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Abstract: Palladium thiolato complexes [(L)Pd(R)(SR within which L is a chelating ligand such as DPPE,
DPPP, DPPBz, DPPF, or TRANSPHOS, R is a methyl, alkenyl, aryl, or alkynyl ligand, aisdaR aryl or

alkyl group, were synthesized by substitution or proton-transfer reactions. All of these thiolato complexes
were found to undergo carbesulfur bond-forming reductive elimination in high yields to form dialkyl sulfides,
diaryl sulfides, alkyl aryl sulfides, alkyl alkenyl sulfides, and alkyl alkynyl sulfides. Reductive eliminations
forming alkenyl alkyl sulfides and aryl alkyl sulfides were the fastest. Eliminations of alkynyl alkyl sulfides
were slower, and elimination of dialkyl sulfide was the slowest. Thus the relative rates for sulfide elimination
as a function of the hybridization of the palladium-bound carbon follow the trehd sgp> sp’. Rates of
reductive elimination were faster for cis-chelating phosphine ligands with larger bite angles. Kinetic studies,
along with results from radical trapping reactions, analysis of solvent effects, and analysis of complexes with
chelating phosphines of varying rigidity, were conducted with [Pd(Lg$butyl)(Ar)] and [Pd(L)(Stert-
butyl)(Me)]. Carbon-sulfur bond-forming reductive eliminations involving both saturated and unsaturated
hydrocarbyl groups proceed by an intramolecular, concerted mechanism. Systematic changes in the electronic
properties of the thiolate and aryl groups showed that reductive elimination is the fastest for electron deficient
aryl groups and electron rich arenethiolates, suggesting that the reaction follows a mechanism in which the
thiolate acts as a nucleophile and the aryl group an electrophile. Studies with thiolate ligands and hydrocarbyl
ligands of varying steric demands favor a migration mechanism involving coordination of the hydrocarbyl
ligand in the transition state.
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carbon bond-forming reductive eliminations have evaluated the Ponds in amine§; 1 ethersi>'®and sulfide$'® are unusual
relative rates for reactions involving ligands with different and constitute a new class of organometallic reactions that could
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Recently, these reactions have been incorporated into catalytichond cleavage in substituted benzothiophéheshowed a
processes that produce arylamines, ethers, and sulfides. Theskinetically preferred cleavage of the alkemgulfide portion
developments in new catalytic methodology have generatedof the benzothiophene.

guestions about how steric properties, electronic properties, and The stability and ease of synthesizing palladium thiolato

ligand hybridization influence the rates for carbedreteroatom
bond-forming reductive eliminations.

The relative rates for carbetheteroatom bond-forming
reductive eliminations involving a full set of ligands with
varying degrees of unsaturatiealkyl, alkenyl, aryl, and
alkynyl—have not been examinét:4¢ The participation of all

complexes provided a convenient means for studying carbon

heteroatom bond-forming reductive elimination from complexes
containing a variety of hydrocarbyl ligands with different

electronic and steric properties. In communication form, we
reported preliminary results on the reductive elimination of aryl
sulfides from palladium thiolato aryl complex&s.We report

groups in reductive eliminations and an understanding of the here extensive results on the reductive elimination of sulfides
relative rates for their reactions are crucial to the generality and from alkyl, alkenyl, aryl, and alkynyl thiolate complexes,
selectivity of the hetero cross-coupling chemistry, as well as including unusual results with complexes containing sterically

the involvement of & X bond-forming reductive eliminations
in new catalytic processes. Further, the relative rates foXC
bond-forming reductive eliminations involving sterically dis-
similar aryl groups have not been investigated. However,

distinct aryl groups. These results showed that reductive
elimination of sulfide is fastest from alkenyl and aryl complexes,
slower for alkynyl complexes, and slowest for alkyl complexes.
Further, these studies showed that complexes with bulky alkyl

catalytic amination of sterically hindered aryl groups has been thiolate groups eliminated faster than those with smaller alkyl
conducted, and they often give higher yields than reactions thiolates, but those with bulky aryl thiolate ligands eliminated

involving less sterically demanding aryl groups.
Reductive elimination of sulfides is the reverse of sulfide

slower than those with smaller aryl thiolates. The effect of
ligand hybridization on reductive elimination rates, along with

oxidative additions. Thus, the concepts revealed from studies kinetic studies that include a systematic evaluation of electronic

on C-S bond-forming processes are relevant te SCbond

and steric properties, suggests a mechanism involving coordina-

cleavage processes that occur in desulfurization reactions. Attion of the hydrocarbyl ligand during the transition state for
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reductive elimination of sulfides.

Results

The Results section first presents synthetic information on
the preparation of a variety of palladium thiolate complexes.
These complexes contain different hydrocarbyl groups bound
to palladium, both alkane and arenethiolates, and different
chelating phosphines. Following this synthetic data, information
on the reductive elimination chemistry of these complexes is
presented. This section on reaction chemistry presents kinetic
and mechanistic information along with effects of perturbing
structural and electronic properties on the reductive elimination
rates. These structural and electronic properties include the bite
angle of the phosphine, the steric demands of the palladium-
bound aryl group and the thiolate alkyl or aryl group, and the
electronic features of the palladium-bound and thiolate aryl
groups. The discussion section provides a mechanistic inter-
pretation of these results.

A. Synthesis of Palladium(ll) Thiolato Complexes. 1.
DPPE—Palladium Thiolato Complexes. The synthesis of [Pd-
(DPPE)(Ar)(SR)] is summarized in eq 1 (DPPE 1,2-bis-

Pd(PPha),
+AX - 2 PPh,
DPPE B2 A Ee A
! r
Pd(PPha),(Ar)(X) ————= [ ~, " _NaSR [ o)
-2 PPhg P~ X -NaX P~ SR
Ph, Ph,
1-13
R' = t-Bu:
1, Ar=CeHj 8, Ar=CsH4-3-NH,
2, Ar = CeH,-4-CHj 9, Ar = CeH,-4-CFy
- 10, Ar = CeHz-2,4-(CHy),
3, Ar = CeH,-3-CH, 11, Ar = CeHy-3,4-(CHa),
4, Ar = CeH,-4-Cl 12, Ar = CeHo-2.6-(GHL):
5, Ar = CeH4-4-OMe R' = Me:
6, Ar= CGH4‘3-OMe 13, Ar= CSH4-4-C|
7, Ar = CgH,-4-NH,

(diphenylphosphino)ethane). Oxidative addition of aryl halide
to [Pd(PPBR)4] followed by displacement of the PPWwith DPPE
resulted in formation of DPPE-ligated palladium aryl halide

(47) Myers, A. W.; Jones, W. D.; McClements, S. Nl. Am. Chem.
S0c.1995 117, 11704-117009.
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Figure 1. ORTEP drawing of (DPPE)Pd(3-NHCsH,)(S+-Bu) (8):
C7Hs. Hydrogen atoms and the solvent molecule are omitted for clarity.
Thermal ellipsoids are drawn at 30% probability.

Table 1. Data Collection and Refinement Parameters for X-ray
Structure of (DPPE)Pd(3-NHCsH4)(S+-Bu)-C;Hs (8) and
(DPPE)Pd(@Hs)(S-3,4-(CH)2CeHs)-CsHsO (24)

empirical formula Q4H39NSF§Pd'C7H8 (8) C40H38P2PdSC4HsO (24)

formula weight 770.20 791.21
crystal color, habit  yellow, plate yellow, block
crystal system monoclinic monoclinic

lattice parameters a= 15.337(6) A

b=11.619(6) A

a=16.7531(5) A
b=12.0390(4) A

J. Am. Chem. Soc., Vol. 120, No. 36, 199807

Table 2. Selected Intramolecular Bond Distances Involving the
Non-Hydrogen Atoms of (DPPE)Pd(3-NHsH4)(St-Bu)-C7Hs (8)
atom—atom distance, A atomatom distance, A
Pd(1)-C(27) 2.053(7) C(13)C(14) 1.52(1)
Pd(1}-P(1) 2.256(2) C(2HC(28) 1.39(1)
Pd(1)}-P(2) 2.360(2) C(28yC(29) 1.39(1)
Pd(1)}-S(1) 2.371(2) C(29)C(30) 1.39(1)
S(1)}-C(33) 1.862(8) C(30yC(31) 1.38(1)
P(1)-C(7) 1.821(9) C(BLyN(1) 1.41(1)
P(1)-C(1) 1.836(8) C(31yC(32) 1.39(1)
P(1)-C(13) 1.826(8) C@BxC((27) 1.38(1)
P(2-C(15) 1.819(8) C(33yC(34) 1.51(1)
P(2-C(21) 1.832(8) C(33)C(35) 1.53(1)
P(2-C(14) 1.820(7) C(33yC(36) 1.53(1)
Table 3. Selected Intramolecular Bond Angles Involving the
Non-Hydrogen Atoms of (DPPE)Pd(3-NHsH4)(S+-Bu)-C7Hs (8)
atom—atom—atom angle,deg atoratom—atom  angle, deg
C(27-Pd(1)-P(1) 83.9(2) C(15yP(2)-Pd(1) 114.4(3)
C(27y-Pd(1)-P(2) 167.9(2) C(RLP(2)y-Pd(1) 122.3(3)
P(1)-Pd(1)-P(2) 84.89(8) C(14yP(2)-Pd(1) 106.1(3)
C(27y-Pd(1)-S(1) 95.7(2) C(28yC(27)y-Pd(1) 124.8(6)
P(1)-Pd(1)-S(1) 179.45(8) C(3xC(27)-Pd(1) 117.2(5)
P(2-Pd(1)»-S(1) 95.49(8) C(12)C(7)-P(1) 120.4(6)
C(33)-S(1)}-Pd(1) 118.7(3) C(8C(7)—P(1) 120.0(7)
C(1)-P(1)y-C(7) 106.3(4) C(14yC(13)-P(1) 108.1(5)
C(7)-P(1-Pd(1) 120.8(3) C(13)C(14)-P(2) 112.6(5)
C(1)-P(1y-Pd(1) 110.3(3) S(HC(33)-C(34) 108.6(6)
C(13-P(1)}-Pd(1) 108.2(3) S(3)C(33)-C(35) 115.6(6)
C(15-P(2-C(21) 105.7(3) S(HC(33)-C(36) 104.2(6)

(DPPE)C}].#8 The CPd—Cl bond angle in [Pd(DPPE)g}

is 94.2 while the C(27)-Pd(1)-S(1) bond angle i is slightly
larger at 95.7, presumably due to the largert-butyl group on

the thiolate. The angle between the plane defined by Pd(1),
S(1), P(1), and P(2) and the plane of the Pd-bound aryl group
is 89.F. The torsion angle defined by C(27), Pd(1), S(1), and
C(33) is 28.2. The Pd(1)}C(27) and Pd(%rS(1) bond
distances are 2.05 and 2.37 A, respectively.

c=22.141)A c=18.9752(7) A
B =101.50(4) A B =94.991(23
volume 3866(3) A 3812.6(2) B
space group P2:/n P2i/n
Zvalue 4 4
diffractometer Rigaku AFC5S Siemens P4/CCD
radiation MoK MoKa
(A=0.71069 A) (A=0.71073 A)
T 213(1) K 198(2) K
residuals R(F), RWwPF?): R(F), R(wWF?):
4.8%; 5.5% 6.02%; 14.20%
goodness- 1.27 1.116
of-fit on F2

complexes, which were isolated after precipitation with pentane.

Monomeric thiolate complexed—8 and 10—13 were then
generated by addition of sodium alkyl thiolate to THF solutions
of DPPE-ligated palladium aryl halide complexes, and the
organopalladium thiolates were isolated as yellow crystalline
solids in 34-70% yields. These complexes were characterized
by H NMR, 3P{1H} NMR, and IR spectroscopy, as well as
elemental analysis. Compléxwas too reactive to isolate. It

Ph, Ph2

PSR NaSR' P _R
_Pd__ _Pd_ @
X - NaX E SR’
h, h2
14-18

R' = t-Bu:

14, R=-CH,

15, R =—CHC(CH),
16, R =-C=C(CH,)sCH
17, R=-C=CCeHg °

R' = Me:
18, R=-CHjz

Equation 2 summarizes the synthesis of palladium methyl,
alkenyl, and alkynyl complexe44—18, which contain al-

was, therefore, generated in solution and characterized byyanethiolate ligands. Complexeks—18 were synthesized

solution spectroscopic methods. With the exceptio8, dfiese

according to a procedure similar to that for the synthesis of

compounds were only mildly air sensitive, and were water pajjadium aryl alkyl thiolato complexes except that the first step
stable. In the absence of added phosphine ligand, thesejnyolved oxidative addition of alkenyl or alkynyl halides to [Pd-
complexes turned green in solution after several hours at roompphy),]. Complex14 was synthesized by a route initiated by
temperature. reaction of [Pd(COD)G] with tetramethyltin to form [Pd-
Recrystalliz_ation of8 by slow dif_fusion of pentane into a (COD)(Me)(CN]#° Subsequent displacement of the COD by
toluene solution at-35 °C gave thin crystals of the toluene  pppE formed [Pd(DPPE)(Me)(Cl)], and reaction of [Pd(DPPE)-
solvate that were suitable for analysis by X-ray diffraction; an (\ve)(Cl)] with sodium tert-butyl thiolate resulted in the

refinement parameters and selected bond distances and angles

are included in Tables-13. The geometry around the Pd is
planar; the sum of the four angles is 360.0The P-Pd—P
bite angle is 84.9 which is similar to the 85.8angle in [Pd-

(48) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.;
Hirotsu, K.J. Am. Chem. S0d.984 106, 158-163.

