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Synthesis, Structure, and Reactivity of Palladacycles That Contain a Chiral
Rhenium Fragment in the Backbone: New Cyclometalation and Catalyst

Design Strategies

Florian K. Friedlein, Klemenz Kromm, Frank Hampel, and J. A. Gladysz*"*

Abstract: The bromocyclopentadienyl
complex [(n’-CsH,Br)Re(CO),] is con-
verted to racemic [(n’-CsH,Br)Re-
(NO)(PPh;)(CH,PPh,)] (1b) similarly
to a published sequence for cyclopenta-
dienyl analogues. Treatment of enantio-
pure  (8)-[(n’-CsHy)Re(NO)(PPhy)-
(CH;)] with nBuLi and I, gives (S)-
[(0-CsH,)Re(NO)(PPhs)(CHy)] - ((S)-
6¢c; 84%), which is converted
(Ph;C*PFy~, PPh,H, BuOK) to (S)-
[(W’-CsH,I)Re(NO)(PPh;)(CH,PPh,)]

((S)-1c). Reactions of 1b and (S)-1¢

CH,PPh,)Pd(PPh,)(Br)] (11b; 92%).
Reaction of (8)-[(’-CsHs)Re(NO)-
(PPh;)(CH,PPh,)] ((S)-2) and Pd-
(OAc), (1.5 equiv; toluene, RT) affords
the novel Pd;(OAc),-based palladacy-
cle  (8,5){(n*-CsH,)Re(NO)(PPhy)(u-
CH,PPh,)Pd(p-OAc),Pd(u-OAc),Pd(u-
PPh,CH,)(Ph;P)(ON)Re(n*-CsH,)]
((S,5)-13; 71-90%). Addition of LiCl
and LiBr vyields (S.5)-10ab (73%),
and Na(acac-Fg) gives (S)-[(n’-
CsH,)Re(NO)(PPh;)(u-CH,PPh,)Pd-
(acac-Fq)] ((5)-16, 72%). Reaction of

(S,5)-10b and pyridine affords (S)-[(n’-
CsH,)Re(NO)(PPh;)(u-CH,PPh,)Pd-
(NCsH;)(Br)] ((S)-17b, 72%); other
Lewis bases yield similar adducts. Re-
action of (§)-2 and Pd(OAc),
(0.5 equiv; benzene, 80°C) gives the
spiropalladacycle trans-(S,9)-[{(n’-
C5H,)Re(NO)(PPhs)(1-CH,PPh,))Pd]
(39%). The crystal structures of (S5)-6¢,
11b, (S,5)- and (R,R)-13-2C,H,, (S,S)-
10b, and (S)-17b aid the preceding as-
signments. Both 10b (racemic or S,S)
and (S)-16 are excellent catalyst pre-

with  Pd[P(tBu);], yield [{(n’-
CsH,)Re(NO)(PPh,)(u-CH,PPh,)Pd(p-
X)},] 10; X = b, Br, rac/meso, 88%; ¢,
I, S 22%). Addition of PPh, to
10b gives [(1’-CsH,)Re(NO)(PPh;)(p-

Introduction

Although palladacycles that feature a neutral heteroatomic
donor atom and a palladium—carbon ¢ bond have been
known and studied for over 40 years! there has been a
marked surge of interest in the last decade.”? Such pallada-
cycles are most commonly prepared by donor-atom-templat-
ed insertions into carbon-hydrogen or carbon-halogen
bonds. However, many other synthetic routes have been de-
veloped.
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cursors for Suzuki and Heck couplings.

Heck

Much of this recent activity has been prompted by the in-
creasing use of palladacycles as catalyst precursors, particu-
larly for carbon—carbon bond-forming reactions.”! Certain
complexes effect extraordinarily high turnover numbers (>
10°), typically in coupling reactions involving aryl halides.??!
Chiral palladacycles have also been synthesized in enantio-
merically pure form and employed in enantioselective trans-
formations.[**!

We have had a long-standing interest in catalysts that con-
tain “spectator” metal fragments: in other words, ligand-
based metals that do not participate directly in the catalytic
cycle but whose steric and/or electronic properties may play
important roles."'% A variety of palladacycles that incorpo-
rate ferrocenyl or ruthenocenyl moieties have been report-
ed.*1 However, only a handful with other types of metallic
units have been synthesized.”'>"”] Representative examples
are mentioned in the Discussion section. Some of these bi-
metallic palladacycles have been applied in catalysis,*’
whereas others have been synthesized with different objec-
tives in mind.
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We speculated that new types of palladacycles might be
generally available from half-sandwich complexes I and II
(Scheme 1). These easily accessed building blocks feature li-
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Scheme 1. Synthetic planning: palladacycles that contain a transition
metal in the backbone.

gands containing donor atoms —CH,—D: (=D: = halide, alk-

oxide, thioalkoxide, amide, phosphide) capable of binding a oy~ | ™~

palladium precursor. For I, coordination of palladium(0)
would be followed by an oxidative addition involving the
halocyclopentadienyl ligand, giving the target species IIL.
For II, coordination of palladium(i) would be followed by
carbon-hydrogen bond activation and HX elimination.*'¥
Alternatively, alkylcyclopentadienyl complexes with M—D:
linkages might be employed similarly, as illustrated for the
pentamethylcyclopentadienyl adduct I'V.

