 25 and 100C could be 98%
and 90%, respectively.

Similar 3P NMR experiments involving 1:1 mixtures of Pd-
[PMeBu;], and PMeB# in tolueneds resulted in similar
observations, with a resonance attributable to Pd[PN¢Bu
being observed &t ~30.3 over a range of temperatures. A linear

plot of In Kp vs 1/T was again obtained, from whereH and
[PCys]2, and Pd[PCy]3 are observable over a range of temper- ASvalues 23 kJ mof andAS= 86 J deg* mol-%, respectively,

atures, the opportunity was presented to measure the equilibriurr\Nere obtained. Extrapolation to 25 and F@yieldedKo values
constaniKp (see Scheme 2) as a function of temperature and at these temperatures of 3 and 19, respectively. Therefore a

(16) Dai, C.. Fu, G. CJ. Am. Chem. So@001, 123 2719. 100:; mixture of PMeB‘gand.Pd[MeB&]z under the conditions
(17) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.  decribed above could contain 32% of the total palladium as Pd-
Advanced Inorganic Chemistyth ed.; John Wiley and Sons: New York,  (MeBuy); at 25°C and 7% at the higher temperature. Similarly,

1999; p 1065. ; . ; . :
(18) (a) Ahlquist, M.; Norrby, POrganometallics2007, 26, 550, (b) 1" INe PL\AGB%&P&(O) rat'c; Vzvgs 1%0(l)bl(§g1en tTg Lotaég;lladlgm
Ahlquist, M.; Fristrup, P. Tanner, D.; Norrby, Rrganometallics2006 present as Pd(MeB; a an coula be o an

25, 2066. 42% respectively.
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Figure 5. 3P NMR spectrum (28C) of the reaction of Pd¢-C3Hs)(;75-CsHs) with 1 equiv of PCy and 1 equiv of PBY.

In contrast3P NMR spectra of a 1:1 solution of PBwand compound of the type Pd[RRRPR'3]2 is expected to exhibit the
Pd[PBUg], in tolueneds exhibit two unbroadened resonances spectrum of an AX or AB; spin system, and compounds of
for the two compounds over the entire temperature range 0 tothe type Pd[PR:[PR3]: or Pd[PR][PR'3]s are expected to
—73°C, implying that any exchange must be slow on the NMR exhibit the spectra of &> (A2B2) or AX3 (AB3) spin systems,
time scale. There is thus no evidence for the formation of Pd- respectively?® As we had wondered in any case if heteroleptic
[PBU3]3, reasonable in view of the much larger cone angle of 2:1 compounds would form as readily and in the same way as
this ligand® The great steric requirements of this ligand have the homoleptic compounds described abesech species have
been noted elsewhéfél3as being of significance in their effect  not been studied as cross-coupling catatyste carried out
on cross-coupling reactions using Pd[PBu experiments designed to generate heteroleptic compounds in

The AH values presented above, 21 and 23 kJ thdbr which different phosphines were bound to palladium.
respectively the PGyand PMeB# systems, presumably provide To this end, Pdf3-CsHs)(175-CsHs) was reacted with 1 equiv
reasonable approximations of the -FH@ bond dissociation each of PCyand PB for 1 h at 77°C in toluenedg, and the
energies. If so, then the Pd(@hosphine bond energies of these  resulting3P NMR spectrum, run at 25C after brief cooling,
two 3:1 coordination compounds are considerably lower than js shown in Figure 5. As can be seen, in addition to the
are those determined for many other types of phosphine resonances of Pd[Pgly (6 40.1, exchange broadened), Pd-
transition metal complex€82 They are also, as would be [PBU43], (0 86.0, sharp), unreacted PB( 63.3), and a minor
anticipated, significantly lower than the only available bond amount of impurity § 46.3), the spectrum also exhibits an AX
dissociation energy of a Pd(tphosphine compound (54 kJ  pattern with chemical shift® 41.4 and 85.2 and coupling
mol~%)1%and the P+ PCy; bond dissociation energy of the Pt-  constant2J(P—P) of 241 Hz Av/J = 0.182). An essentially