(49) Ladipo, F. T.; Anderson, G. KOrganometallics1994 13, 303—
06.
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Figure 2. ORTEP drawing of (DPPE)Pd{Hs)(S-3,4-(CH).CeHs)*

C4HsO (24). Hydrogen atoms and solvent molecule are omitted for

clarity. Thermal ellipsoids are drawn at 30% probability.

isolated as yellow crystalline solids in 486% yields and were
characterized bjH NMR, 31P{1H} NMR, and IR spectroscopy,
as well as elemental analysis. The alkenyl complé&xwas

too reactive to isolate in pure form, but was generated in solution p(2)-pPd(1)-S(1)

and clearly identified by'P{*H} and'H NMR spectroscopy.

With the exception olL5, these complexes are stable for hours

at room temperature and are only mildly air sensitive.
2. DPPE-Palladium Aryl Arenethiolato Complexes.

Attempts to synthesize palladium aryl arenethiolato complexes C(27)-P(2)-C(21)
by reaction of the sodium arenethiolates with palladium aryl

Mann et al.

Table 4. Selected Intramolecular Bond Distances Involving the
Non-Hydrogen Atoms of
(DPPE)Pd(@Hs)(S-3,4-(Ch)2CeHa)CsHsO (24)

atom—atom distance, A atormatom distance, A
Pd(1)>-C(1) 2.041(5) C(2yC(3) 1.393(9)
Pd(1)-P(1) 2.256(2) C(3}C(4) 1.372(1)
Pd(1)-P(2) 2.3479(2) C(4yC(5) 1.365(2)
Pd(1)>-S(1) 2.359(2) C(5)C(6) 1.397(8)
S(1)-C(33) 1.756(6) C(6yC(1) 1.393(8)
P(1-C(7) 1.810(6) C(33yC(34) 1.396(8)
P(1>-C(13) 1.819(6) C(34)C(35) 1.398(8)
P(1>-C(19) 1.852(6) C(35)C(39) 1.510(9)
P(2-C(21) 1.825(6) C(35)C(36) 1.404(8)
P(2-C(27) 1.825(6) C(36yC(40) 1.507(7)
P(2)-C(20) 1.845(6) C(36yC(37) 1.384(8)
C(19)-C(20) 1.511(8) C(3HC(38) 1.398(8)
C(1)-C(2) 1.399(8) C(385C(33) 1.384(8)
Table 5. Selected Intramolecular Bond Angles Involving the

Non-Hydrogen Atoms of
(DPPE)Pd(GHs)(S-3,4-(Ch)CeHz)-CsHsO (24)

atom—atom—atom angle, deg atomatom—atom angle, deg
C(1)—Pd(1)-P(1) 86.74(1) C(@AHP(2y-Pd(1) 111.1(2)
C(1)-Pd(1)-P(2) 170.2(2) C(2HP(2)-Pd(1) 123.9(2)
P(1)-Pd(1)-P(2) 85.30(5) C(20yP(2)-Pd(1) 106.7
C(1)-Pd(1}-S(1) 93.5(2) C(6)C(1)—Pd(1) 124.5
P(1)-Pd(1)-S(1) 175.17(6) C(2yC(1)—Pd(1) 118.4
93.99(5) C(8yC(7)-P(1) 121.0(5)
C(33)-S(1y-Pd(1) 114.5(2) CAC(7)-P(@1) 120.4(5)
C(7-P(1}-C(13)  104.9(3) C(20yC(19-P(1) 109.1(4)
C(7-P(1-Pd(1) 118.7(2) C(19C(20-P(2) 109.1(4)
C(13)-P(1y-Pd(1) 114.7(2) C(34C(33)-S(1) 121.5(4)
C(19)-P(1}-Pd(1) 107.2(2) C(38)C(33)-S(1) 120.9(5)
104.7(3)

halide complexes gave only low yields of the aryl arenethiolate that were suitable for analysis by X-ray diffraction; an ORTEP
complexes. However, these complexes were prepared in higheigiagram is included in Figure 2. Data collection and refinement

yields by reaction of dimeric PRiigated palladium hydroxo
complexes (eq 3). The-butyl-substituted aryl hydroxo dimer

H
Ar._ O, 2 HSAr

SPd % .
Php” > 20

Ar Ph;
Ar\Pd/S\\ 2 DPPE 5 [P\Pd/Ar @)
PhsP” L7 PPh, b INgar
2 Ph,
19-25
Ar = 4-n-BuCeHa: Ar = CeHs:

19, Ar' = CsHs-4-Cl 23, Ar' = CeHy-2,4-(CHy),
20, Ar = CeHs 24, Ar' = CeHy-3,4-(CH,)
21, Ar' = CgH4-4-CHs ' Ee 3’2

22, Ar' = CeHa-4-OCH, 25 Ar' = CeHg-2,6-(CHg),

was synthesized by reaction of [Pd(BR{CsHs-4-n-Bu)(1)] with
cesium hydroxide in THF solvef®. Addition of 2 equiv of
the corresponding thiol to a THF solution of the hydroxy dimer
resulted in the formation of the thiolato dimer. The thiolato

dimer was not isolated, but was treated with 2 equiv of DPPE,
which resulted in an orange solution containing the monomeric

DPPE-ligated palladiumthiolato complexesl9—22. These
complexes were isolated in 5@6% yield as fluffy pink solids.
Arenethiolate complexe23—25 were generated in 352%
yields by reaction of [Pd(PRJ{Ph)(OH)}°! with the corre-
sponding thiophenol followed by addition of DPPE.
Recrystallization oR4 by slow diffusion of ether into a THF
solution at—35 °C gave yellow crystals of the THF solvate

(50) Driver, M. S.; Hartwig, J. FOrganometallics1997 16, 5706
5715.
(51) Grushin, V. V.; Alper, HOrganometallics1993 12, 1890-1901.

parameters and selected bond distances and angles are included
in Tables 1, 4, and 5. The geometry about the Pd atom is planar;
the Pd(1), S(1), P(1), and P(2) atoms lie within 0.0323 A of
the least squares plane. The P{Pd(1)-P(2) bite angle in

24 is similar to that in8 (85.30 for 24 vs 84.89 for 8), while

the C(1)}-Pd(1)-S(1) bond angle is smaller (93.%or 24 vs
95.7 for 8). The palladium-bound aryl group is nearly
orthogonal to the palladium square plane; the angle between
the plane defined by Pd(1), S(1), P(1), and P(2) and the plane
of the Pd-bound aryl group is 80.6 The dihedral angle between
the Pd-bound aryl group and the sulfur bound aryl group fs 53
The torsion angle defined by C(1), Pd(1), S(1), and C(33) is
26.7, similar to the 28.2 torsional angle for alkyl thiolat&.

3. Palladium Alkylthiolato Complexes with Different
Chelating Phosphines. Palladium thiolato aryl complexes and
thiolato methyl complexes with different cis-chelating phosphine
ligands were synthesized as summarized in eq 4. Complexes

PA(L)(R)(X) Na-S-tBU_ pq(L)(R)(S-t-Bu) (4)

Pd(PPha),(R)(X) + L
-2 PPh,

2,14,26-30
R = CgHs-4-Me: R = Me:
2, L=DPPE 14, L = DPPE
26, L=DPPBz 27,L=DPPP
28, L = DPPBz
29, L = DPPF

30, L = TRANSPHOS

Phe Bh, B2 >—ppn, ¢
RGO G ST
Bn, Bn, B, <S—PPh, O -
L= DPPE  DPPP DPPBz DPPF TRANSPHOS

26—29 were formed in high yields from these reactions, but
they formed fine powders and were isolated in unoptimized 14
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37% yields. An additional complex, [Pd(TRANSPHOS)(Me)- -12  prrpreerprre T
(S+-Bu)] (30) with a trans-chelating phosphine, was synthesized AHi: 25.2 kcal/mol ]
by addition of the TRANSPHOS ligand to the thiolate dimer, -13 AS"=1.4 cal/mol K J
[Pd(PPh)(Me)(S+-Bu)]»52 (TRANSPHOS= 2,11-bis(diphe-
nylphosphinomethyl)benzdphenanthrene). The displacement
of PPhy by TRANSPHOS required heating at 86 for 7 h, as
determined by monitoring the reaction Biy NMR spectros-
copy. An analytically pure yellow crystalline solid was isolated

Infk,, /T(K)]
=

4L
o

'l T EWEE FEe |

in 88% yield. Complex30 displayed a single resonancedat 16

23.3in the’3'P{1H} NMR spectrum, and thH NMR spectrum SPTIPRTFPP P PPTTPITIT N
showed two sets of inequivalent hydrogens corresponding to 2.9295 3 3.053.13.15 3.23.25
the methylene groups attached to the phosphorus atom. 10%T(K)

B. Carbon—Sulfur Bond-Forming Reductive Elimination.
This paper describes a large number of reductive elimination
reactions from organopalladium thiolato complexes. In all cases
the yields of the reductive elimination reactions were high, as monitoring the disappearance of the palladium thiolato com-
long as the reactions were conducted in the presence of a liganthlexes in GDg by *H NMR spectroscopy. (Unless otherwise
to trap the Pd(0) fragment formed from the elimination process. stated, the errors obtained fkyis from kinetic runs were less
When PPh was used as the trap, the phosphorus-containing than 5% of the value oks) In the presence of free PRh
products at the end of the reductive elimination reaction were piots of In [Pd] vs time were linear over 3 half-lives for
PdL; (L = chelating phosphine) and [Pd(Pfh In solution, complexesl—9, demonstrating first-order dependence on the
Pd(PPh)4 exists as a rapidly equilibrating combination of [Pd-  metal complex. The reactions showed a zero-order dependence
(PPR)3] and PPB.5% This combination will be called PBh ~ on [pph]. Observed rate constants for reactions conducted with
ligated Pd(0) for the remainder of this paper. A general equation 5 6.0 mM concentration of complek and concentrations of
for the reductive elimination from DPPE-ligated complexes with  ppp, ranging from 30 to 240 mM were independent of [ElPh
PPh as the trap is provided in eq 5. Kinetic and mechanistic ap, Eyring plot for the thermolysis of thiolato aryl complex

2 over the temperature range of 400 °C provided the

Figure 3. Eyring plot for the thermolysis o in CsDs over the
temperature range 470 °C.

ghz R activation parameterAH* = 25.2 4 0.2 kcal/molASF = 1.4
[ P RSR' + [Pd(DPPE),] + [Pd(PPhs)] ®) + 0.7 cal/(mol K) (Figure 3).
P; SR sgggaoc -90% Addition of the potential radical inhibitors, dihydroanthracene
) .

or tri-o-tolylphosphine, in the absence of added PBave
) o ) ) ) similar products to reactions conducted without phosphine or
information is presented in section 1, and the detailed e,ffeCtS radical trap. Quantitative rate studies were not conducted, but
of the identity of the chelating phosphine, of the R and R yeactions run side by side showed no effect of these reagents
groups, and of the trapping ligand are discussed in section 2.4 reaction rates in the presence or absence of addegd PPh
The reductive elimination reaction of complexesi2and  gqgition, the observed rate constants for reactions conducted in
14—15to form Pd(0) completely consumed the thiolate starting THE and benzene were within a factor of 2. Observed rate
material. However, the alkynyl complexd$ and 17 were  ¢qnstants fog in the presence of free PRat 50°C in THF-cs
found to be in equilibrium with the mixture of Pd(0) species 4nq GDs were 8.2x 1075 and 1.3x 1074 s, respectively.
and the respective alkynyért-butyl sulfide. Approximately To assess whether a portion of the chelating phosphine
5% of the starting thiolato complexes remained unreacted, andgjssociated from the metal center during the reductive elimina-
the same quantities of complexe8and17 were generated by ion process, reactions were studied involving alkylthiolato aryl
addition of the alkyl alkynyl sulfide to Pd(0). Prolonged heating complexes with chelating phosphines that have similar bite

converted both alkynytert-butyl sulfides to the dtert-butyl angles, but different flexibility in the backbone. Thermolysis
sulfide, preventing detailed thermodynamic analysis. The fate 4 o apq 26, which have —CH,CH,— or 1,2-phenylene
of the alkynyl group was not determined. backbones, in the presence of free triphenylphosphine &€50

The yield and rate of sulfide formation were dependent on |eq tg the formation of aryl alkyl sulfide, Pdl{L = chelating
the presence of a reagent to trap the Pd(0) fragment formed byphosphine), and PRiigated Pd(0) in greater than 95% vyield
aryl .sulfid.e reductive elimination. The importance of the (*H NMR spectroscopy with an internal standard). The rate of
trapping ligand was studied most extensively for teet- sulfide elimination was similar for both complexes. Reductive
butylthiolato aryl complexes. In the absence of a reagent to g|imination from DPPE comple® showed &y, of 96 min at
trap [Pd(DPPE)], the sulfide product from the thermolysis of 5g°c while the DPPB26 showed &, value of 61 min at 50
1-12was formed in only 4565% yield ¢H NMR spectroscopy ~ oc.
with internal standard). Addition of 2 or 10 equiv of triph- Because the yield and rate of sulfide formation were different
enylphosphine, 10 equiv of diphenylacetylene, or 10 equiv of i, the presence and absence of a ligand to trap the immediate
p.-tolyl iodide as the trqpping reagent gave greater than 95% Pd(0) product [Pd(DPPE)], the reaction rates were measured in
yield of the desired sulfide and formed RHigated Pd(0), the  the presence and absence of added ligand. The reaction rate
Pd(0) acetylene complex, or regenerated the aryl iodide complex,yas slower in the presence of a trap, but the yield of sulfide

respectively. _ L _ formation was higher (4565% vs>95%). Thus, the rate of
‘1. Mechanism of Reductive Elimination of Sulfide. a.  concurrent formation of side products is inhibited by the
Kinetic Studies of Arylsulfide Reductive Elimination. Ki- presence of PRh The rate of reaction of phenyl compléxn

netic data for the reductive elimination of atgit-butyl sulfide the absence of a trap was 3t50.5 x 1074 s~L, although the
from aryl tert-butylthiolato complexed—9 were obtained by reaction deviated from first-order behavior after 2 half-lives.