Importantly, such cyclopentadienyl complexes are easily
rendered chiral. Given the broad utility of palladacycles in
catalysis, there is strong interest in the development of new
chirality motifs.*>'"12 Herein, we report a) the successful
application of the strategies in Scheme 1 to produce racemic
and enantiomerically pure “chiral-at-metal” rhenium com-
plexes [(n>-CsH,X)Re(NO)(PPh;)(CH,PPh,)] (X = halide,
1; X = H, 2), which feature phosphorus donor atoms; b)
the detailed structural characterization of the resulting pal-
ladacycles, including an unusual species with a tripalladium
core; and c) the use of these palladacycles as catalyst precur-
sors for Suzuki-Miyaura and Mizoroki-Heck reactions.
Some of this work has been communicated.”!

Results

Synthesis of halocyclopentadienyl complexes: At the outset
of this work, we expected the more reliable route to pallada-
cycles III to be from halocyclopentadienyl complexes I. We
therefore sought to adapt previous syntheses of the racemic
and enantiomerically pure parent compound [(n’-
CsH5)Re(NO)(PPh;)(CH,PPh,)] (27" from  [(v*-
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C5sH;)Re(CO),] to brominated and iodinated analogues [(1’-
CsH,X)Re(NO)(PPh;)(CH,PPh,)] (1b,¢).") The bromocy-
clopentadienyl complex [(n’>-CsH,Br)Re(CO);] (3b) is readi-
ly available.'! Also, rhenium cyclopentadienyl complexes
are often easily converted to lithiocyclopentadienyl com-
plexes,"**%*17 which can be functionalized with electro-
philes. Accordingly, two approaches to the requisite halocy-
clopentadienyl species were investigated.

Reaction of the bromocyclopentadienyl complex 3b and
NO*BF,” (Scheme 2) gave the nitrosyl complex 4b* BF,~
(86%)."") Treatment of 4b*BF,” with PPh; in refluxing
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Scheme 2. Syntheses of racemic palladacycles via bromocyclopentadienyl
rhenium complexes: a) NO*BF,”, CH,Cl,, —15°C; b) PPh;, CH,Cl,,
reflux; ¢) NaBH,, THF, RT; d) 1.1 equiv Ph;C*BF,”, CH,Cl,, —60°C;
e) 1.1 equiv PPh,H, —60°C to RT; f)1.2equiv rBuOK, THF, RT;
2) 1.0 equiv Pd[P(tBu);],, toluene, 80°C; h) PPh;, CH,Cl,, RT.

CH,(l, yielded the racemic chiral phosphine complex 5b™*
BF,” (68%). This substitution proceeded under much
milder conditions than with the cyclopentadienyl ana-
logue.'¥ Subsequent reduction with NaBH, gave the methyl
complex 6b (82 %), which was stable for over a year in air,
in contrast to the cyclopentadienyl analogue, which decom-
poses slowly over the course of several weeks.

Complex 6b was treated sequentially with Ph;C* BF,”
and PPh,H. Workup gave the phosphonium salt 7b*BF,”
(94 %; Scheme 2). Deprotonation with tBuOK afforded the
target complex 1b (95%) as orange prisms. This compound
was also less air-sensitive than its cyclopentadienyl analogue
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2, suggesting a general effect of the electron-withdrawing
bromide substituent.

The new complexes in Scheme 2, and all the others that
were isolated as part of this study, were characterized by IR
and NMR spectrometry, mass spectrometry, and microanaly-
sis, as summarized in the Experimental Section. Most fea-
tures were routine, and have been analyzed in greater detail
elsewhere."” In the chiral complexes (1b, 5b*BF,”, 6b,
7b*BF,") the two cyclopentadienyl CH groups o and 3 to
the bromide substituents are diastereotopic. Accordingly,
"H NMR spectra exhibited four broad singlets or multiplets.
Similarly, “CNMR spectra gave five cyclopentadienyl
carbon signals.

A second synthetic approach to halocyclopentadienyl
complexes is summarized in Scheme 3. The enantiopure
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Scheme 3. Syntheses of enantiopure palladacycles via iodocyclopenta-
dienyl rhenium complexes: a) 1.0 equiv nBuLi, THF, —78°C to RT;
b) 1.0 equiv I,, THF, —78°C; ¢) 1.1 equiv PhyC*PFy~, CH,Cl,, —78°C;
d) 1.8 equiv PPh,H, —78°C to RT; e) 1.5equiv tBuOK, toluene, RT;
f) 1.0 equiv Pd[P(tBu)s],, toluene, RT.

methyl complex 8 and nBuLi react to give the enantiopure
lithiocyclopentadienyl complex 9.7 Thus, (S)-8 was sequen-
tially treated with nBuLi (—78°C, then RT) and I, (—78°C).
Workup gave the iodocyclopentadienyl complex (S)-6¢
(84 %).I"! This was treated with Ph;C* PF;~ and PPh,H simi-
larly to 6b, giving the phosphonium salt (S)-7¢*PF,”
(99 %). Deprotonation to the target complex (S)-1¢ was ef-
fected in conjunction with the cyclopalladations described
below.

Rd cubes of (S)-6¢ were obtained from benzene/hexanes,
and X-ray data were collected (see Table 1 and the Experi-
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mental Section). Refinement gave the molecular structure
depicted in Figure 1, confirming the rhenium configuration
assigned above, which corresponds to retention from (.5)-8.
In accord with abundant precedent, all the other transfor-
mations in this paper are presumed to occur with retention
at thenium.[""! Key bond lengths and angles in (S)-6¢ are
summarized in Figure 1. For most of the nonracemic com-
plexes in this paper, both enantiomers were synthesized.”*”

Figure 1. Molecular structure of (§)-6¢. Key distances [A] and angles [°]:
Rel-N1 1.755(4), Rel—P1 2.3348(11), Rel—Cl1 2.237(5), Rel—Cl1
2.252(5), C11-11 2.084(4), N1-O1 1.209(5); P1-Rel-N1 92.68(13), N1-
Rel-C1 94.6(2), C1-Rel-P1 92.42(17), Rel-C11-11 123.9(2).