(0) compound Pt[PGys (55 kJ mot?).19 identical®X® NMR spectrum is obtained on reaction of equimolar
Syntheses of the 2:1 Heteroleptic Compounds PdLL(L, amounts of Pd[PBtj, with Pd[PCy]. in toluenees, and a31P—

L' = PCys, PMeBu, PBU3); Identification of the Corre- 31p COSY correlation experiment at 26 confirms the mutual

sponding 3:1 Compounds As indicated abovein situ iden- coupling of the two doublets and hence supports their assign-

tification of the 2:1 compounds Pd[Pgly, Pd[PMeB(]2, and  ment to the new heteroleptic compound Pd[BBBUY)].
Pd[PBUs], was regdlly made on the_t_)aS|s of co_mparlsons_wnh Formation of Pd[PCyj[PBUY] directly from the two 2:1
spectra of authentic samples in addition t?segewo_usly published 1)y moleptic precursors shows that ligand exchange in this system
spectroscopic data for these compoufiels:>*°Our identifica- g facile, although exchange broadening is observed for only
tion of the 3:1 homoleptic species formiedsitu on addition of Pd[PCyl, not for PA[PCy][PButs] or Pd[PBUg],. Similar

excess PCyor PMeBl, to solutions of Pd[PCY, or Pd-  yegits were noted above where #e resonance of Pd[Pgly
[PMeBLU;],, respectively, seems therefore eminently reasonable, .oadened in the presence of free B@yhile that of PA[PB],
but there is a possibility that the resonances of these two o mained sharp in the presence of free BB&xchange
compounds were for some reason severely exchange broadenegrocesses are probably associative for compounds, Reith
and therefore unobservable. In this case, since’¥Renuclei the low coordination number of twi, and it is IikeI’y that
are expected to remain chemically equivalent regardless of thecompounds containing relatively bulky PBare too sterically
number of ligands coordinated to the palladium, the resonancesyidered to participate readily.

observed could conceivably be attributable to the 4:1 adducts,
and thus identification of the compounds formed is to this point
ambiguous.

Unambiguous determinations of coordination numbers could
be made via syntheses of mixed phosphine heteroleptic com-
pounds, since the spirspin coupling patterns observed in the
3P NMR spectra would provide information concerning the
nature of any new species formed. Thus a bis-ligated compound
of the type PA[PR[PR’3] is expected to exhibit the spectrum

A very similar result is obtained on reaction of equimolar
amounts of Pd[PMeBg], and Pd[PBl4], in tolueneds. Again
an AX spin system with chemical shifts 85.4 and 41.8 and
2J(P—P) 246 Hz, attributable to the heteroleptic compound Pd-
[PMeBU,][PBUY3] results, and again the new compound is in
equilibrium with its precursors Pd[PMeB]s (6 41.7, exchange
broadened) and Pd[PRB]; (6 85.3). As above, &P—31P COSY
correlation spectrum of Pd[PMeB]IPBuU'3] confirms the as-

of an AX or AB spin system, depending on the ratie/J,?° a S|gnment§. _ )
The third of the heteroleptic systems involve BRGynd
(19) (a) Dias, P. B.; Minas de Piedade, M. E.; SémpJ. A. M.Coord. PMeBUy, both with cone angles significantly smaller than that
Chem. Re. 1994 135/136 737. (b) Sen, A; Chen, J.; Vetter, W. M.;  of PBU; (see above). Complicating matters, while tFi@
Whittle, R. R.J. Am. Chem. Sod 987 109, 148. (c) Immiri, A.; Musco,  chemical shifts of coordinated PBigenerally lie~20—40 ppm

A.; Mann, B. E.Inorg. Chim. Actal977, 21, L37. . L . .
(20) Bovey, F. ANuclear Magnetic Resonance Spectroscémademic downfield from the chemical shifts of coordinated RGnd