(52) Singhal, A.; Jain, V. K. JOrganomet. ChenL.995 494, 75—80. The rate of reaction of in the presence of 10 equiv of PPh
(53) Amatore, C.; Pfluger, FOrganometallics199Q 9, 2276-2282. was 2.44 0.2 x 1074, or 69% of that in the absence of a trap.
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Reaction rates in the presence of phenylacetylenp-totyl
iodide were within 20% of those measured with added phos-
phine. GC/MS analysis of the products from warming com-
pounds2—8 in the absence of trapping reagent revealed an
exchange of the phosphine and palladium-bound aryl groups
that occurred on a similar time scale to that of the reductive
elimination reactio®*58 For example, tolyl compound
yielded phenyl as well ag-tolyl tert-butyl sulfide product in a
1.3:1 ratio (65% overall yield) in the absence of a trap. In the
presence of added trap, these products resulting frer@ P
cleavage were not observed.

b. Kinetic Studies of Alkyl Sulfide Reductive Elimination.
Because oxidative addition of alkyl and aryl halides can follow
completely different mechanism32%-64 it seemed possible that
the reductive elimination of alkyl and aryl sulfides from methyl
complex14 and aryl complexe$—9 could also follow different
mechanisms. Further, it was important to compare the mech-

anisms of these two reactions to understand their relative rates

discussed in detail below. Thus, the effect of the added dative
ligand on reaction rate and yield along with the effect of solvent

polarity, solvent hydrogen bonding ability, and added radical

traps on reaction rate were evaluated for the formation of methyl
tert-butyl sulfide from14.

Mechanistic results for complebd were similar to those for
reductive elimination from arylthiolato complexes. Heatiy
with 2 or 10 equiv of PPhgave greater than 90% yield of
methyltert-butyl sulfide, but reaction in the presence of 1 equiv
of PPh provided the sulfide in only 64% yield. Reductive
elimination of14 was first order in palladium complex through
3 half-lives in the presence of 2 equiv of RPhAnd reaction
rates for the thermolysis of 0.017 M G# in the presence of
0.08, 0.16, 0.25, and 0.33 M added RRtere all within 8% of
2.0 x 107® s71, demonstrating a zero-order dependence on
[PPh]. Complex28, which contains the more rigid chelating
ligand DPPBz, underwent reductive elimination at a rate (2.2
x 1075 s71 at 95°C) that was nearly identical to that for DPPE-
ligated 14.

No significant rate differences were found when using
benzene, THF, otert-butyl alcohol as solvents. For example,
reaction of 14 in the presence of free triphenylphosphine
conducted in THF otert-butyl alcohol had half-livesfo7 h at
95 °C compared to a half-life of 9.7 h when conducted in
benzene. In the cases involving THF atadt-butyl alcohol,
the half-lives were determined from the time of reaction to
consume half of the starting complex, rather than from rate
constants, but the qualitative results showed no significant
solvent effect. No products from trapping the thiyl radicals were
observed by'B or IH NMR spectroscopy in reactions conducted
in the presence of triethylborafe.

(54) Goodson, F. E.; Wallow, T. I.; Novak, B. M. Am. Chem. Soc.
1997 119, 1244112453,

(55) Kong, K. C.; Cheng, C. Hl. Am. Chem. S0d.991 113 6313~
6315.

(56) Herrmann, W. A.; Brossmer, C.; Priermeier, T.; Ofele, X.
Organomet. Cheml994 481, 97—-108.

(57) Segelstein, B. E.; Butler, T. W.; Chenard, BJLOrg. Chem1995
60, 12-13.

(58) Sakamoto, M.; Shimizu, |.; Yamamoto, 8hem. Lett1996 1101~
1102.

(59) Labinger, J. A.; Osborn, J. Anorg. Chem198Q 19, 3230-3236.

(60) Amatore, C.; Jutand, A.; Suarex, A.Am. Chem. S0d993 115
9531-9541.

(61) Amatore, C.; Carre, E.; Jutand, A.; M'Barki, M. ®rganometallics
1995 14, 1818-1826.

(62) Jensen, F. R.; Knickel, B. Am. Chem. So0d971, 93, 6339-6340.

(63) Hartwig, J. F.; Paul, K. Am. Chem. S0d.995 117, 5373-5374.

(64) stille, J. K.; Lau, K. S. YAcc. Chem. Red.977, 10, 434-442.

(65) McPhee, D. J.; Campredon, M.; Lesage, M.; GrillerJDAm. Chem.
So0c.1989 111, 7563-7567.

Mann et al.
Table 6. Rates of Reductive Elimination for
[Pd(DPPE)(R)(S-Bu)]
complex R temp;C 122 min
14 methyl 95 580
15 alkenyl 50 17
1 phenyl 50 48
16 hexynyl 95 87
17 phenylethynyl 95 15

aUnless noted otherwise, half-lives were determined fkavalues,
which were obtained by kinetic measurements over 3 half-liveklf-
life was estimated from the time required to consume half of the starting
complex.

Table 7. Rates of Reductive Elimination for Bis-Chelating
Phosphines of [Pd(L)(Me)(&Bu)]

chelating ligand

bite angle for

complex L) [PdLCI;],*8 deg tiz2h
14 DPPE 85.8 10
27 DPPP 90.6 5
28 DPPBz 9
29 DPPF 99.1 0.5
30 TRANSPHOS 174.7 2

a2 Reactions were conducted at 95 in sealed NMR tubes, and unless
noted otherwise, half-lives were determined fréggs values, which
were obtained by kinetic measurements over 3 half-libésalf-life
was estimated from the time of reaction to consume half of the starting
complex.® This reaction was complete in less than 0.5 h.

2. Reactivity Trends. a. Relative Rates for Reductive
Elimination from Alkyl, Vinyl, Aryl, and Alkynyl tert
Butylthiolato Complexes. Carbon-sulfur bond-forming re-
ductive elimination was observed directly from organopalladium
thiolato complexed and14—16 containing alkyl, aryl, vinyl,
or alkynyl groups bound to palladium. The half-lives for these
reductive elimination reactions are given in Table 6. In most
cases, rate constants were determined by monitoring the
reactions run in the presence of trapping ligand over the course
of 3 half-lives, and thesk,,swere converted to . From these
data, the rates vary according to the trend alkenyaryl >
alkynyl > alkyl.

b. Effect of Ligand Bite Angle on Reaction Rates. The
reductive elimination reaction was studied with complexes
containing different PM—P angles, commonly called “bite
angles”. The rate of dialkyl sulfide reductive elimination was
dramatically affected by this angle. Thermolysis of the DPPF-
ligatedtert-butylthiolato methyl comple®9in the presence of
free triphenylphosphine at 95C led to complete reductive
elimination of alkyl sulfide and formation of phosphine-ligated
Pd(0) species in less than 0.5 h. This rate was considerably
faster than that for the corresponding DPPP complégt,, =
5 h at 95°C), DPPBz compleX8 (t1, = 9 h at 95°C), or
DPPE complex 14t{, = 10 h at 95°C) (Table 7). The yields
of alkyl sulfide from the reductive elimination of complexes
14 and 27—-29 were greater than 90%, as determinedby
NMR spectroscopy with an internal standard. In contrast to
the stability of [Pd(TRANSPHOS)M#g reported previously®
the TRANSPHOS thiolato methyl comple80 underwent
reductive elimination of dialkyl sulfide in 77% yield in the
presence of free triphenylphosphine after heating for 3.5 h at
95 °C.

c. Steric Effects on Sulfide Reductive Elimination. .
Effect of Thiolate Steric Properties. Reductive elimination
of sulfide was studied for complexes with sterically distinct
alkylthiolate ligands. Reductive elimination of alkyl sulfide
from methyl methylthiolate comple8 was markedly slower

(66) Morvskiy, A.; Stille, J. KJ. Am. Chem. S0d.98], 103 2—4185.
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Table 8. Rates of Reductive Elimination for Substituted Table 9. Rates of Reductive Elimination for Substituted
[Pd(DPPE)(Ph)(SArf] [Pd(DPPE)(Ar)(S-Bu)]?
complex Ar temp;,C t1/2, min complex Ar temp;C t1/2, Min
23 50 150 10 50 41
Me Me
24 Me 50 63 11 Me 50 55
25 Me, 50 1500 12 Me, 50 6600

Me

Me

a Half-lives were estimated from the time of reaction required to
consume half of the starting complex.

than reductive elimination from methtért-butylthiolate com-
plex14. The reductive elimination from compledd had aty/,

of 10 h at 95°C, while no reaction occurred with complé8
after heating in THF solvent in a sealed NMR tube submerged
in a 95°C water bath for more than 30 h. Similar results were
observed for reactions conducted with alkylthiolato aryl com-
plexes. The half-life at 50C for the reductive elimination of
[Pd(DPPE)(GHa4-p-Cl)(S+-Bu)] (4) was 1 h, in contrast to the

6 h half-life for the reductive elimination of [Pd(DPPEX&;-
p-Cl)(SCHg)] (13) at 50°C.

Reductive elimination was also studied for complexes with

a Half-lives were determined frorky,s values, which were obtained
by kinetic measurements over 3 half-lives.

Table 10. Rate Constantsons (S x 10%, as a Function of the
Substituent, X, in [Pd(DPPE)¢E+-X)(S--Bu)]

substituent (X) kops substituent (X) kops substituent (X) Kobs

p-H 2.4 m-Me 2.3 p-NH2 0.36
p-Cl 11 p-OMe 0.33 m-NH; 25
p-Me 1.2 m-OMe 2.4 p-Cks 14

Pd-Bound Aryl Group. Table 10 shows the observed rate
constants for reaction of complexg&s 9 and demonstrates that
electron-donating substituents on the aryl group bound to the
palladium have an overall decelerating effect on the reaction

sterically distinct arenethiolate ligands, and the trends observedrate. The order of reaction rates for five of the para-substituted

in this case contrasted those for alkylthiolates. Compl@8es

25 contain thiolate groups with 2,4-, 3,4-, and 2,6-dimethylphe-
nyl substituents. The use of two methyl groups allowed us to
alter the steric effects while minimizing electronic contributions.
The half-lives for the reductive elimination of diaryl sulfide from
23—25in the presence of free PPare given in Table 8. The
reductive elimination was slowest for the most sterically
hindered 2,6-dimethylphenyl thiolato compl2 (t;,, = 1500
min). Reductive elimination from the less hindered 2,4-
dimethylphenyl thiolate23 was faster t;, = 150 min), and
reductive elimination from the least sterically hindered 3,4-
dimethyl arenethiolate comple24 was the fastestt{, = 63
min). Thus, the relative rates for reductive eliminations from
complexes with arene thiolate ligands of varying size contrast
the relative rates for reaction of complexes with alkyl thiolate
ligands of varying size.

ii. Effect of Palladium-Bound Aryl Steric Properties. A
series of substituted arytert-butylthiolate complexes were

prepared to assess the trends in relative rates for reaction of

complexes with sterically distinct palladium-bound aryl groups.

These experiments were designed to probe coordination of the

palladium-bound aryl group during the elimination reactions.
Complexesl0—12 each contained aryl ligands bound to the
palladium with two methyl groups substituted at different
positions. Again, the use of two methyl groups allowed us to
alter the steric effects while minimizing electronic contributions.
The half-lives for the reductive elimination from0—12 are
given in Table 9. The rate for reaction of the 2,4-dimethylphe-
nyl complex was slightly faster than that for the 3,4-dimeth-
ylphenyl complex. However, both rates were significantly faster
than that for reductive elimination from 2,6-dimethylphenyl
complex12, which required heating for over 100 h at 8C

for half of the starting material to be consumed.

d. Electronic Effects on Reductive Elimination Reactions
of Aryl and Alkyl Sulfides. i. Effect of Electronics on the

compounds wap-CF; > p-H > p-Me > p-OMe > p-NH and
showed the rough trend that donating groups decelerate the
reaction, althoughp-Cl compound 4 underwent reductive
elimination with a rate that was slower than that for reaction of
the parent phenyl compound, despite the chloride substituent’s
small, positive o-value. Hammett plots for the reductive
elimination reactions from complexés-9 are shown in Figure

4. The plot on the top of Figure 4 shows that substituent effects
in the formation of alkyl aryl sulfides fromi—9 do not follow

a linear free energy relationship with the simptgalues derived
from benzoic acid acidity. Instead, a synthetiwalue that is
constructed from separate resonance and inductive parameters,
with the resonance effect weighted more heavily than the
inductive effect, provided the more linear relationship on the
bottom of Figure 4. The treatment of these data parallels studies
describing the separation of inductive and resonance effects in
the reactions of organic compoufié&® and provided the
inductive and resonangevalues ofo; = 1.7 andpr- = 5.0%°

ii. Effect of Electronics on the Arenethiolate. Reductive
elimination reactions were conducted with the palladium aryl
thiolate complexed4.9—22 containing various substituents on
the aryl ring bound to the sulfur atom of the thiolate ligand.
The first-order rate constants for reductive elimination in the
presence of 2 equiv of triphenylphosphine are provided in Table
11 and follow the trend in observed rate constan@ < p-H

< p-Me < p-OMe. Figure 5 shows a linear free energy
relationship for these reductive eliminations. In this case, the
slope is negative and shows that electron-rich thiolato ligands
undergo C-S bond-forming reductive elimination faster than

(67) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. Wtog. Phys. Org.
Chem.1973 10, 1-80.