Palladacycles from halocyclopentadienyl complexes: Experi-
ments were first conducted with the racemic bromocyclo-
pentadienyl complex 1b and the commercially available pal-
ladium bis(phosphine) complex [Pd{P(:Bu)},]. The latter is
known to undergo particularly facile phosphine displace-
ment.!! Reaction in toluene at 80°C (Scheme 2, bottom)
led to the target palladacycle 10b (88 % ). This material was
thermally very stable (decomp 294 °C), but poorly soluble in
organic solvents. The dimeric structure was evidenced by a
molecular ion in the mass spectrum.

Complex 10b features two rhenium stereocenters. Hence,
configurational diastereomers (rac/meso) are possible, as
well as syn/anti isomers about the Pd,Br, core. The
3P NMR spectrum showed four pairs of PPh; and CH,PPh,
signals (all doublets) with area ratios of approximately
69:69:31:31. In view of the data below for enantiomerically
pure (S,5)-10b, the two major signals must be rac and meso
diastereomers of one syn/anti isomer, and the two minor sig-
nals analogous diastereomers of the other. Thus, there is
negligible chiral recognition across the nearly planar Pd,Br,
core (see below). The '"H NMR spectrum of 10b and most
palladacycles below showed one cyclopentadienyl proton
with a chemical shift distinctly upfield of the others (6 =
2.80-2.86 versus 4.72-5.47 ppm).?
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Table 1. Summary of crystallographic data.

Complex (S)-6¢ SP-4-4 11b-2CH,Cl, (8,8)-13-2 C,H," anti-(S,S)- SP-4-2 (8,5)-17b-CHClL,
10b-CH,CL,-2 CHCl,
molecular formula C,,H,,INOPRe CssHs BrCI,NOP;PdRe CyHyN,O,,P,Pd;Re, C;5HyBr,CIN,0O,P,Pd,Re, C,,H;;Br,C3;N,OP,PdRe
molecular weight 684.5 1360.2 2223.16 2179.80 1126.54
diffractometer Kappa CCD Nonius MACH3 Kappa CCD Kappa CCD Kappa CCD
crystal system orthorhombic triclinic orthorhombic orthorhombic orthorhombic
space group P2.2,2, P1 P22,2, P2,2,2, P22.2,
a[A] 9.0140(2) 13.512(3) 14.6308(2) 14.0864(3) 9.6911(2)
b [A] 14.2060(3) 14.098(3) 23.2935(2) 29.3197(5) 15.6896(3)
c[A] 17.7350(2) 16.710(3) 25.5324(4) 9.7284(2) 28.0415(4)
a [°] 90 69.57(3) 90 90 90
A 1°] 90 77.05(3) 90 90 90
v [°] 90 74.73(3) 90 90 90
V [AY] 2271.02(7) 2846.6(10) 8701.5(2) 4017.92(14) 4263.70(13)
V4 4 2 4 2 4
Peatca [Mgm 7] 2.002 1.587 1.697 1.802 1.755
u [mm™] 6.796 3.452 3.513 4.828 4.755
F(000) 1296 1340 4384 2108 2192
crystal size [mm] 0.30x0.25x0.20 0.20x0.20x0.20 0.10x0.05 x0.05 0.30x0.20x0.20 0.30x0.20x0.10
0 range [°] 1.84 to 27.50 2.62 to 26.33 2.29 to 27.51 1.39 to 27.49 1.45 to 27.46
index ranges (h;k;l) —11,11;-18,18;-22,23 -16,16;—-17,0;—20,19  —18,18;-30,30;—-33,33 —18,18; —37,38; —12,12 —12,12; —20,20; —36,36
reflections collected 5175 12037 19866/19799 9169 9599
independent reflections 5175 11546 [R(int) = 19866 9169 9599
0.0810]
reflections [/>20(1)] 4919 8262 15145 7719 8324
completeness to 6 = 99.9% (6 = 27.50°)  99.7% (6 = 26.33°) 99.6 % 99.9 % 99.0 %

27.47°
max. and min.
transmission

0.3435 and 0.2350

0.5452 and 0.5452

data/restraints/parame-  5175/0/262 11546/0/613

ters

goodness-of-fit on F2 1.058 1.059

final R indices R, = 0.0240 R, = 0.0468

[I>20(D)] wR, = 0.0550 WwR, = 0.1122

R indices (all data) R, = 0.0265 R, = 0.0875
WR, = 0.0557 WR, = 0.1338

absolute structure 0.013(6) -

(Flack) parameter

largest diff. peak/hole 0.700/—1.045 1.691/-1.363

[eA™]

0.8439 and 0.7202

0.4452 and 0.3253

0.6622 and 0.3459

19866/19/1036 9169/0/451 9599/0/478
0.981 1036 1087

R, = 0.0418 R, = 0.0475 R, = 0.0384
WwR, = 0.0820 WwR, = 0.1222 WR, = 0.0846
R, = 0.0717 R, = 0.0610 R, = 0.0503
WwR, = 0.0921 wR, = 0.1331 WR, = 0.0929
—0.010(4) ~0.030(9) —0.009(6)
0.963/—0.889 2.656/—1.056 0.981/—1.126

[a] Data common to all structures: temp. of collection [K] = 173(2); wavelength [A] = 0.71073; refinement method: full-matrix least-squares on F-.
[b] Key data for the enantiomer (R,R)-13-2C,H; (Ref. [10]): a/blc [A] = 14.63350(10)/23.3173(2)/25.5322(2); V [A%] = 8711.94(12); peea [Mgm™] =
1.695; goodness-of-fit = 1.066; final R indices [/>20({)], R, = 0.0288 and wR, = 0.0693; R indices (all data), R, = 0.0398 and wR, = 0.0865.