Press: New York, 1969. PMeBU, (Table 1), giving rise to first-orde’’P NMR spectra,
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| achievable, many better resolved features can be recognized
(Figure 7e), although the limiting spectrum may not yet have

|
\ M | been reached. Prominent in the spectrum @3 °C are singlets
‘t JLJ\ at 0 7.52 and 7.95, which are assigned respectively to free
it \xWMJ Mgttt PMeBU, and PCy shifted somewhat from the room-temperature
s 43 42 4 a0 38 38 a1 chemical shifts (Table 1) by temperature effects. There are also

strong singlets ad 25.5 and 30.3, which are readily assigned

Figure 6. 3P NMR spectrum at 25C of a solution containing O the 3:1 homoleptic compounds Pd[Rfzand Pd[PMeBl]s,
equimolar quantities of Pd[PGl¢ and Pd[PMeBi.. respectively (see above).
a1 ) ) ) Much weaker resonances present in the spectrurdat°C

the *P chemical shifts of Pd[PGJs and Pd[PMeBY]. differ include several in the regiah39—40; these are consistent with
by only ~2 ppm. This -486 Hz at a probe frequengy 0f243 the anticipated presence of Pd[Ry Pd[PMeB],, and Pd-
MHz) is comparable in magnltutde to the values*3(P—P) [PCys][PMeBU-], although the chemical shifts do not coincide
discussed above for P[PEJPBu's], and thus we anticipated  gyacily with those listed in Table 1 because of temperature
that a second-ordé?P spectrum would be obsenf&dor the effects. Also observed are two very broad resonancés-&3.3
compound Pd[PG§{PMeBLU], for example. and ~21.6, two less broadened 1:2:1 tripletsdat-32.2 and

The Pd(0)/PCyPMeBU, system turned out to be much more 34 4 and an extremely broad resonancé at35, which is

complex and interesting than anticipated, and it has been yaiq)ly ohscured by the low-field line of the tripletét~34.4.
investigated in rather more detail than were the two Systems \jgne of these resonances appears in spectra of solutions
involving PBUs. In the first experiment carried _out,33P NMR containing only PCy or PMeBUy, and thus they suggest the
spectrum of a toluenas solution containing equimolar amounts  ,esance of various of the possible heteroleptic compounds Pd-
of Pd[PMeBt]> and Pd[PCy]> was run at 25°C, and as is PCys|[PMeBU,],, PA[PCy]o[PMeBu,], PA[PCys][PMeBu)>,

apparent from Figure 6, there are observed four resonances o d[PC P
X ) . wl[PMeBU;]s, and/or Pd[PCy3[PMeBuU,]. Our initial
comparable intensity @t41.8, 40.6, 40.5, and 39.3, very similar and somewhat surprising interpretation of the pair of 1:2:1

to the3!P chemical shifts of the corresponding homoleptic 2:1 triplets atd ~32.2 and~34.4 was that they comprise anX¥

compounds. The two apparefi(P—P) separations (i.e., the gy sustem and thus are to be attributed to the 4:1 compound
differences in Hz between the resonanceé 4t..8 and 40.6, Pd[PCy[PMeBUs]..

and between those at40.5 and 39.3) were identically 300 Hz In order to obtain bett ved 1D N d satisfact

and thus somewhat greater than the value3J@?—P) found 2Dn3§); e32p0 (c:)orﬂlnatigne;gii?r;e the ﬁﬁﬂeé rsx%r:arirsnaelri a\:\:/;sry
for PA[PMeB4][PBut Pd[PCy][PBu'3]. ThusA T ; ’ .