(68) Wells, P. R.; Ehrenson, S.; Taft, R. \Wrog. Phys. Org. Chem.
1968 6, 147-322.

(69) 0 = 0 + Ar/l + |A|, wherep, = p/(1 + |A]) andpr = pA/(1 + |A]);
ref 68, p 177 and references therin.
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1 e generation of a thiyl radical. A third mechanism for reactions
p-CFse] in the presence of aryl halide involves generation of a Pd(IV)
intermediate, while reactions in the presence of phosphine could
be initiated by coordination of phosphine to generate a five-
coordinate complex. Finally, a single-step reductive elimination
from Pd(Il) could occur directly from the isolated four-
coordinate complex or from a species generated by phosphine
dissociation, which would be ligand dechelation in this case.
. op-OMe Carbor-carbon bond-forming reductive elimination reactions
cebei bbb b laes have been shown to occur from 5-coordinate species in nickel
-8-06-04-02 0 02 04 08 systems, from 3-coordinate species in Pd(ll) systérasd after
sigma initial reaction of alkyl iodides with some Pd(ll) speciés.

Mechanism of Aryl Sulfide Reductive Elimination. The
AR LAY B RAARI LALMY LAAA RAMM reductive elimination of aryl sulfides in our system was zero
order in trapping reagent, including aryl iodide, ruling out both
an association of the phosphine followed by reductive elimina-
tion from a 5-coordinate intermediate and the formation of a
Pd(1V) intermediate that eliminates sulfide. Reaction rates were
clearly independent of phosphine concentration, and there was
no evidence for the buildup of a five-coordinate species.
Potential reaction from a three-coordinate complex is more
difficult to probe, and elimination after dechelation cannot be
deduced from rate behavior in added ligand. However, complex
26 containing a rigid and preorganized chelating backbone did
not react slower than that containing DPPE as would be expected
Figure 4. Free energy relationships for the—G bond-forming if dechelation occurred prior to reductive elimination. Although
reductive elimination reaction df—9. this observation does not rigorously rule out phosphine dis-
Table 11. Rate Constantdss (s x 109, as a Function of the sociation that would reversibly open the chelate ring before
Substituent, X, in [Pd(DPPE)8s-4-n-Bu)(S-GHs-X)] elimination from a three-coordinate species, these data strongly
substituent (X) Koo suggest carbonsulfur bc_)nd-forming re_ductive eIiminatio_n

occurs in these systems directly from the isolated four-coordinate
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p:ﬁ' ig complex. Related reductive elimination of arylamine from a
E—Me 6.6 four-coordinate PPHigated complex has been detected recently
p-OMe 75 by kinetic studies, and elimination of arylamine has been
observed from DPPF-ligated palladium amido aryl com-
R — plexes?14.16
N\p-OMe ] Mechanism of Dialkyl Sulfide Reductive Elimination.
02 PP \¢pMe . Mechanistic studies were conducted witbrt-butylthiolate
T - ] methyl complex14 to determine whether the difference in
g O0r opH . reaction rates between elimination from aryl comdeand alkyl
ég 0.0 F 3 complex14 noted in the Results section could be explained by
< ] a dramatic change in mechanism. Since the reactioris4of
S o4 L h showed no significant difference in rate when conducted in polar
- p=-15 201 NI protic, polar aprotic, or nonpolar solvents, one can rule out an
0.6 Dovbivnstevntuee bl ionic mechanism, such as one involving thiolate dissociation
03 -02 -01 0 01 02 03 and attack on the palladium methyl. One can also argue strongly
sigma against a mechanism involving thiyl radicals due to the absence
Figure 5. Free energy relationships for the—S bond-forming of products resulting from thiyl radical trapping by triethylbo-
reductive elimination reaction df9—22. rane. Triethylborane reacts witbrt-butyl thiyl radicals to form

diethyl+tert-butyl thiolato borane with a rate constant of &3
electron-poor thiolates. In addition, a linear relationship was 108 M~1 s,

observed with a standardvalue in contrast to results in Figure The zero-order dependence of the rate on phosphine concen-
4. Fewer substituents were included in this portion of the tration rules out a mechanism involving association of a
electronic study, however. phosphine to form a 5-coordinate intermediate. The similar rates
for reactions 0f28, which contains the more rigid chelating
Discussion ligand DPPBz, and of4, which contains DPPE, argue against

a mechanism in which one arm of the phosphine dissociates to
form a three-coordinate intermediate. In summary, the reductive
elimination involving a saturated methyl group most likely
proceeds by an intramolecular, concerted mechanism analogous
to that for the reductive elimination of sulfide from complexes
containing palladium-bound aryl groups.

Potential Mechanisms for Sulfide Reductive Elimination.
There are several potential mechanisms for reductive elimination
of sulfide from methyl, aryl, alkenyl, or alkynyl palladium
thiolates. One mechanism involves initial dissociation of
thiolate to generate an ion pair, while a second involves

(70) Tatsumi, K.; Nakamura, A.; Komiya, S.; Yamamota, A.; Yamamoto,
T.J. Am. Chem. S0d.984 106, 1—-8188. (71) Ozawa, F.; Yamamoto, AChem. Soc. Jprl987 5, 773-784.
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Effect of Trapping Reagent on Reaction Rate and Yield. (from 94.2 to 87.8).48 Although not an isosteric comparison,
The presence of a trapping reagent greatly affected the yieldthe bite angle ir24is larger than that in [Pd(DPPF)(Ar)(N]°
and rate of sulfide formation. It is possible that phosphine by 15°, while the C-Pd—S angle in24 is 8° smaller than the
concentration could affect the selectivity of a common inter- C—Pd—N angle in [Pd(DPPF)(Ar)(Ntg)].
mediate that forms all of the products, or that added ligand could  Alternatively, the effect of bite angle on elimination rates
accelerate reductive elimination of sulfide. Alternatively, can be rationalized by a-FPd—P angle in the initial Pd(0)
different rate determining steps could form the sulfide and the product that is closer to the preferred linear geometry of an L
side products, and the steps that form side products could bePd(0) complexX87377 The product of the elementary reductive
inhibited by added phosphine, leading to increased reaction elimination step would be more stable, making the transition
yields in the presence of PRhThe first possibility would state lower in energy by the Hammond postulate. Structurally,
provide the same reaction rate in the presence or absence of @he transition state for reductive elimination would be most
trap, and the second possibility would give faster rates in the stable with a large bite angle. Thus, the transition state would
presence of atrap. These predictions are both inconsistent withhave less strain in the metgbhosphine ligand ring system for
the slightly faster reaction rates in the absence of a trap and thecomplexes with large bite angles.
zero-order behavior in the trapping ligand when enough trap is  We were surprised to discover that compB&with its trans-
present to produce a stable palladium product. Thus, the chelating ligand, TRANSPHOS, underwent reductive elimina-
trapping reagents inhibit reaction pathways other than the desiredtion to form alkyl sulfide. The mechanism of-€C bond-
sulfide elimination reaction and account for the improved yields forming reductive elimination from 4-coordinated palladium
in the presence of phosphine, acetylene, or aryl halide. complexes is believed to occur exclusively from complexes with
The side products formed from reactions conducted without a cis geometry, a conclusion that is supported by the resistance
trapping ligand included organic biaryl compounds. These of [Pd(TRANSPHOS)(Mej) to undergo reductive elimination
products included aryl groups from the phosphine, as well as of ethane€®® In contrast, the [Pd(TRANSPHOS)(Me)(=Bu)]
the one bound to palladium. The mechanism for aryl exchange complex30 underwent facile reductive elimination in a nonpolar
is not clear at this point, but similar aryl exchange behavior solvent. According to the Cambridge Structural Data Base, there
was observed for reactions containing radical traps such asare two crystal structures of group 8 TRANSPHOS com-
dihydroanthracene or to-tolylphosphine instead of PRh plexes: [Pd(TRANSPHOS)(CGland [Pt(TRANSPHOS)(C}).
These data argue against a competing decomposition through &he P-Pd—P and C+Pd-Cl bond angles of the Pd dichloride
radical intermediate. We suggest that the ill-defined Pd(0) complex are 174.7 and 168,3ut the P-Pt—P and C+Pt—Cl
products formed in the absence of a trap induce the formation angles for the Pt dichloride complex are an unexpected 104.8
of the various biaryl products. Studies on the mechanism of and 87.2, respectively®7®
P—C bond cleavage do not provide straightforward conclu-  In other words, [Pt{TRANSPHOS)(G])is a cis-mononuclear
sions®55.72whatever the mechanism, it is important that added complex, and the energies of the cis and trans forms of
trapping reagent shuts down this exchange process and allowsTRANSPHOS complexes are, in fact, similar. The greater size
clean formation of substituted aryl sulfides. of thetert-butyl thiolato ligand, relative to a methyl ligand, may
Effect of Chelating Ligand on Reaction Rate. Methods lead to more rapid dissociation of one arm of the TRANSPHOS
to increase reaction rates and yields by perturbing ligand ligand. This dechelation could lead to either reductive elimina-
structure may lead to improved catalysts for hetero cross- tion from a three-coordinate complex or isomerization of the
coupling processes. The differences in observed rate constant§ RANSPHOS complex to generate a highly reactive cis
for reaction of complexe&4 and27—29 show that increasing  complex. Alternatively, ther-donating ability of the sulfur may
the P-Pd—P angle facilitates reductive elimination of sulfide. accelerate the partial dissociation, again leading to reductive
This effect has been noted in studies of stoichiometrieGC elimination from a three-coordinate species or isomerization to
bond-forming reductive eliminations from Pd(ll), and complexes the cis complex. Reductive elimination from a four-coordinate
containing ligands with large bite angles undergo fastGC cis “TRANSPHOS” complex would be fast because of the
bond-forming reductive eliminationd. Appropriate ligand bite extremely large bite angle of this ligand and the more stable
angle may also account for the success of DPPF-ligated linear Pd(0) product.
palladium complexes in the catalytic amination of aryl ha- Potential Mechanisms for Elimination from Four-Coor-
lides1028 dinate Pd(ll) Complexes. Although difficult to answer
Increasing reductive elimination rate with increasing bite unambiguously, one can address more detailed questions about
angle may be caused by a large bite angle forcing the two the intimate mechanism for reductive elimination from the four-
covalent ligands of a square-planar four-coordinate complex to coordinate Pd(ll) complex. Two classes of mechanisms can
become closer together, thereby creating a ground state that i9e envisioned. The reductive elimination could occur by
closer in structure to the transition state and a faster reductivesynchronous coupling of the aryl and thiolate ligands such as
elimination’4-76 A survey of four-coordinate bis-chelating the elimination of ethane from a dimethyl compfxr it could
phosphine dichloride complexes prepared previously showedoccur by migration of one ligand to the other. This latter
that increasing the size of the bite angle decreases the anglenechanism could involve either migration of the hydrocarbyl
between the two chloride ligands. For example, thePB—P group as an electrophile (Scheme 1) or nucleophilic attack of
angle in [Pd(DPPE)@] is 13.3 smaller than that in [Pd(DPPF)-  the thiolate on the aryl group (Scheme 2). These mechanisms
Cl;] (85.8° vs 99.T), and the C-Pd—Cl angle is larger by 64 are similar to that calculated for+C cleavages in phosphine
ligands8 As we address the consistency of these mechanisms

(72) Morita, D. K.; Stille, J. K.; Norton, J. RI. Am. Chem. Sod.995

117, 8576-8581. (77) Steffen, W. L.; Palenik, G. Jnorg. Chem.1976 15, 2432-2439.
(73) Brown, J. M.; Guiry, P. dnorg. Chim. Actal994 220, 249-259. (78) Bracher, G.; Grove, D. M.; Venanzi, L. M.; Bachechi, F.; Mura,
(74) Kohara, T.; Yamamoto, T.; Yamamoto, A.Qrganomet. Chem. P.; Zambonelli, L.Helv. Chim. Actal98Q 63, 2519-2530.

198Q 192 265-281. (79) Bachechi, F.; Zambonelli, lActa Crystallogr., C1992 48, 788—
(75) Steffen, W. L.; Palenik, G. Jnorg. Chem1976 15, 2432-2442. 792.