A more soluble and monomeric palladacycle was sought.
The reaction of 10b and PPh; (Scheme 2) afforded 11b
(92%). Although two geometric isomers are possible at pal-
ladium, only one was detected in solution. As observed for
other palladacycles described below, the *C NMR signal of
the palladium-bound cyclopentadienyl carbon atom (6 =
143.1 ppm) was far downfield from the others (0 = 92.6-
85.6 ppm). The crystal structure of a solvate was determined
(Table 1 and the Experimental Section). Key bond lengths
and angles are listed in Table 2. The bromide ligand is trans
to the cyclopentadienyl ligand (Figure 2), which according
to modern nomenclature conventions can be designated as
an SP-4-4 isomer.!

An analogous cyclopalladation was attempted with the
enantiopure iodocyclopentadienyl complex (S)-le. This
compound was first generated in situ from (S)-7¢* PFy~ and
BuOK (Scheme 3). Crystal structures of the corresponding
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cyclopentadienyl complexes have rigorously established re-
tention of configuration at rhenium.™ Subsequent addition
of [Pd{P(rBu),},] gave the bridging iodide complex (S,S5)-10¢
in 22% overall yield (unoptimized) as a 21:79 mixture of
synlanti isomers. The spectroscopic properties were very
similar to those of 10b.

Palladacycles from cyclopentadienyl complexes: The phos-
phonium salt (S5)-127 PF,~, rBuOK (1.2 equiv), and Pd-
(OAc), (1.5equiv) were combined in toluene (Scheme 4).
The first two reactants are known to generate (S5)-2,7*%! and
the last has been used to synthesize many dimeric Pd,-
(OAc),-based palladacycles from organic heteroatom
donors. Workup gave a palladacyclic product in high yield,
as indicated by characteristic NMR data as described above.
The '"H NMR, *C NMR, and IR spectra clearly showed the
presence of acetate residues. The same complex was ob-
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Table 2. Key interatomic distances [A] and angles [°] for rhenium-containing palladacycles.
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Crystals of a solvate were ob-

SP-4-4 11b (8.5)-13/(R.R)-13 anti-(S.5)-10b SP-42 (S)-17b  tained, and the structure was
Pd1—Cl1 2.010(7) 1.985(7)/1.983(5) 1.994(8) 1.989(6) solved analogously to the
Pd1-P1 2.287(2) 2.2007(19)/2.1988(14) 2.224(2) 2.2338(18) others above. Interestingly, a
Rel—Cl 2.18628; 2.20527;/2.20025; 2.18327; 2.20626; tripalladium complex, (S,5)-13
Rel-Cl1 2.355(7 2.371(7)/2.376(5 2.355(7 2.380(6 . . .
Figure 3), had in fact been iso-
C1-P1 1.806(8) 1.782(7)/1.788(1) 1.794(8) 1.797(6) f & 4 )1 0%  vield
sum of all bond lengths ~ 10.647 10.547/10.547 10.553 10.608 ated (71-90% yields). Key
in the ring bond lengths and angles are
Pd1-X1" 2.353(2) 2.130(5)/2.133(4) 2.5414(9) 2.5014(8) summarized in Table 2, and the
Pd1-X2M 2.4910(11) 2.129(5)/2.126(4) 2.5327(9) 2.124(6) configurations correspond o re-
Pd1~Pd3 - 29434(8)/2.9452(5) - B tention at rhenium. The crystal
Pd2-Pd3 - 2.9292(8)/2.9330(5) - - ! rum. Ty
structure of the enantiomer
Pd1-P1-C1 113.5(3) 112.9(3)/112.89(19) 113.1(3) 1132(2) (R,R)-13 was also determined.
P1-Cl-Rel 110.5(4) 109.0(3)/108.8(3) 109.4(4) 109.5(3) Since this constitutes an inde-
Cl-Rel-Cl11 82.6(3) 81.8(2)/81.92(19) 822(3) 80.7(2) o
Rel-C11-Pd1 128.9(3) 127.6(3)/127.5(2) 128.2(4) 129.1(3) pend,em determination of all
C11-Pd1-P1 84.002) 82.8(2)/83.14(15) 83.5(2) 83.65(19) metrical parameters, data are
P1-Pd1-X11 169.44(7) 174.21(14)/174.08(11) 174.19(6) 172.89(5) also included in Table 2.
P1-Pd1-X20" 93.09(6) 94.88(14)/94.70(11) 98.13(6) 96.56(16) The tripalladium complex
gt w5 mamsias . oA wesqs (G513 features an Sshaped
C11-Pd1-X2" 174.1(2) 175.6(2)/176.13(18) 174.7(2) 174.8(3) Pd3(OAC)f‘ core (Figure 3,
Pd1-X1-Pd2 _ _ 92.74(3) _ bottom view). Despite the very
Pd1-Pd3-Pd2 - 177.73(3)/177.46(2) - - large number of molecules that
plane(Pdla-Pd1-Brl)- - - 33

plane(Pdla-Pd1-Brla)

- have been palladated by Pd-
(OAc),, such moieties are ex-

[a] X1 = atom trans to phosphorus in the ring. [b] X2 = atom cis to phosphorus in the ring.