above for PA[PMeBHl[PBUs] and PA[PCY[PBU] us v repeated utilizing a higher concentration of Pd[Blgy0.025

would indeed appear to be comparable?8P—P) for the . .
presumed species Pd[P{[{’MeBu-] in solution. However, if mmol in 0.5 .mL of tquene.jg) and 2 equiv of PMeBy The. .
spectra obtained at the various temperatures are largely similar

the two very closely spaced central line)at0.6 and 40.5 are o th h N Fi 7 althouah th h broadeni
taken as the two center peaks of an AB quartet, then the two 0 o;se shown in Figure 7, although the exchange broadening
at 25°C was so severe in the presence of the larger excess of

outside peaks should exhibit much lower intensities than are
observed and it seems very likely that most of the intensity P.M?Buz. that the two resonancgsétvl4 and-~42 were bagely
distinguishable from the baseline. A spectrum run-88 °C

of each of the resonances®@®1.8 and 39.3 is a result of the Fi 8) is similar to that sh in Fi - t that th
presence in the solution of significant concentrations of thetwo( igure 8) is similar to that shown In Figure 7€ except nat the
homoleptic compounds Pd[PMeBl4 and Pd[PCyl,, respec- resonance of free PMeBuat 6 7.71 is as expecjted relatively
tively. Strengthening this conclusion,3—31P COSY NMR more intense than that of free Py 8.14). More importantly,

' the triplets aty ~32.2 and~34.3 are now much more intense

experiment shows that the central peaks)at0.6 and 40.5 than th fthe 2-1 ds in th R
correlate with resonances@#1.8 and 39.3, respectively, hidden an the resonances ot Ihe 2.1 compounds in the reig .
40, consistent with their being attributed to a species of higher

under the main resonances having these chemical shifts. dinati ber. In addition th ficienl I
Furthermore the chemical shifts of the two “outside” resonances €00rdination numoer. n addition they are sulficiently we

ol . Ived that the splittings can be reasonably accurately
are essentially identical to those of Pd[PMé&Ruand Pd[PCy-, reso _
respectively, and we note that, in Figure 1, the chemical shifts measured:~90.7 Hz for that centered at~34.3 and~101.6

of the two “outside” resonances of the quartet in the spectrum lHZ for thatlcer;tere(cji ai;3ﬁ.2. I;urthr?rmor:e, for both, tg? center q
of Pd[PCy][PBU}] are very similar to those of the two l!nes are(;elt?]o Otl;n tto e broader t a?[t ecorrespton mg? c()jurls-lz-i
homoleptic compounds Pd[PBL and Pd[PCyl». ines, and thus the two resonance patterns are not coupled 1:2:

Consistent with our findings for the PdPMeB@BU; and triplets but are more likely pairs of overlapping doublets!
PAPCyPBU; systems, it is not surprising to find significant ~ The two broad resonances@t-23.6 and~21.7 have also
amounts of the two homoleptic compounds present in equilib- gained in intensity relative to the resonances &9-40, but
rium with the heteroleptic analogue. TB® chemical shifts of ~ While the resonance at ~23.6 remains featureless, thatdat
the AB spin system do not, of course, coincide with any of the ~21.7 has become a broadened apparent triplet, with splittings
four observed resonances, but are calculated to #8.3 and ~ 0f ~90.4 Hz, and it also appears to be comprised of overlapping
40.8 (Table 1¥° doublets. The resonancesbat-32.2,~34.3,~23.6, and~21.7

In the second experiment carried out to better understand thisare all of comparable intensities. The extremely broad resonance
system, a solution containing Pd[P{y(0.015 mmol) and 1 ato ~35 remains barely visible.
equiv of PMeBl was prepared in 0.5 mL of toluertg-at A 31p—31p correlation experiment was carried out on this
21°C, and®'P NMR spectra were obtained over the temperature sample at-88 °C (Figure 9), and several features are notable.
range+25 to—93 °C (Figure 7). As can be seen, tHi® NMR For instance the resonances in the regir39—40 do not
spectrum at 25C exhibits only two very broad resonances at correlate with any resonances at higher field, consistent with
0 ~14 and~42. On cooling to—40°C, these narrow somewhat their assignment solely to the homo- and heteroleptic 2:1
and shift upfield very slightly and, by 63 °C, both have begun ~ compounds. Of note, the apparent double doublefs~a82.2,
to decoalesce (Figure 7c). At93 °C, the lowest temperature  ~34.3, and~21.7 are all mutually coupled, implying that they
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Figure 7. Stacked plots o#!P NMR spectra of the reaction of Pd[P{ywith 1 equiv of PMeB# at (a) 25°C, (b) —40 °C, (c) —63 °C,
(d) —83°C, and (e)—93 °C.