(76) Gramlich, V.; Consiglio, GHelv. Chim. Actal979 62, 1016~ (80) Ortiz, J. V.; Havlas, Z.; Hoffmann, Rielv. Chim. Actal984 67,

1024. 1-17.
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Scheme 1

t
Ph, Ph, A Phy S—Ar |

rates. One might expect the more stable coordination of alkynes,
relative to that of alkenes or arenes, to provide faster rates for
formation of alkynyl sulfides if the relative rates are to be

. [PADPPE),] _ N explained byr-coordination in the transition state for reductive
P-Pd—-SAr— | P-Pd—SAr |— P—Pd —= —= 4 [Pd(PPhy),] * A . . . i .
[ bor® bon, r elimination. However, the distortion required for the alkynyl
2 2 ligand to coordinate via the-system may attenuate the energetic
benefit from the coordination. The energetic penalty for this
Scheme 2

Phy

i Y A acetylenic compounds from linearity in organic systems is
3 ARES /
—pi—/o\ | — PdL~-s — Pd(0) +S
PP \ ;

%:,_Qf_, modest3 However, the difference in activation energies for
n‘s/ Y R Ar elimination from the alkynyl compounds and the aryl or vinyl
® compounds is on the order of only-% kcal/mol, which may
be similar to this deformation energy.

with experimental data, we also address the potential for We also provide an alternative explanation based on ground
coordination of the hydrocarbyl group to palladium during the state energetics. The slower elimination from the alkynyl
transition state. Such coordination has been used previouslycomplex compared to the alkenyl and aryl complex could simply
to explain relative rate data® In all cases, reductive elimina-  be justified by the smaller thermodynamic driving force for this
tion must occur from the four-coordinate Pd(ll) complex with reaction. As presented in the Results section, the alkynyl
both portions of the chelating phosphine bound to the metal, aspalladium thiolate complex equilibrates with observable quanti-
is required by our mechanistic data. ties of the Pd(0) products and the alkynyl sulfide. Thus, the

Relationship of the Hydrocarbyl Ligand and the Rate of complexes with unsaturated ligands would eliminate faster than
Reductive Elimination. The thermal chemistry displayed by the methyl complex for reasons of-coordination in the
the alkyl complext4, alkenyl complexl5, phenyl complext, transition state, but the complex with the alkynyl ligand would
and alkynyl complex16 in these systems indicates that eliminate more slowly than those with other unsaturated ligands
unsaturated ligands have a greater propensity to participate indue to less favorable thermodynamics.
reductive elimination than saturated alkyl groups. Although the  Electronic Effects. Decreasing electron density at the metal
general mechanistic features of R8u reductive elimination often accelerates reductive elimination, and this general obser-
involving saturated and unsaturated R groups are similar, vation would predict that increasing the donating ability of the
intimate factors must exist that significantly influence reductive aryl and thiolato groups would decrease the rates for reductive
elimination rates. Clearly, the data presented so far do not elimination. In contrast, theoretical work has shown that more
support a smooth relationship between reaction rate andweakly donating dative ligands, but more donating covalent
hybridization. For example, reaction rates dictated by metal ligands would accelerate reductive elimination from Pdl).

distortion may be small because the energy for deformation of
PF';IZ }:F Ph

ligand bond strengths would follow the ordePsp sp? > sp.
Reaction rates dictated by formation of a stronger carizoffur

bond would follow in the order sp sp? > sp’. Rates dictated

by ligand basicity would follow the order sp sp? > sp, or

Thus, our general result that more nucleophilic sulfide ligands
and more electrophilic aryl ligands lead to the fastest elimination
rates cannot be explained by conventional arguments based on
overall metal electron density, or arguments made in theoretical

vice versa depending on whether a more or less basic ligandwork based on changes in metal d-orbital energies during
reacts faster. Finally, if the stability of the starting thiolate reductive elimination. Instead, electron-rich thiolate ligands and
complexes were strongly influenced by steric factors, then the electron-poor aryl ligands led to faster rafe§hese electronic
rates should follow in the order $p- sp? > sp or s > sp? > effects again disfavor a synchronous coupling of the two groups.
sp. None of these predicted trends were observed. Without They instead favor a mechanism involving intramolecular attack
knowledge of accurate metaligand and carbonsulfur bond of the thiolate ligand as a nucleophile on an electrophilic
strengths, it is difficult to ascertain whether the relative rates hydrocarbyl group.
are a result of thermodynamic or kinetic factors. However, we  The electronic effects in our study were complex. The
suggest that simple coupling of the two covalent ligands without analysis of electronic effects basedags ando; values showed
involvement of ther-systems is unlikely to be occurring. that resonance effects dominated inductive effects in determining
Instead, a migration mechanism that involves t#hsystem reaction rates. The largek- value for the resonance contribu-
of the hydrocarbyl group and possibly coordination of this tion indicates that the transition state is more greatly affected
z-system to the metal center is more likely. Alkene complexes by substituents that are conjugated with the aryl ring. Similar
are common and arene complexes are also kriBwilihus, electronic effects were observed with the different alkynyl
coordination of these-systems to the metal during the reaction complexes. Reductive elimination from phenyl ethynyl complex
may stabilize the transition state. Further, theoretical calcula- 5 was faster than that from hexynyl compléx The electron-
tions predict that migration of the hydrocarbyl ligand is more withdrawing nature of the phenyl group on the alkynyl ligand
rapid for unsaturated ligand%%2 This effect would explainthe  led to faster reductive elimination. In contrast to faster rates
faster rates for reductive elimination from alkenyl, aryl, and for electron-poor aryl groups, reaction rates were faster for
alkynyl complexes than from the alkyl complexes. electron-rich thiolates, and an acceptable linear relationship
The relative rates of elimination from the alkynyl vs. alkenyl between log k and a standard was observed. Similar
and aryl complexes are more difficult to rationalize. We suggest cooperative electronic effects on the reactivity of platinum diaryl
two explanations. In the first, coordination of the hydrocarbyl complexes has been observed qualitatively. Pt(Il) complexes
group to the metal center is again used to rationalize the relativewith two electron-rich or two electron-poor aryl groups were
stable, but complexes with one electron-rich and one electron-

(81) Collman, T. P.; Hegedus, L. S.; Norton, J. R.; Finke, RPfBciples
and Applications of Organotransition Metal Chemisteynd ed.; University

(83) Viola, A.; Collins, J. J.; Filipp, NTetrahedron1981, 37, 3765~

Science Books: Mill Valley, CA, 1987; pp 161163.
(82) Calhorda, M. J.; Brown, J. M.; Cooley, N. Arganometallicsl 991,
10, 1431-1438.

3811.
(84) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. Bull. Chem.
Soc. Jpnl1981, 54, 7—1867.
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poor aryl group could not be isolatéd. A similar dominance Scheme 3

of resonance electronic effects has been observed wit C Ph

and C-N bond-forming reductive eliminatidA31650and in APZ fastest | . Ar
catalytic formation of ethers and amin@$3.16 Therefore, the PH?‘/PHAG " y — PdLn*Si
large resonance effect on the rate of reductive elimination R'S RS R
involving Pd(ll) aryl complexes appears to be general. Coordination through a

The importance of resonance effects is again consistent with tri-substituted C-C bond
a mechanism involving migration of the thiolate to the hydro- @"Fﬁ‘z Ar
carbyl ligand or vice versa, concomitant with coordination of Phg_p{}‘CSj’ LPd~— — PdLn~§
the m-system of the hydrocarbyl ligand. In a migration RS/ | R R
mechanism, the hydrocarbyl groapsystem would bridge the o -
metal and the thiolate sulfur. However, this mechanism does AR A
not explain the largepr. This intermediate resembles the i -
Meisenheimer intermediate in SNAr reactions, and SNAr (\P’pz slowest Ar
reactions do not have largesr than p.57 Alternatively, o ¢“P5~§\j>4' LoPd-—| e PdL—d
coordination of the hydrocarbyl groupsystem could occur in °/ RS’ R
conjunction with nucleophilic attack by the thiolate. This RS - )
coordination could help the aromatic system to absorb the C"gﬂg‘i‘(‘}%’;ﬁ{‘&g‘fha
increase in electron density. The coordination of ligands to C-C bond

transition metals asr-complexes is greatly affected by the
HOMO—-LUMO gap, and therefore coordination of the aryl an increase in the size of aryl groups decreased reaction rates
m-system could generate a large resonance substituent effect(Table 8). Effects of steric properties on the alkyl thiolate ligand
It should be noted that the-values were modest. The can be explained in a simple manner by the premise that larger
absence of a measurable solvent effect is consistent with thesehiolates will lead to faster reductive elimination as a result of
modesto-values. These data indicate that a large charge buildup a greater decrease in steric hindrance from the starting material
is not occurring in the transition state, although solvent effects as the metatligand bonds lengthen in the transition state for
are typically less pronounced for reactions with organometallic elimination. Further, these results imply that coordination
compounds than for purely organic molectesThe magnitude  through the sulfur atom does not control reaction rates. If
of thesep-values is crucial to the generality of the reductive  coordination through sulfur were important in dictating reaction
elimination chemistry and to synthetic applications. The rates, then elimination from the methylthiolate complex would
p-values are smaller than those for direct nucleophilic aromatic pe faster than that from thert-butylthiolate complex because
substitution reactions, including studies gm8reactions with 6 intermediate sulfide complex formed from the methylthiolate

arene thiolate nucleophiles. Thus, the smalfalues make |4 e less hindered and, therefore, more stable than that
cross-coupling reactions involving carbeheteroatom bond- formed from thetert-butylthiolate

forming reductive eliminations more general than direct, un- . . . .
catalyzed Ar reactions It was unexpected that increasing the steric properties of aryl
Steric Effects. The steric effects of the palladium-bound aryl tr;"(o Ilaiﬁ_s ‘IN?UId Ql[ﬁv'de thte Ioptpostlte eﬁ?ctlLo lttr;]"?‘t lol;)served ;N'th
group (Table 9) on reaction rate are not readily explained by ag yd Iolahesil € Cr)llsgi shruc ulrelodif yithiolate com%ex
simple synchronous coupling or migration mechanism. Instead, © 2nd arylthiolate complex4 shows little difference in ground-
state structural features such as+3-R angle or dihedral angle

C—S bond-forming reductive elimination that involves coordi- ’ ;
nation of the hydrocarbyl group allows one to explain the Petween the palladium square plane and palladium-bound aryl

unusual steric effects. Scheme 3 shows how coordination may9roup plane. Therefore, explanations for relative rate trends
be occurring for a mechanism involving complexes with ¢annot be based on ground-state geometry. Thus, steric
palladium-bound aryl groups. The aryl group is coordinated interactions in the transition state of the aryl thiolate eliminations
to the metal center through a multiple-C bond to form a must increase, rather than decrease, relative to those in the
16-electron metal complex. The mono-ortho-substituted systemground state, and the structural differences lie in the transition
would coordinate to the metal through a trisubstituted @ state. A difference in transition state structures may result from
bond, while the di-ortho-substituted system would gain less stereoelectronic effects. An electronic interaction present in the
stability by coordination to the metal because coordination is aryl thiolate complexes may provide a geometry that has more
limited to a tetrasubstituted-6C bond. Reductive elimination  steric congestion than the ground state, such as one with the
from the 2,4-dimethyl complex would be faster than that from aryl group lying in the metal square plane to maximize overlap
the 3,4-dimethyl complex because of decreasing steric effectswith a sulfur electron pair.
from the ground state for the 2,4-dimethyl complex. These |t ig difficult to provide a definitive conclusion about which
predictions are, indeed, the trends in reaction rates. Thus, Wejntimate mechanisms are occurring, but we hope that this
propose that coordination of the hydrocarbyl group is involved giscyssion provides working models for how structural and
in the transition state structure for a migration mechanism.  g|ecironic perturbations on the systems can affect relative rates
Stenc'Effects of Thlolate Substltu.ents. The steric effects 5y c—Xx bond-forming reductive eliminations. These experi-
of the thiolate substituents on reaction rate were unusual. An menta| studies also provide guidance on the reaction rates of
increase in the size of alkyl groups increased reaction rates buti,o c—x coupling step in catalytic processes such as aryl halide
(85) Brune, H. A; Strapp, B.; Schmidtberg, G. Organomet. Chem.  thiation, etherification, and amination reactions. It seems that
1986 307, 129-137. o computational studies on these-S bond-forming reductive
(86) Mel is known to oxidatively add to Vaska's complex by a®S  eliminations and related-€N and C-O bond-forming reductive
mechanism, but the solvent effects for the oxidative addition of Mel to liminati Id hel | b fi d
Vaska are much smaller than that for an organi@ Seaction. Chock, . €liminations would help to select between or refine our propose
B.; Halpern, JJ. Am. Chem. S0d.966 88, 3511-3514. intimate mechanisms.
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NMR (CgDe) 6 1.62 (s, 9H), 1.741.92 (m, 4H), 6.857.00 (m, 8H),
7.01-7.26 (m, 11H), 7.70 (t, 7.3 Hz, 2H), 8.10 (t, 8.8 Hz, 4FP-
{1H} NMR (CsDg) 6 32.4 (d, 25 Hz), 42.6 (d, 25 Hz); IR (KBr, cr)

saturated and unsaturated hydrocarbyl ligands occurs from agga4 (m), 2966 (m), 2940 (m), 2909 (m), 2880 (m), 1559 (s), 1434

4-coordinate palladium thiolato complex. The reductive elimi-
nation reaction is facilitated by palladium complexes with large

(s), 1153 (m), 1102 (s), 1014 (s), 690 (vs).
[Pd(Ph,PCH,CHPPh,)(S+-Bu)(CeH4-4-Me)] (2). The product was

bite angles, electron-deficient carbon-bound ligands, and electron-obtained in 33.5% (34.9 mg) yield after crystallization by layering a

rich thiolato ligands. The relative rates of reductive elimination
were fastest from complexes with alkenyl and aryl ligands,
slower from complexes with alkynyl ligands, and significantly
slower from complexes with alkyl ligands. These trends can
best be explained by kinetic rather than thermodynamic factors
in which coordination of ther-system of an unsaturated covalent
ligand stabilizes the reductive elimination transition state.

Experimental Section

General Methods. All reactions were performed in a drybox or
with Schlenk techniques underN'H and*3C{*H} NMR spectra were
obtained on a QE 300 MHz spectrometer. Chemical shifts were
referenced to residual protiated solvent$?{*H} NMR spectra were
obtained on an Omega 300 MHz spectrometer with shifts reported
relative to an external 85%3RQ, standard. Fo#P{*H} NMR spectra,

a downfield chemical shift is considered positive. Satisfactory elemental
analyses were obtained for all complexes exdeg 6, 9, 15, 24, and

29. Elemental analysis was performed by MicroAtlantic Lab, Ind. in
Norcross, Ga. IR spectra were recorded on a MIDAC Fourier

ether solution with pentane at35 °C. H NMR (C¢Ds) 6 1.60 (s, 9

H), 1.60-1.92 (m, 4H), 2.08 (s, 3H), 6.73%.99 (m, 2H), 7.06-7.23

(m, 16H), 7.53 (t, 7.5 Hz, 2H), 8.06 (m, 4HHP{*H} NMR (CeDs) O
32.7 (d, 24 Hz), 42.9 (d, 24 Hz); IR (KBr, ctd) 3045 (m), 3005 (m),
2942 (m), 2909 (m), 2877 (m), 2850 (m), 1585 (m), 1479 (m), 1433
(s), 1155 (s), 1100 (s), 1013 (s), 789 (s), 693 (vs).