Figure 2. Molecular structure of SP-4-4 11b-2 CH,Cl, with solvate mole-
cules omitted.

tained from (§)-12* BF,”, the weaker base KOAc, and Pd-
(OAc),. However, microanalyses and certain mass spectral
peaks were not consistent with an acetate-bridged dimer,
and the integrals for the acetate "H NMR signals did not fit.
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tremely rare (see the Discus-
sion section).'*?*»! The three
palladium atoms are approxi-
mately linear (X 177.46(2)°), with distances (2.9434(8) and
2.9292(8) A) between those in four other crystallographical-
ly characterized examples (range: 3.0457(5) A1 to
2.864(1) AP%l). As analyzed elsewhere, these are considered
to be outside the bonding range.**?*! An idealized C, axis
passes through the central palladium (perpendicular to the
plane of the paper in the bottom view). In this perspective,
the palladium-bound PPh, (and cyclopentadienyl) units
appear syn.”’

We wondered whether other reactant stoichiometries
would also give the tripalladium complex (S§,5)-13. Isolated
(8)-2 and Pd(OAc), were combined in a 1.0:0.5 ratio in
C¢Dg (Scheme 5). A new species was detected by NMR
spectroscopy (/81 % yield). The "H NMR spectrum showed
signals for one intact cyclopentadienyl ring, and one that
had been cyclopalladated (1:1). The *'P NMR spectrum con-
tained two pairs of PPh; and CH,PPh, signals. The CH,PPh,
signals were coupled, with a value (432 Hz) characteristic of
palladium(i1) complexes with trans phosphine ligands.
Hence, the structure shown in Scheme 5, SP-4-2 (S,S)-14,%!
is proposed.

When the sample was kept at 80°C, a second cyclopalla-
dation occurred. The spiropalladacycle (S,5)-15 was isolated
in 39% yield. Although crystals could be obtained, they
were not suitable for X-ray diffraction. Nonetheless, other
spiropalladacycles are known,”*' and the structure was
supported by many data. For example, the mass spectrum
exhibited a strong signal for the molecular ion, and the mi-
croanalysis was in excellent agreement. The NMR spectra
showed only one type of ligand on palladium, and character-
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Scheme 4. Syntheses of enantiopure palladacycles from cyclopentadienyl
rhenium complexes: a) 1.2 equiv fBuOK (Z~ = PF") or KOAc (Z” =
BF,"), toluene, RT; b) 1.5 equiv Pd(OAc),, toluene, RT; c) LiX, THEF,
RT; d) Na(acac-F;), acetone, RT.

istic chemical shifts for a (’-CsH,Pd)Re linkage. The
BC NMR signals of the ortho carbon atoms of the diastereo-
topic PPh, groups gave virtual triplets,” consistent with a
trans stereochemistry. The *'P NMR signals of the PPh, and
PPh; groups were also triplets.

Finally, isolated (S)-2 and Pd(OAc), were combined in a
1.0:1.0 ratio in C¢D. Analysis by *'P NMR showed that (S)-
2 had been consumed, with (S,5)-13 constituting ~61% of
the phosphorus-containing products. Several other signals
were detected, but no species was present in more than 6 %
yield. Hence, acetate-bridged palladacycles with 1:1 or 2:2
Re/Pd ratios do not form readily.

Palladacycles from palladacycles: Since the central palladi-
um in (S,5)-13 might serve as a source of catalytically active
Pd(OAc),, we sought to remove it. In one approach, the
hexafluoroacetylacetonate salt Na(acac-F;) was added
(Scheme 4, bottom right). Workup gave the monopalladium
complex (S)-16 (72 % ). In another approach, the halide salts
LiCl and LiBr were added (Scheme 4, bottom left). Work-
ups gave the chloride- and bromide-bridged dipalladium
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complexes (S,5)-10a (73%) and (S,5)-10b (73%) as 35:65
and 25:75 mixtures of syn/anti isomers. Crystals of (S,5)-10b
were obtained, and the structure was solved analogously to
the others above (Figure 4). Only the anti isomer crystal-
lized. The Pd,Br, core was nearly planar, with the two
PdBr, planes defining an angle of 3.3°. A C, symmetry axis
passes through the midpoint.

Complex (S,5)-10b reacted with a variety of neutral two-
electron donor ligands (L) to give monopalladium com-
plexes, (8)-[(1n’-CsH,)Re(NO)(PPh;)(u-CH,PPh,)Pd(L)(Br)].
The product (S)-17b, with L = pyridine (Scheme 6), crystal-
lized in 72 % yield.

An X-ray structure (Figure 5) showed the bromide ligand
to be trans to the CH,PPh, ligand, corresponding to an SP-
4-2 isomer.” In the related complex SP-4-4 11b (Figure 2),
the bromide ligand is trans to the cyclopentadienyl ligand,
and cis to both phosphorus donor ligands. However, NMR
spectra of (S)-17b showed signals for a second geometric
isomer (=~67:33), as well as an equilibrium with (§,5)-10b
and pyridine.

The reaction of (S,5)-10b and excess 2,4,6-trimethylpyri-
dine gave an adduct analogous to (S)-17b, as assayed by
P NMR spectroscopy. A similar reaction of (S,5)-10b and
excess PPh; showed complete conversion to SP-4-4 (S)-11b,
the racemate of which was synthesized according to
Scheme 2. Finally, (S,5)-13 and PPh; (10 equiv) were com-
bined in an NMR tube. The *P NMR spectrum suggested
the formation of a PPh; analogue of SP-4-2 (S,5)-14.