[PCys][PMeBUy],, with the multiplets atd ~32.2 and~34.3
attributed to two PMeB4rendered nonequivalent because they
are “frozen” at this low temperature in different rotational
conformations relative to the P&y support of this suggestion,
we note that the room-temperat® NMR spectrum ofrans
PdCL(PMeBU,), consists of two singlets of unequal intensity
because of the presence of two different rotamers in sol@étion.
The two resonances only coalesce at higher temperatures,
consistent with the chlorine ligands presenting a significant steric
barrier to rotation about the Pd bond. It is thus clearly
reasonable to suppose that the two PMgRyands in Pd[PCy}-

w“ JL\M L__ [PMeBuU,], assume different orientations in the most stable
e N conformation, with significant barriers to interconversion.
50 40 30 20 1o Alternatively, of course, the two PMeBuligands may be

8 magnetically nonequivalent (diastereotopic) by virtue of the
Figure 8. 3P NMR spectra of the reaction of Pd[P{ywith 2 chirality of the coordinated PGy?
equiv of PMeB( at —88 °C. Assuming, as seems reasonable, that the magnitudéget

P) in these palladium(0) compounds are governed largely by
the Fermi contact terrf® the decrease ifJ(P—P) from 486 Hz

for PA[PCy][PMeBLU;] to ~96 Hz for Pd[PCy][PMeBUy]; is
w consistent with the change from the linear sp-hybridized

L structure to the trigonal $@mnalogue and supports our suggestion
18 of an increase in the coordination number. Weakening of the
20 Pd—P ¢ bonds because of greater steric crowding in the 3:1
P compound should also result in a decrease2l(P—P)23
T o4 Observation of a near first-order spectral pattern between the
" resonances at ~32.2 and~34.3 arises from the fact thatv
L ~ 500 Hz and] ~ 90 Hz and thereforAv/J ~ 5.6, much larger
-8 than was found to be the case with Pd[BBMeBu.).
30 By process of elimination, the very broad resonance at
32 ~23.6 is assigned to the Pgligands of the compound Pd-
- 34 [PCys]2[PMeBU,], with the PMeB, resonance being the very
[ 36 broad band at ~35. These resonances appear not to be
[ a5 correlated, but would not expected to be in view of their extreme
o 5 breadth.
- 40
‘ — T - . - .
s T e ah ek ab e SHGMESLEA P S e s S
Figure 9. 31P—31P correlation spectrum of a solution containing Hubbard, J. L.; Bushweller, C. HMagn. Reson. Cheni989 27, 488.
Pd[PCy], and 2 equiv of PMeB4 at —88 °C. (c) Dimeglio, C. M.; Luck, L. A.; Rithner, C. D.; Rheingold, A. L.;
Elcesser, W. L.; Hubbard, J. L.; Bushweller, C. H.Phys. Chem199Q
comprise an AMX spin system and are to be attributed to one 94’(2622)53'meaker’ G. A Brown, C. L.: Hart, R. D.; Healy, P. C.: Rickard,
of the three-coordinate compounds Pd[ElglPMeBU;] or Pd- C. E. F.; White, A. H.J. Chem. Soc., Dalton Tran$999 881.
[PCys][PMeBU]». (23) (a) Pregosin, P. S.; Kinz, R. W. INMR Basic Principles and

i 1 i ] Progress Diehl, P., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: New
Since the’'P resonance of Pd[PMeB}g lies downfield from York, 1979; Vol 16: 3P and 13C NMR of Transition Metal Phosphine

and is sharper than that of Pd[P{(Figure 8), it seems likely  complexesChapter B. (b) Harris, R. KNuclear Magnetic Resonance
that the compound giving rise to the AMX spin system is Pd- SpectroscopyPitman: London, 1983; Chapter 8B.
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Summary and Conclusions largely of an unknown nature, proceeding at unknown rates and
. . . resulting in unknown yields. Relative catalytic activities are often
Although reactions of Pg-CsHs)(°-CsHs) with 2 equiv 9 y m

each of PCy, PMeBy, or PBU; are slow at room temperature deduced on the basis of yields of cross-coupling products and