[PA(Ph,PCH,CH,PPh,)(S+-Bu)(CeH4-3-Me)] (3). The product was
obtained in 55.9% (77.7 mg) yield after crystallization by layering a
ether solution with pentane at35 °C. *H NMR (C¢Dg) 6 1.65 (s, 9
H), 1.65-1.99 (m, 4H), 2.04 (s, 3H), 6.70 (d, 7.3 Hz, 1H), 6.93 (m,
9H), 7.00-7.26 (m, 8H), 7.36 (d, 6.3 Hz, 1H), 7.62 (t, 6.3 Hz, 4H),
8.11 (t, 8.1 Hz, 4H)3'P{*H} NMR (C4De) 6 31.44 (d, 25.6 Hz), 42.45
(d, 25.6 Hz).

[Pd(Ph,PCH,CH,PPhy)(S+-Bu)(CeH4-4-Cl)] (4). The product was
obtained in 61.7% (86.7 mg) yield after crystallization by layering a
toluene solution with pentane at35°C. H NMR (CsDg) 6 1.55 (s,

9 H), 1.65-1.95 (m, 4H), 6.856.99 (m, 2H), 7.06-7.21 (m, 16H),
7.39 (t, 7.5 Hz, 2H), 7.49 (t, 7.5 Hz, 2H), 8.06 (t, 8.7 Hz, 4Fp{H}
NMR (CeDs) 0 33.85 (d, 24.2 Hz), 43.59 (d, 24.2 Hz); IR (KBr, ci
3050 (m), 2928 (m), 2910 (m), 2855 (m), 1481 (m), 1463 (m), 1434

Transform spectrometer. GC/MS data were obtained on an HP 5890(s), 1151 (s), 1102 (s), 1082 (s), 1003 (s), 803 (s), 693 (vs).

gas chromatograph equipped with an HP5971A mass spectral analyzer.

General Procedure for the Synthesis of [Pd(L)(R)(X)], Where L
= Bisphosphine, R= Hydrocarbyl Group, and X = Halide. Except
in cases where R= Me, reaction of 1.5 equiv of RX and [Pd(PH4
in benzene resulted in the formation of [Pd(BR&IR)(X)], which was
isolated by precipitation from pentane and was used without further
purification. Reaction of a bis-chelating phosphine, L, and [Pd{§RPh
(R)(X)] in benzene resulted in the formation of [Pd(L)(R)(X)], which
was isolated by precipitation from pentane and used without further
purification. [Pd(L)(Me)(X)] was synthesized by reaction of [(COD)-
Pd(Me)CIf® and a bisphosphine, L. THéP{*H} spectra for [Pd(L)-
(R)(X)] are as follows: [Pd(DPPE)(Ph)(I)] (THF) 48.9 (d, 28 Hz), 33.9
(d, 28 Hz); [Pd(DPPE)(H.-4-Me)(1)] (THF) 48.7 (23.2 Hz), 34.1
(broad); [Pd(DPPE)(gH.-3-Me)(1)] (THF) 49.0 (d, 24 Hz), 33.5 (d,
24 Hz); [PA(DPPE)(6Hs-4-Cl)(1)] (THF) 50.5 (d, 25 Hz), 36.3 (d, 25
Hz); [Pd(DPPE)(GH.-4-OMe)(1)] (THF) 49.2 (d, 26 Hz), 33.5 (d, 26
Hz); [Pd(DPPE)(GH.-3-OMe)(1)] (THF) 51.5 (d, 26 Hz), 36.3 (d, 26
Hz); [Pd(DPPE)(GH4+-4-NHy)(1)] (CH.Cl,) 47.19 (d, 25.64 Hz), 32.71
(d, 25.64 Hz); [Pd(DPPE)(¢E1+-3-NH,)(Br)] (THF) 49.9 (broad), 30.0
(broad); [Pd(DPPE)(§H.-4-CF;)(Br)] (THF) 52.2 (d, 25 Hz), 32.3 (d,
25 Hz); [Pd(DPPE)(2,4-(C.CsH3)(I)] (CcHe) 45.2 (d, 26 Hz), 30.8
(d, 26 Hz); [Pd(DPPE)(3,4-(CHCeHz)(1)] (CeHe) 48.5 (d, 27 Hz),
33.1 (d, 27 Hz); [Pd(DPPE)(2,6-(GHCsH3)(1)] (CeHe) 46.7 (d, 29
Hz), 24.9 (d, 29 Hz); [Pd(DPPE)(Me)(Cl)] (THF) 59.7 (d, 27 Hz), 32.0
(d, 27 Hz); [Pd(DPPE)(CC(CHECHs)(1)] (THF) 54.6 (d, 8 Hz), 47.6
(d, 8 Hz); trans[Pd((PPh)2)(CCGHs)(Br)] (THF) 25.5 (s); [Pd-
(DPPBZz)(GH4-4-Me)(1)] (THF) 50.5 (d, 27 Hz), 43.4 (d, 27 Hz); [Pd-
(DPPEE)(GH4-4-Me)(1)] (THF) 55.5 (d, 13.4 Hz), 48.0 (d, 13.4 Hz);
[Pd(DPPP)(Me)(CI)] (THF) 26.8 (d, 48.9 Hz);,7.1 (d, 48.9 Hz)trans
[Pd(PPR),(Me)(CI)] (THF) 31.17 (s); [Pd(DPPF)(Me)(Cl)] (THF) 37.7
(d, 32 Hz), 11.2 (d, 32 Hz)trans[Pd(PPhR)x(CsHs-n-Bu)(1)] (THF)
24.12 (s).

Representative Procedures. Complete syntheses and elemental
analysis data are provided in the Supporting Information.

[Pd(Ph,PCH,CH2PPh,)(S+-Bu)(Ph)] (1). To a 20 mL vial was
added 89.5 mg (0.126 mmol) of [Pd(DPPE)(Ph)(l)] and 19.1 mg (0.171
mmol) of 2-methyl-2-propanethiol, sodium salt as solids. The mixture
was suspended in 10 mL of THF and a stirred at room temperature for
20 in after which time the THF was removed under vacuum. The
residual solid was dissolved in benzene and filtered through Celite to

[Pd(Ph,PCH2CH.PPh,)(S4-Bu)(CsHs-4-OMe)] (5). The product
was obtained in 57.2% (54.1 mg) yield after crystallization from ether
at—35°C. H NMR (C¢Dg) 0 1.65 (s, 9 H), 1.76:1.93 (m, 4H), 3.33

(s, 3H), 6.70 (d, 1.5 Hz, 2H), 6.866.99 (m, 8H), 7.027.15 (m, 4H),
7.26 (m, 4H), 7.54 (t, 7.9 Hz, 2H), 8.10 (m, 4H)P{*H} NMR (CcDs)

0 43.2 (d, 24 Hz), 33.1 (d, 24 Hz).
[Pd(Ph,PCH2CH.PPh)(S4-Bu)(CsHs-3-OMe)] (6). The product

was obtained in 47.4% (66.7 mg) yield after crystallization from ether
at—35°C. ™H NMR (C¢Dg) 6 1.66 (s, 9 H), 1.621.98 (m, 4H), 3.30
(s, 3H), 6.57 (d, 7.8 Hz, 1H), 6.867.15 (m, 12H), 7.23 (m, 6H), 7.37
(t, 6.5 Hz, 1H), 8.09 (t, 8.5 Hz, 4HFP{H} NMR (CsDs) 6 42.8 (d,
19 Hz), 32.5 (d, 19 Hz).

[Pd(Ph,PCH,CHPPh,)(S+t-Bu)(CeH4-4-NH,)] (7). The product
was obtained in 46.1% (58.6 mg) after crystallization by layering a
methylene chloride solution with ether-aB85°C. H NMR (CsDs) 0
1.67 (s, 9 H), 1.621.92 (m, 4H), 2.57 (s, 2H), 6.28 (dd, 6.2, 2.2 Hz,
2H), 6.88-7.20 (m, 12H), 7.29 (m, 4H), 7.39 (t, 7.7 Hz, 2H), 8.14
(dd, 1.3, 2.1 Hz, 4H)**P{1H} NMR (C¢Ds) 6 31.94 (d, 24.2 Hz), 41.57
(d, 24.2 Hz); IR (KBr, cm?) 3454 (m), 3375 (m), 3329 (w), 3047
(m), 3002 (m), 2944 (m), 2904 (m), 2880 (m), 2843 (M), 1611 (M),
1583 (m), 1478 (s), 1432 (s), 1263 (s), 1151 (m), 1098 (s), 697 (vs).

[Pd(Ph,PCH2CH,PPh,)(S4-Bu)(CeHs-3-NH>)] (8). The product
was obtained in 56.9% (61.3 mg) yield after crystallization by layering
a methylene chloride solution with ether-a85°C. *H NMR (C¢De)

0 1.69 (s, 9 H), 1.691.95 (m, 4H), 2.61 (s, 2H), 6.10 (d, 7.8 Hz, 1H),
6.80 (td, 7.5, 2.9 Hz, 1H), 6.877.31 (m, 18H), 8.11 (m, 4HFP{'H}
NMR (CsDg) 6 31.65 (d, 24.2 Hz), 41.86 (d, 24.2 Hz); IR (KBr, ci)
3434 (m), 3417 (m), 3357 (w), 3047 (m), 2943 (m), 2944 (m), 2906
(m), 2879 (m), 1608 (m), 1571 (s), 1465 (m), 1434 (s), 1153 (s), 1101
(s), 747 (vs).

[Pd(Ph,PCH,CHPPhy)(S+-Bu)(CeHs-4-CF3)] (9). Complex9 was
too reactive to isolate and was therefore generated in situ and
spectroscopically analyzed in solution. To a vial was added 4.9 mg
(0.0067 mmol) of [Pd(DPPE)E.-4-CF;)(Br)] and 1.0 mg (0.0089
mmol) of 2-methyl-2-propanethiol, sodium salt.s0% (0.5 mL) was
added to this solid mixture and the heterogeneous solution was
transferred by pipet into an NMR tube. A clear yellow solution was
formed after 0.5 h, and th&H and 3'P{*H} NMR spectra showed
formation of the product and concomitant formation of [Pd(DRPE)

remove residual salts. The benzene was then removed under vacuunand alkyl sulfide. The yellow solution turned black in solution over
and the product was obtained in 34.6 mg (40.9%) as a green crystallinethe course of several hours at room temperatuté NMR (C¢Dg) O

solid by slow diffusion of ether into a THF solution of the produet.

1.50 (s, 9 H), 1.661.93 (m, 4H), 6.836.97 (m, 10H), 7.037.18
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(m, 8H), 7.70 (t, 7.8 Hz, 2H), 8.10 (td, 7.1, 1.4, 4K¥)P{*H} NMR
(CeDe) 6 33.89 (d, 24.2 Hz), 44.19 (d, 24.2 Hz).

[Pd(Ph:PCH2CH2PPhy)(S4-Bu)(2,4-(CHs).CeH3)] (10). The prod-
uct was obtained in 55.2% (48.6 mg) yield after crystallization by
layering a toluene solution with pentane-a85 °C. H NMR (CgDs)

0 1.44 (m, 2H), 1.65 (s, 9H), 1.91 (m, 2H), 2.17 (s, 3H), 2.44 (s, 3H),
6.56 (d, 8 Hz, 1H), 6.57 (virtual t, 9 Hz, 2H), 6.71 (s, 1H), 6.78 (d,

= 8 Hz, Jy = 2.1 Hz, 2H), 6.89-7.13 (m, 1H), 7.76-7.73 (m, 3H),
8.06 (virtual t, 9 Hz, 2H), 8.22 (virtual t, 9 Hz, 2H}*P{*H} NMR
(CsDg) 6 40.3 (d, 26 Hz), 31.3 (d, 26 Hz).

[Pd(Ph:PCH:CH.PPh)(S4-Bu)(3,4-(CHs)2.CeH3)] (11). The prod-
uct was obtained in 55.2% (84.5 mg) yield after crystallization by
layering a toluene solution with pentane-a85 °C. H NMR (CsD¢)

0 1.66 (s, 9H), 1.761.94 (m, 4H), 1.94 (s, 3H), 2.06 (s, 3H), 6.79
(dd, 2.2 Hz, 7.5 Hz, 1H), 6.857.28 (m, 17H), 7.54 (t, 7.6 Hz, 1H),
8.12 (dd, 13.3 Hz, 8 Hz, 4HJP{*H} NMR (C¢Dg) 0 42.5 (d, 24 Hz),
31.7 (d, 24 Hz).

[Pd(Ph:PCH:CH2PPh)(S4-Bu)(2,6-(CHs)2CeH3)] (12). The prod-
uct was obtained in 70.4% (92.3 mgq) yield after crystallization by
layering a toluene solution with pentane-a85 °C. H NMR (CsD¢)

0 1.58 (s, 9H), 1.621.84 (m, 4H), 2.65 (s, 6H), 6.78.92 (m, 6H),
6.95 (m, 4H), 7.057.12 (m, 9H), 8.23 (dd, 9.9 Hz, 8 Hz, 4H)P-
{*H} NMR (CsDs) 0 39.2 (d, 27 Hz), 27.4 (d, 27 Hz).