Catalysis: Suzuki-Miyaura couplings using racemic 10b as
the catalyst precursor were screened under conditions simi-
lar to those developed by Buchwald®™ and employed for
previous papers in this series.”) However, because of the ex-
ceptional activities, much lower catalyst loadings could be
used. As summarized in Table3, entries1 and 3-5,
PhB(OH), (1.5equiv), the boron-activating base K;PO,
(2.0 equiv), an aryl bromide (1.0 equiv), an internal stand-
ard, and 10b (0.01 mol %) were combined in toluene. Cou-
plings proceeded smoothly over the course of 2-55h at
80°C, giving the expected biaryls in 86-91 % yields as ana-
lyzed by GC.

Two additional couplings were conducted with
0.001 mol % catalyst loadings (Table 3, entries 2, 6). These
also proceeded to completion, although longer reaction
times were required. The turnover numbers were very close
to 100000, and the yields were slightly higher (96-99 % ).

Next, (5,5)-10b was evaluated as a catalyst precursor for
Mizoroki-Heck couplings of methyl acrylate and 4-bromoa-
cetophenone, 4-iodotoluene, and iodobenzene. Reactions
were carried out using 0.36-0.59 mmol % loadings in DMF
at 140°C in the presence of NaOAc, (nBu),N*Br~, and an
internal standard, as summarized in the Supporting Informa-
tion and our previous communication."”) After 48 h, con-
sumption of the aryl halides was >92%, and the corre-
sponding methyl cinnamate derivatives had formed in 64—
76 % yields. The turnover numbers were 64100-91400. Re-
actions with (§)-16 gave comparable data.

Chem. Eur. J. 2006, 12, 5267 - 5281
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Figure 4. Molecular structure of anti-(S,5)-10b-CH,Cl,-2 CHCl; with sol-
vate molecules and o,m,p-PPh, and o,m,p-PPh; carbon atoms omitted.

gyr
Ph,Piri,.. Br Pd NNNBr
/Re /. pyr | |

ON Pd T R PPh
/. (-—-—) o e\ e 2

H,C—p benzene,  Ph,P / ch,

Ph, ° RT ON
72%
(S,5)-10b (S)-17b

Scheme 6. Synthesis of a monopalladacyclic pyridine complex.

Figure 3. Molecular structure of (S,5)-13-2C;H; with solvate molecules
and PPh, and o,m,p-PPh; carbon atoms omitted.

NO
B [N‘\\F’Ph3
Re

0.5 equiv l
R|e. Pd(OAc), pdAQ Figure 5. Molecular structure of SP-4-2 17b-CHCI; with solvate mole-

oN™" l i, benzene, I | cules and 0,m,p-PPh, carbon atoms for one phenyl omitted.
RT to 80 °C

CH,PPh, 39% Phsp\‘".A/Re\C H{F’th
ON
52 trans-(3,5)-15 However, TEM measurements showed the formation of
NO ppn, colloidal palladium nanoparticles. A representative result is
via \s shown in Figure 6. Similar phenomena have been noted with
HC—Re other “high turnover” Mizoroki-Heck catalysts,>*!:3 espe-
Ph,P cially in recipes that involve (nBu),N*Br P Complex
oA (5,5)-10b was also evaluated in Mizoroki-Heck reactions
.© that operate at lower temperatures and yield chiral prod-
““,Rle\ /pph2 ucts,” but racemates were always obtained, as detailed else-
Phsp‘o N/ CH, SP-4-2-(S,5)114 where ¥ Together, these observations suggest that the
active catalyst is either nonmolecular or a low-coordinate
Scheme 5. Other cyclopalladation modes of (S)-2. non-palladacyclic palladium(0) species.[**3!-32
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Table 3. Suzuki-Miyaura reactions using the racemic palladacycle catalyst precursor 10b.!

OO

toluene, 80 °C
10b

metal fragments is striking. Cur-
rent examples are restricted to
cobalt (VI, VII®? and chro-

s 13
Entry R [ArBr)/[Pd]" ¢ [h] Conversion® [%] Yield® [%] TONP4  mium (VII) (Scheme 7, top).™!
1 H 10000 55 93 o1 9100 In contrast to our complexes, in
2lel H 100000 9 98 96 96350 which the rhenium is part of
3 CH, 10000 32 93 91 9100 the palladacycle backbone, the
4 CH,0 10000 32 88 86 8600 metals in VI-VIII can be
5 CH;CO 10000 2 96 89 8900 . d li bsti
6 CH,0 100000 76 99 99 99780 ~ Viewed as exocyclic substitu-

[a] Conditions: ArBr (1.000 mmol), PhB(OH), (1.50 mmol), K;PO, (2.00 mmol), toluene (4.00 mL). [b] Nor-
malized for the number of palladium atoms in 10b. [c] Conversion of the aryl hydride and yield of the biaryl
product were determined by GC using tridecane as internal standard. [d] Based on the product yield. [e] Con-
ducted on a 10.00 mmol scale (ArBr). Catalyst was added as a 0.050mm solution in toluene.

Figure 6. Transmission electron microscopy (TEM) image taken from the
Mizoroki-Heck reaction of methyl acrylate and 4-iodotoluene using (S)-
16 (see Supporting Information).