1 . ; : . then rationalized on the basis of steric and/or electronic
and producept-allyl and dinuclear intermediates in the cases . f the phosphi d. We initiated thi h
of PCy; and PMeB#, reactions of all three ligands at 7C properties of the phosphines used. We initiated this researc

proceed cleanly and at very useful rates to give PAfRGNd with the notion that relative catalytic activities may rather reflect

PA[PMeBt], within 1 h and PA[PBtl> within 30 min. While  1° relative rates of reduction of palladium(lD, but nowwe must
application of this methodology to syntheses of analogous pg- realiz S vities y vary us imering

(0) compounds of other phosphines would ideally be precededdegrefaS to which t.he initially very small amo.unts of ggnerated
by a brief3!P NMR spectroscopic assessment similar to those palladium(0) species may be present as tris-phosphine com-

described above, the known lability of R@{CaHs)(775-CsHs)° pounds rather than the generally assumed bisphosphine species.

suggests thal h at 77°C will normally suffice. The procedure For example, given the aforementioned temperature variation
outlined here appears to provide the only reliable method of the equilibrium constant for dissociation of Pd[R{zyto
available to date for generating known concentrations of PA[PCy. + PCy, the proportion of palladium(0) present at
bisphosphine palladium(0) compounds quickly, reliably, and 25 °C as the tris complex if the PGyPd ratio lies in the range
under mild conditions. 100:1 to 1000:1, as it must during the early stages of a cross-
Interestingly, and consistent with its greater steric bulk, Pd- coupling reaction involving the use of excess phosphine and
[PBU3], is quite disinclined to increase its coordination number, Pd(Il) precatalysts, varies between 84% and 98%. Even at
its 31P NMR resonance being completely unaffected by added 100 °C, in the range of temperatures often used for Suzuki
PCys, PMeBLU,, or PBUs. In contrast, théP NMR resonances  Miyaura cross-coupling reactiofshe proportion of palladium-
of Pd[PCy], and Pd[PMeBlY], are both broadened significantly ~ (0) present as Pd[PG}¢ varies between 48% and 90%. For
by added PCy or PMeBl,, and both ligands form 3:1  PMeBu, under the same conditions, the calculated proportions
coordination compounds. Indeed, the homoleptic compounds present as the tris species are lower but still in the range 32
Pd[PCy]; and Pd[PMeBY]; are the dominant species in the 83% at 25°C and 742% at 100°C. Thus the fraction of the
presence of excess phosphines at low temperatures, and evetotal added palladium present as the tris complexes in catalytic
the heteroleptic compounds Pd[R{PMeBu,] and Pd[PCyj- solutions can be quite significant.

[PMeBu;]; appear to exist. The relative tendency of a particular phosphine to form the
Equilibrium constants for dissociation of the compounds®dL  more highly coordinated, presumably much less reactive species
to PdL; and free L (L= PCy;, PMeBU,) were measured over  may be a determining factor of the overall efficiency of a cross-
a range of temperatures, and from the resulting linear plots of coupling process, one that should be considered during the
In Kp vs 1/T, AH, andASvalues of 21 kJ mot* and 59 J deg optimization of a catalytic cross-coupling protocol. In a paper
mol~*, respectively, were found for the PEgystem and 23kJ 14 follow, we shall describe a kinetics study involving the
mol~1 and 86 J deg' mol%, respectively, for PMeBu The oxidative addition reactions of bromobenzene to the palladium-

enthalpy values are presumably, to a first approximation at least, .3y compounds PdIPGY PdIPC\l». and Pd[PCxl 12
a measure of the PeP bond dissociation energies. If so, then © P [PGY PAPCy].. [PCys

the Pd(0)-phosphine bond energies are, as expected, consider-

ably lower than are those reported previously for both a Pd- Acknowledgment. We are grateful to the Natural Sciences
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