[Pd(Ph,PCH,CH,PPh,)(SMe)(CsH4-4-Cl)] (13). The product was
obtained in 61.7% (86.7 mg) yield after crystallization by layering a
toluene solution with pentane at35 °C. *H NMR (CeDs) 0 1.64—
1.95 (m, 4 H), 2.22 (d, 5.6 Hz, 3H), 6.87.17 (m, 18H), 7.36 (t, 7.5
Hz, 2H), 8.07 (m, 4H)3P{*H} NMR (C¢Dg) 6 36.39 (d, 25.4 Hz),
43.43 (d, 25.4 Hz).

[Pd(Ph,PCH,CH,PPh,)(S4-Bu)(CH3)] (14). To a 20 mL vial was
added 413.0 mg (0.7441 mmol) of [Pd(DPPE)(Me)(Cl)] and 125.5 mg
(1.121 mmol) of 2-methyl-2-propanethiol, sodium salt as solids. This
mixture was suspended in 10 mL of THF and stirred at room
temperature for 0.5 h. The resulting mixture was filtered through a
medium fritted funnel, and the THF was removed under vacuum. The
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NMR (CgDg) 0 1.54 (s, 3H), 1.76 (s, 3H), 1.82 (broad s, 4H), 1.97 (s,
9H), 6.5 (dd,Jyans= 11.4 Hz,Jsis = 8 Hz, 1H), 6.93-7.12 (m, 16H),
8.05 (virtual t, 9.0 H, 4H)3P{*H} NMR (THF) ¢ 42.3 (d, 23 Hz),
31.5 (d, 23 Hz).

[Pd(Ph,PCH,CH2PPh,)(S+t-Bu)(CC(CH2)sCH3)] (16). To a20 mL
vial was weighed 192.9 mg (0.2708 mmol) of [Pd(DPPE)(CC{eH
CH3)(I)]. This solid was suspended in 2 mL of THF. A suspension
of 2-methyl-2-propanethiol, sodium salt (45.2 mg, 0.136 mmol) in 5
mL of THF was added and the resulting dark orange mixture was stirred
for 1 h atroom temperature. After this time, the THF solvent was
evaporated under vacuum. The residual solid was dissolved in benzene
and the mixture was filtered through Celite. The product was obtained
as a crystalline orange solid by layering a toluene solution with pentane
at —35 °C (158 mg, 86.5%).'H NMR (Ce¢Dg) 6 0.79 (t, 7 Hz, 3H),
1.28-1.42 (m, 4H), 1.69-1.89 (m, 4H), 2.22 (s, 9H), 2.34 (t, 6 Hz,
2H), 7.00-7.03 (m, 12H), 7.847.92 (m, 8H);31P{H} NMR (CeDs)

0 47.1 (d, 22 Hz), 44.3 (d, 22 Hz); IR (KBr, crt) 2120 (w).

[PA(Ph,PCH,CH,PPhy)(S+4-Bu)(CCCeHs)] (17). The product was
obtained in 48.2% (48.8 mg) yield after crystallization by layering a
toluene solution with pentane at35 °C. H NMR (CsDg) 0 1.77—

1.82 (m, 4H), 2.21 (s, 9 H), 6.927.35 (m, 15H), 7.33 (d, 7.3 Hz, 2H),
7.85 (m, 8H);3P{*H} NMR (C¢Dg) 6 48.1 (d, 22 Hz), 45.1 (d, 22
Hz); IR (KBr, cm %) 2100 (w).

[Pd(Ph,PCH2CH,PPh,)(SCH3)(CH3) (18)]. The product was ob-
tained in 53.3% (53.6 mg) yield after crystallization by layering a THF
solution with ether at-35 °C. *H NMR (C;Dg) 6 0.97 (dd, 6 Hz, 7
Hz, 3H), 1.74-1.95 (m, 4H), 2.58 (d, 6 Hz, 3H), 7.307.36 (m, 12H),
7.49 (virtual t, 9.8 Hz, 4H), 8.00 (virtual t, 10 Hz, 4H}P{*H} NMR
(C:Dg) 6 50.4 (d, 23 Hz), 35.8 (d, 23 Hz).

[Pd(Ph,PCH,CH,PPhy)(SCsH 4-4-Cl)(CsHs-4-n-Bu)] (19). Syn-
thesis ofsyn and anti-[Pd(PPhg)(CeH4-4-n-Bu)(u-OH)].. To a 50
mL culture tube was added 238.5 mg (0.2680 mmol}rahs[Pd-
(PPh)2(CsHa-n-Bu)(1)] and 156.6 mg (0.9321 mmol) of CsOH,O.

This mixture was stirred for 18 h in 35 mL of THF at room temperature
after which time the solution was filtered through Celite. The THF

residual solid was dissolved in benzene, and the resulting suspensionwas then evaporated under vacuum, and the resultant pale yellow solid

was filtered through a medium fritted funnel. The product was obtained
as crystalline needles by crystallization from benzene layered with
pentane at room temperature (392 mg, 86.5%). NMR (CsD¢) 0
1.38 (virtual t, 7 Hz, 3H), 1.651.98 (m, 4H), 1.90 (s, 9H), 7.20 (m,
12H), 7.47 (dd, 10.0 Hz, 8 Hz, 4H), 7.96 (t, 8 Hz, 4FP{*H} NMR
(CsDg) 6 50.3 (d, 21 Hz), 31.5 (d, 21 Hz).
[Pd(Ph,PCH,CH,PPhy)(S+-Bu)(CHC(CH3);] (15). Complex15
was too reactive to isolate in pure form. Pd(BRICHC(CHs),)(Br)
was prepared by stirring a mixture of 570.3 mg (0.7983 mmol) of Pd-
[(P(o-tolyl)3] %87 and 214.4 mg (1.588 mmol) of 1-bromo-2-methyl-
propene in 10 mL of benzene followed by addition of 419.2 mg (1.600
mmol) of triphenylphosphine. The solution was filtered through Celite
after 1.5 h. [Pd(PPJ(CHC(CH)2)(Br)] (**P{*H} NMR (CeDs) O
25.18 (s)) was isolated by precipitation from pentane followed by
filtration through a medium fritted funnel and was used without further
purification. Into a 20 mL vial was added 223.1 mg (0.2915 mmol)
of Pd(PPR)(CHC(CH)2)(Br) and 5 mL of benzene. Upon dissolution,
140.4 mg (0.3528 mmol) of DPPE in 2 mL of benzene was addition to
the solution, and the mixture was stirred for 5 min. [Pd(DPPE)(CHC-
(CHa)2)(Br)] (®*P{*H} NMR (CsDs) 6 50.9 (d, 25.6 Hz), 28.9 (d, 25.6
Hz)) was isolated as a yellow powder by precipitation from pentane
followed by filtration through a medium fritted funnel and was used
without further purification. To a 20 mL vial was weighed 63.6 mg
(0.0995 mmol) of [Pd(DPPE)(CHC(GH)(Br)] and 13.4 mg (0.120
mmol) of 2-methyl-2-propanethiol, sodium salt. This mixture was
dissolved in 5 mL of THF and stirred at room temperature for 0.5 h.
The resulting orange mixture was filtered through Celite, and the THF
was removed under vacuum. Crystallization-85 °C from toluene
layered with pentane resulted in the formation of an orange silid.
and®'P{*H} NMR spectra of this solid showed formation of the product
along with <5% of Pd(DPPE)and ~10% of the alkyl sulfide.*H

(87) Paul, F.; Patt, J.; Hartwig, J. F.Am. Chem. S04994 116, 5659
5670.

(88) Paul, F.; Patt, J.; Hartwig, J. Brganometallics1995 14, 3030~
3039.

was dissolved in 2 mL of benzene. This benzene solution was poured
in a vial containing 15 mL of pentane and the mixture stirred for 1 h
at room temperature. After this time, a white solid precipitated out of
solution. The product was obtained by layering a toluene solution with
pentane at-35 °C in 69.8% (96.9 mg) yield3{P{*H} NMR (CsDs) 0
34.66 (s), 33.78 (s), relative intensity 2:1).

To a 20 mL vial was added 80.2 mg (0.0776 mmol)sgfr and
anti-[Pd(PPR)(CsHa-4-n-Bu)(u-OH)]> and 5 mL of THF. A solution
of 4-chlorothiophenol (26.1 mg, 0.181 mmol) in 5 mL of THF was
added to ther-butyl aryl hydroxy dimer solution and stirred for 5 min.
The resultant brown solution was identifiedsyst andanti-[Pd(PPh)-
(CeHs~4-n-Bu) (u-SCH4-4-Cl)], (B*P{*H} (THF) 6 28.4 (s), 27.3 (),
relative intensity= 1:1.5). To this solution was added 68.6 mg (0.172
mmol) of DPPE and the mixture was stirred for another 5 min, after
which time an orange solution was obtained. The THF was removed
from this orange solution under vacuum and the resultant orange solid
was dissolved in toluene and filtered through Celite. A fluffy pink
solid was obtained by layering a toluene solution with pentare3&t
°C in 50.0% (60.4 mg) yield.*H NMR (CsDg) 6 0.93 (t, 7.3 Hz, 3H),
1.27 (m, 2H), 1.49 (m, 2H), 1.80 (m, 4H), 2.37 (t, 7.6 Hz, 2H), 6.56
(dd, 7.7 Hz, 1.8 Hz, 2H), 6.71 (d, 8.4 Hz, 2H), 6.92 (m, 7H), 7.13 (m,
11H), 7.41 (d, 8.4 Hz, 2H), 7.93 (m, 4H}*P{*H} NMR (CeDg)
45.06 (d, 24.4 Hz), 35.31 (d, 24.4 Hz).

[Pd(Ph,PCH,CHPPh,)(SCsH5s)(CsH4-4-n-Bu)] (20). The product
was obtained in 86.0% (105.8 mg) yield by layering a toluene solution
with pentane at-35°C. *H NMR (CsD¢) 6 0.87 (t, 6.9 Hz, 3H), 1.29
(m, 2H), 1.44 (m, 2H), 1.691.95 (m, 4H), 2.36 (t, 7.4 Hz, 2H), 6.59
(d, 7.1 Hz, 2H), 6.786.99 (m, 10H), 7.027.12 (m 5H), 7.26-7.30
(m, 6H), 6.67 (d, 7.4 Hz, 2H), 7.99 (t, 7.9 Hz, 4H}P{*H} NMR
(CsDe) 0 44.51 (d, 24.4 Hz), 34.59 (d, 24.4 Hz).

[Pd(Ph,PCH,CH :PPh,)(SCsH 4-4-CHs)(CsHs-4-n-Bu)] (21). The
product was obtained in 70.5% (81.4 mg) yield after crystallization by
layering a toluene solution with pentane-a85 °C. 'H NMR (C¢Dg)
6 0.88 (t, 7.2 Hz, 3H), 1.25 (m, 2H), 1.45 (m, 2H), 1.82 (m, 4H), 2.06
(s, 3H), 2.37 (t, 7.8 Hz, 2H), 6.60 (m, 4H), 6:86.99 (m, 6H), 7.02
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7.13 (m, 6H), 7.2+7.31 (m, 6H), 7.56 (d, 7.9 Hz, 2H), 8.00 (m, 4H);
31p{1H} NMR (CsDg) 6 44.08 (d, 24 Hz), 34.57 (d, 24 Hz).

[Pd(Ph,PCH,CH,PPh,)(SCsH 4-4-OCHj3)(CeH4-4-n-Bu)] (22). The
product was obtained in 70.9% (75.5 mg) yield after crystallization by
layering a toluene solution with pentane-a85 °C. *H NMR (CgDs)

0 0.89 9 (t, 7.2 Hz, 3H), 1.27 (m, 2H), 1.46 (m, 2H), 1-71L95 (m,
4H), 2.37 (t, 7.5 Hz, 2H), 3.27 (s, 3H), 6.40 (d, 8.5 Hz, 2H), 6.61(d,
7.4 Hz, 2H), 6.877.0 (m, 7H), 7.02-7.31 (m, 11H), 7.52 (d, 8.4 Hz,
2H), 8.01 (t, 8.6 Hz, 4H)3'P{H} NMR (C¢De) 6 43.79 (d, 24 Hz),
34.68 (d, 24 Hz).

[Pd(Ph,PCH,CH,PPh,)(Ph)(S-(GH3-2,4-(CHs),))] (23). The prod-
uct was obtained in 51.8% (62.7 mg) yield after crystallization by
layering a 10:1 toluene: THF mixture with pentane-&5°C. *H NMR
(CsDe) 6 1.69-1.93 (m, 4H), 2.09 (s, 3H), 2.69 (s, 3H), 6.70 (d, 1.2
Hz, 1H), 6.72 (m, 3H), 6.836.93 (m, 6H), 7.06:7.12 (m, 5H), 7.17
7.27 (m, 5H), 7.29-7.34 (m, 3H), 7.69 (d, 7.8 Hz, 1H), 7.99 (td, 10.1,
1.4 Hz, 4H);3'P{*H} NMR (CgDg) 0 43.9 (d, 24 Hz), 34.7 (d, 24 Hz).