Discussion

Syntheses of palladacycles: To our knowledge, the new rhe-
nium-containing palladacycles described in Schemes 2-6 are
without precedent. Furthermore, there is every reason to
assume that these syntheses can be extended to a variety of
other metals, donor groups, and ancillary ligands as general-
ized in Scheme 1. Building blocks of the IV type are perhaps
even more accessible than I and II. For example, halides of
[(W’-CsMes)Fe(L),(X)] or [(n’>-CsMes)Mo(L);(X)], or related
thiolates, are easily prepared. Investigations involving such
compounds will be described in future publications.

As noted above, a large number ferrocene-containing pal-
ladacycles have been reported,*'! many of which are chiral
and have been isolated in enantiomerically pure form. How-
ever, the scarcity of palladacycles that contain other types of
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ents. This further reflects the
tremendous architectural diver-
sity that can be realized with

metal-containing building
X X
XS 7 Xo 7
Pd — N Pd — N C>N
4 o\ N
o q Pd=X
| | X'
Phe T Ph e S _pn ) o /Clr
J==§ e[ e oo™ [ o
Ph Ph Ph Ph CcO
Vi Vil Vil
X = Cl, OCOCF,, OCOCH,, X = CI, OCOCF, XIX'= CI/Cl, Clipyr, and

acac-Fg, acac-Hg related compounds

Scheme 7. Previously synthesized palladacycles that contain nonferrocen-
yl transition metal fragments (top) or a Pd;(OAc), core (bottom).

blocks. A few palladacycles in which ferrocenes are part of
the backbone have also been reported.!11

Rhenium-containing palladacycles are equally available
via insertions into carbon—halogen bonds (Schemes 2, 3) and
carbon-hydrogen bonds (Schemes 4, 5). However, formation
of the tripalladium tetraacetate complex (S,5)-13 was very
unexpected. To our knowledge, only three other molecules
with such Pd;(OAc), cores have been characterized crystal-
lographically.**?* One (IX; Scheme 7, bottom) was obtained
recently from an analogous cyclopalladation. However,
there is good support from spectroscopic data for several
other such complexes.

The bridging acetate ligands fold the palladium square
planes essentially on top of each other (Figure 3). In con-
trast, the Pd,Br, core in (S,S5)-10b deviates only slightly
from planarity (Figure 4), thereby extending the square
planes laterally. The folded Pd,(OAc), linkages may account

Chem. Eur. J. 2006, 12, 5267 -5281
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for the absence of any detectable acetate-bridged dipalladi-
um complex, as steric interactions between rhenium ligands
would be difficult to avoid. Interestingly, the bond lengths
and angles associated with the Re—~CH,—P-Pd-C linkages in
the crystallographically characterized palladacycles (Table 2)
are nearly identical, within experimental error.

Importantly, two other diastereomers of (S,5)-13 with
identical Pd;(OAc), conformations are possible. These can
be termed anti (XI) and syn’ (XII) (Figure 7). In our opin-
ion, there is no obvious reason why the diastereomer that
crystallizes (X) should be preferred thermodynamically.
However, only a single set of NMR signals is observed, in-
cluding the 'H and "C resonances of the acetate ligands,
which should be at least somewhat sensitive to the relative
orientations of palladacycles on the termini. Furthermore,

FULL PAPER

However, there are several indications that our palladacy-
cles are not the active catalysts. These include the genera-
tion of palladium nanoparticles, as evidenced by TEM
(Figure 6), and the formation of racemates in coupling reac-
tions that lead to chiral products.*"! Given the large number
of detailed investigations that have established catalysis by
nanoparticles or low-coordinate palladium(0) species for re-
lated complexes,***! parallel studies were not undertaken.
Nonetheless, there remain several opportunities for future
research. For example, according to some models for the
formation of low-coordinate palladium(0) species,**! the
spiropalladacycle (S,S)-15 would lead to an active catalyst
[{(n’-CsH,X)Re(NO)(PPh,)(CH,PPh,)},Pd] (n = 1 or 2). In
other words, there would be a high probability of chiral sup-
porting ligands, enhancing the prospects for enantioselective
catalysis. Furthermore, there
are many other types of reac-

No, PPhs
3 syn anti
C/Re
2
* (S) * (S)
\ / / \
/ \ A B A B
o\ 0
P =

(8,913

o
—

10, ‘\\\0
;Pd - B B
Ph,P \_/ \ /
| "9 *
HLC— Re/
PhaP/ ENo X X

tions that are catalyzed by pal-
ladacycles,” and for which cur-
rent evidence suggests that the
gross structures remain intact.
Several of these involve the for-
mation of new stereocen-
ters, 145301

Also, the extrusion of metal
from our palladacycles might
prove exploitable. For example,
the second metal in IIl or V
could be engineered to have a
labile set of ligands. This might
allow the formation under suita-
ble conditions of bimetallic col-
loidal nanoparticles or related

syn

(S) %

|

@

0O

Xl

Figure 7. Possible stereoisomers of (S,5)-13.

the acetate ligands trans to the cyclopentadienyl and
CH,PPh, ligands exhibit distinct 'H and *C NMR signals,
one of which is coupled to phosphorus. This argues against a
rapidly equilibrating mixture of diastereomers.

The chloride-, bromide-, and iodide-bridged palladacycles
(5,5)-10a,b,c exhibit much lower syn/anti selectivities. Inter-
estingly, the equilibrium ratios become progressively more
biased (35:65, 25:75, 21:79). Although it is not possible to
rigorously assign the major isomers, the crystal structure of
(5,5)-10b suggests that they are anti. This crystal structure
also shows an absence of steric interactions across the
Pd,Br, core, and space-filling models suggest the same for
the syn isomer. Thus, electronic effects may play a role in
the equilibrium ratios.