[Pd(Ph,PCH.CH:PPh,)(Ph)(S-(GH3-3,4-(CHa)2))] (24). The prod-
uct was obtained in 47.6% (53.7 mg) yield after crystallization by
layering a 10:1 toluene: THF mixture with pentane-&5°C. 'H NMR
(CsDe) 6 1.79-1.94 (m, 4H), 1.87 (s, 3H), 1.95 (s, 3H), 6.62 (d, 7.7
Hz, 1H), 6.76-6.79 (m, 3H), 6.846.93 (m, 6H), 7.047.11 (m, 5H),
7.19-7.27 (m, 5H), 7.33 (s, 1H), 7.40 (t, 7 Hz, 2H), 7.49 (d, 7.4 Hz,
1H), 7.98 (virtual t, 9 Hz, 4H)8P{*H} NMR (CsDs) 0 44.3 (d, 25
Hz), 35.3 (d, 25 Hz).

[Pd(Ph,PCH.CH:PPh,)(Ph)(S-(GH3-2,6-(CHa)2))] (25). The prod-
uct was obtained in 35.3% (58.6 mg) yield after crystallization by
layering a toluene solution with pentane-aB5 °C. H NMR (CsD¢)

0 1.72-1.95 (m, 4H), 2.81 (s, 6H), 6.646.66 (m, 3H), 6.826.92
(md, 2.0 Hz, 6H), 6.94 (t, 7.4 Hz, 3H), 6.85.97 (m, 9H), 8.058.11
(m, 4H); 31P{*H} NMR (CsD¢) 6 44.7 (d, 25 Hz), 35.8 (d, 25 Hz).

[Pd(PhyP(CeH4)PPhy)(S+-Bu)(CsH4-4-Me)] (26). The product was
obtained in 85.1% (98.9 mg) yield after crystallization by layering a
toluene solution with pentane at35 °C. *H NMR (CsDs) 6 1.58 (s,
9H), 2.15 (s, 3H), 6.7%6.94 (m, 10H), 7.027.10 (m, 6H), 7.26
7.32 (m, 5H), 7.41 (m, 1H), 7.57 (t, 7.8 Hz, 2H), 7.96 (m, 4Fp-
{*H} NMR (CsDs) 6 43.60 (d, 24.2 Hz), 46.43 (d, 24.2 Hz).

[Pd(Ph,PCH>CH>CH,PPh,)(S4-Bu)(CH3)] (27). The product was
obtained in 34.8% (37.8 mg) yield after crystallization from a toluene
solution layered with pentane at35 °C. *H NMR (CsDg) 6 1.20
(virtual t, 7.6 Hz, 3H), 1.241.35 (m, 2H), 1.71 (s, 9H), 1.871.93
(m, 4H), 7.00-7.15 (m, 12 H), 7.53 (m, 4H), 7.84 (virtual t, 8 Hz,
4H); 31P{1H} NMR (CsDs) 6 15.8 (d, 50 Hz)—4.9 (d, 50 Hz).

[Pd(Ph,P(CeH4)PPh,)(S+-Bu)(CHs3)] (28). The product was ob-
tained in 36.8% (80.1 mg) yield after crystallization by layering a THF
solution with ether at-35°C. *H NMR (CeDe) ¢ 1.50 (virtual t, 7.2
Hz, 3H), 1.86 (s, 9H), 6.79 (broad s, 2H), 6:8B.08 (m, 12H), 7.19
7.38 (m, 2H), 7.54 (dd, 9.6 Hz, 8 Hz, 4H), 7.85 (virtual t, 8 Hz, 4H);
31P{1H} NMR (Cg¢D¢) 0 51.6 (d, 22 Hz), 40.7 (d, 22 Hz).

[Pd(Ph,P((CsH4)2Fe)PPhy)(S+-Bu)(CH3)] (29). The product was
obtained in 13.7% (23.5 mg) yield after crystallization by layering a
THF solution with ether at-35°C. The orange powder turned brown
overnight in the drybox at room temperature precluding elemental
analysis. 'H NMR (CgDe) 0 1.31 (virtual t, 7.6 Hz, 3H), 1.97 (s, 9H),
3.72-3.73 (t, 1.7 Hz, 2H), 3.853.88 (m, 4H), 4.32 (t, 2.0 Hz, 2H),
7.02-7.18 (m, 12H), 7.7£7.78 (m, 4H), 8.12-8.15 (virtual t, 9.6 Hz,
4H): 31P{*H} NMR (CeDs¢) 6 27.9 (d, 34 Hz), 7.6 (d, 34 Hz).

[Pd(thPCHz(ClgH 10)CH zPth)(S-t-Bu)(CH 3)] (30) To a Schlenk
tube was added 50.9 mg (0.0539 mmol) of [Pd(@®he)(u-S+-Bu)],>>
and 70.1 mg (0.112 mmol) of TRANSPHOS in 5 mL of benzene. The
reaction mixture was stirred f&@@ h at 85°C after which time it was
filtered through Celite. The product (78.6 mg, 87.5%) was isolated as
a yellow powder by layering a benzene solution with pentane at room
temperature.®H NMR (CgDg) 0 (virtual t, 5.8 Hz, 3H), 1.20 (s, 9H),
3.50 (dt,Jy = 12.3 Hz,J; = 4 Hz, 2H), 6.15 (m, 2H), 6.64 (d, 8.0 Hz,
2H), 6.73 (t, 7 Hz, 4H), 6.83 (d, 7.2 Hz, 2H), 7:23.26 (m, 6H),
7.22-7.27 (m, 4H), 7.54 (d, 8.2 Hz, 2H), 7.58 (d, 8.6 Hz, 2H), 7.64
(d, 8.4 Hz, 2H), 7.96-7.96 (m, 4H), 10.4 (broad s, 2H}P{*H} NMR
(CsDe) 0 23.3 ().

Phosphine Dependence on the Reductive Elimination of 1into
four small vials were weighed 2.4 mg (0.0036 mmol) Iof Four
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samples of PPhd;s were weighed into four different vials: 5 mg (0.02
mmol), 10 mg (0.04 mmol), 20 mg (0.07 mmol), and 40 mg (0.1 mmol).

A sample of the thiolate complex and a sample of £k were
dissolved in 0.6 mL of €Ds. Upon dissolution, the solution was
transferred to a screw capped NMR tube. Reaction rates were measured
by 'H NMR spectroscopy at 58C. Samples were shimmed at room
temperature and removed from the probe. The NMR probe was then
heated to 50C. The sample was placed into the probe and quickly
reshimmed, and an automated program was initiated that collected single
pulse experiments at different time intervals. The concentratidh of
was measured by integration of ttet-butyl resonance relative to the
trimethoxybenzene internal standard. The following rate constants were
obtained for 1] = 0.0060 M at different concentrations of PRhs
(k(£0.2), [PPh-dig]): 2.5 x 104s%, 0.060 M; 2.1x 10%s%, 0.12

M; 2.2 x 104 s7%, 0.24 M.

Phosphine Dependence on the Reductive Elimination of 14A
stock solution was prepared by dissolving 31.5 mg (0.0518 mmol) of
14in approximately 2 mL of @Ds, transferring the solutiorota 3 mL
volumetric flask, and adding Ds to make a 3.0 mL solution with
[14] = 0.017 M. Four samples of PRH,s were weighed separately
into four different vials. A 0.5 mL aliquot of the volumetric solution
was transferred by syringe to the vial containing the phosphine. Upon
dissolution of the phosphine, the solution was transferred to an amber
NMR tube. The tube was frozen in liquid.ldnd flame sealed. These
sealed tubes were immersed in a constant temperature water bath at 95
°C. The concentration df4 was measured by integration of ttest-
butyl resonance relative to the trimethoxybenzene internal standard by
1H NMR spectroscopy. The following rate constants were obtained at
different concentrations of PRds(k, [PPh-dig]): (2.14+ 0.2) x 10°°
s71,0.082 M; (1.82+ 0.04)x 10°s7% 0.16 M; (2.02+ 0.03) x 10°°
s1, 0.25 M; (1.91+ 0.06) x 10°s7%, 0.33 M.

Kinetic Analysis of the Reductive Elimination Reaction of 1-9.

The palladium thiolato complexes and Bl were weighed into a
vial: 2.4 to 3.6 mg ofl—8 and 10 equiv of PPhd;s were dissolved in

0.6 mL of GDes. The solution was transferred into a screw capped
NMR tube. To a screw-capped NMR tube was added a freshly prepared
sample of9 and 10 equiv of PPhdis. Reaction rates were measured
by 'H NMR spectroscopy at 50C as described above. The results of
the kinetic analysis are summarized in Table 5.

Kinetic Analysis of the Reductive Elimination Reaction of 19-

22. The palladium thiolato complexes and Rl were weighed into
avial: 5.2 mg (0.0067 mmol) df9 and 3.9 mg (0.014 mmol) of Pgh
dis; 4.5 mg (0.0050 mmol) 020 and 3.6 mg (0.13 mmol) of PRHal;s;

4.2 mg (0.0055 mmol) 021 and 4.0 mg (0.14 mmol) of PRMals; 3.4

mg (0.0044 mmol) 022 and 3.2 mg (0.012 mmol) of PR;s. Upon
dissolution in 0.5 mL of @Ds, the mixture was transferred into a screw
capped NMR tube. Reaction rates were measured'HyNMR
spectroscopy at 7€C as described above. The results of the kinetic
analysis are summarized in Table 6.

Kinetic Analysis of the Reductive Elimination of 1 with Trapping
Reagents. Into a vial was weighed 5.0 mg (0.0075 mmol) band
10 equiv ofp-iodotoluene. This mixture was dissolved in 0.6 mL of
CsDs and transferred into a screw capped NMR tube. The rate of the
reaction was measured Byl NMR spectroscopy at 5TC as described
above. The observed rate constant wasX1 10 “s ™. Similarly, the
rate constant for the thermolysis of 5.0 mg (0.0075 mmol) ahd 10
equiv of phenylacetylene in 0.6 mL ofs0s at 50°C was 1.7x 1074
st

Thermolysis of 2 at Various Temperatures. Complex2 and PPk
dis were weighed into a vial: 2.6 to 6.4 mg ®fand 12.6-13.4 mg of
PPh-dis were dissolved in 0.6 mL of fDs. The solution was
transferred into a screw capped NMR tube. Reaction rates were
measured byH NMR spectroscopy as described above. The following
are rate constants for the thermolysis2oivere obtained at different
temperaturesk( [2], [PPhs-dss], T(+0.5 K)): 3.7 x 107° s7%, 0.0093
M, 0.045 M, 313 K; 1.3x 10%s%, 0.0080 M, 0.048 M, 323 K; 4.5
x 1073 s71 0.0096 M, 0.047 M, 333 K; 1.4 103 s7%, 0.020 M,
0.047 M, 343 K.

Thermolysis of 10-12, 15-17, 23-25, and 27-30. Samples were
performed in screw capped NMR tubes immersed in oil baths of
constant temperature or in sealed NMR tubes completely submerged
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in a constant water bath. Reactions were monitored at many timed methods, expanded using Fourier techniques, and refined by full-matrix
intervals by theH NMR spectroscopy. Concentrations of the starting least squares. The empirical absorption corrections for both structures
materials were determined by integrating ttest-butyl or methyl were applied by using the program DIFABS. There is a solvent
resonances of the starting materials with respect to an internal standardmolecule of toluene present in the unit cell&dnd a solvent molecule
trimethoxybenzene. Half-lives were estimated from the time of reaction of THF in the unit cell of24. Both complexes crystallized in the

to consume half of the starting complex. The palladium thiolato monoclinic crystal system and the space group assignments for both
complexes and PRfor PPh-dis were weighed into a vial: 5.3 mg  wereP21/h. The non-hydrogen atoms were refined anisotropically and
(0.0076 mmol) oft0 and 3.9 mg (0.015 mmol) of PRH.9 mg (0.0070 all hydrogen atoms were treated as idealized contributions. Further
mmol) of 11and 3.9 mg (0.015 mmol) of PRH.7 mg (0.0067 mmol) experimental details of the X-ray diffraction studies are provided in

of 12and 4.0 mg (0.014 mmol) of PRHL.9 mg (0.0026 mmol) 023 Table 1. Positional parameters for all atoms, anisotropic thermal
and 1.9 mg (0.0069 mmol) of PRd;s; 1.9 mg (0.0026 mmol) o24 parameters, all bond lengths and angles, and fixed hydrogen positional
and 1.9 mg (0.0069 mmol) of PRM;s5 2.0 mg (0.0029 mmol) 025 parameters for both structures are given in the Supporting Information.

and 2.2 mg (0.0079 mmol) of PRHb;s. Upon dissolution in 0.5 mL

of Cf_;De, the mi_xture was t_ransferred into a screw _capped NMR tube Acknowledgment. We gratefully acknowledge support from
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a 5 mm thin-walled NMR tube. The tube was frozen in liquigldsid insightful mechanistic suggestions.

flame sealed. These sealed tubes were submerged in a constant

temperature water bath at 98. . . . .
X-ray Structural Determination of 8 and 24. Single crystals of Supporting Information Available: Experimental proce-

8 and 24 were mounted on glass fibers and immediately placed in a dures for2—8, 10-13, 17, 18, and20-29; tables of positional

cold nitrogen stream on the X-ray diffractometer. The X-ray intensity parameters and(eq), U values, intramolecular distances,

data for8 were collected on a Rigaku AFC5S diffractometer with intramolecular bond angles, Cartesian coordinates, and torsion

graphite monochromated Mod<radiation at—60 °C and those fo4 or conformational angles for hydrogen and non-hydrogen atoms

were collected on a Siemens P4/CCD with Mo iKadiation at—78 for 8 and24 (44 pages, print/PDF). See any current masthead

°C. For8, 7042 reflections were collected and 6754 were uni®e ( nage for ordering information and Web access instructions.
= 0.094). For24, 8258 reflections were collected and 8258 were

independent K, = 0.000). Both structures were solved by direct JA981428P