Catalysis: Like many other palladacycles, those described
above are effective catalyst precursors for the Suzuki-
Miyaura and Mizoroki-Heck couplings of aryl halides. High
turnover numbers can be achieved, although still higher
values have been established for other palladacycles.>?
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nonmolecular species. Such as-
semblies can be challenging to
synthesize, but often exhibit
unique and useful properties.*”)

Conclusion

We have established two simple and high-yield routes to a
novel new class of palladacycles that contain half-sandwich
metal cyclopentadienyl moieties in the backbone
(Scheme 1). One involves the reaction of a palladium(0)
species with a halocyclopentadienyl complex, and the other
the reaction of a palladium(m) species with a cyclopentadien-
yl complex. Suitable starting materials for the latter route
are ubiquitous, and a variety of related syntheses are readily
envisioned. Hence, this new methodology should allow the
facile and rapid preparation of a very large number of such
palladacycles.

Fortuitously, one of our palladacycles is isolated with a
rarely occurring Pd;(OAc), core, probably for steric reasons.
Although all of these complexes are effective catalyst pre-
cursors for common cross-coupling reactions of aryl halides,
the available data suggest that either palladium nanoparti-
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cles or achiral low-coordinate palladium(0) species are in-
volved. Nonetheless, many other attractive applications for
these compounds are easily conceived, and are currently
under investigation.

Experimental Section

General: All experiments were carried out under nitrogen unless noted
otherwise. NMR spectra were recorded on standard 300400 MHz FT
spectrometers, referenced to the residual solvent signal (0: 'H: CHCI,,
7.27; C¢DsH, 7.15; [Ds]acetone, 2.05; “C: CDCl,, 77.0; C¢D, 128.0;
[Dg]acetone, 29.9) or H;PO, (: *'P, internal capillary, 85%, 0.0), and re-
corded at 25-28°C. IR spectra were recorded on an ASI React IR®-1000
spectrometer. Optical rotations were measured as described previously®!
using a Perkin-Elmer model 341 polarimeter. Mass spectra were obtained
with a Micromass Zabspec instrument. Gas chromatography was con-
ducted on a ThermoQuest Trace GC 2000 instrument (OPTIMA-5
0.25 pm capillary column, 25 m x0.32 mm). DSC and TGA data were re-
corded with a Mettler-Toledo DSC821 instrument and treated by stand-
ard methods.”” Elemental analyses were determined with a Carlo Erba
EA1110 CHN instrument. TEM data were recorded on a Philips CM 300
UT microscope.

Chemicals were treated as follows: ether, THF, hexanes, pentane, and tol-
uene, distilled from Na/benzophenone; DMF, benzene, CH,Cl,, and
CHCI,, distilled from CaH,; ethyl acetate and acetone, simple distilla-
tion; C¢Dg, CD,Cl,, CDCl;, and [Dglacetone (Deutero GmbH), stored
over molecular sieves; nBuLi (2.5M in hexanes; Acros), standardized
before use;*” Ph,C*BF,” (>98%; Fluka) and Ph,C*PF,~ (95.0%;
Fluka), stored under argon at —32°C;"*!! pyridine (99.5%; Griissing),
dried over molecular sieves. Other compounds were used as received
from common commercial suppliers (Supporting Information).
[(n°-CsH,Br)Re(NO)(CO),]* BF,” (4b*BF,): A Schlenk flask was
charged with [(n>-CsH,Br)Re(CO);] (3b;!"! 3.461 g, 8.358 mmol) and
CH,Cl, (60mL), and cooled to —15°C. Then NO*BF, (1.562¢,
13.373 mmol) was added with stirring. The heterogeneous mixture turned
yellow-brown. After 2 h, the cold bath was removed. After 12 h, the sol-
vent was removed by oil-pump vacuum. The residue was extracted with
acetone (=100 mL). The extract was filtered through a plug of Celite
(3 cm x5 cm). The solvent was removed by rotary evaporation. The resi-
due was dried (107> mbar, 2 h) and washed with THF until the superna-
tant was colorless (=2x10 mL). The yellow powder was collected by fil-
tration and dried (107> mbar, 2 h) to give 4b* BF,” (3.608 g, 7.169 mmol,
86 %), decomp 238-240°C (capillary). Elemental analysis calcd (%) for
C;H,BBrF,NO;Re (503.0): C 16.71, H 0.80, N 2.78; found: C 16.48, H
0.94, N 2.66; '"HNMR (400 MHz, [Dg]acetone): 6 = CsH, at 6.96 (t, *J-
(H,H) = 2Hz, 2H), 6.61 ppm (t, 2/(H,H) = 2 Hz, 2H); “C{'H} NMR
(101 MHz, [DgJacetone): 6 = 182.1 (s, CO), CsH, at 97.2 (s), 96.5 (s),
96.0 ppm (s); IR (powder film): 7 = 2104 (s, CO), 2042 (s, CO), 1799 (s,
NO), 1034 cm ™ (s, BF); MS:1? 416 (100) [4b]*.
[(*-CsH,Br)Re(NO)(PPh;)(CO)1* BF,~ (5b*BF,): A Schlenk flask
was charged with 4b™ BF,” (3.500 g, 6.958 mmol), CH,Cl, (80 mL), and
PPh; (5.470 g, 20.88 mmol), and fitted with a condenser. The sample was
aspirated with N, and refluxed. After 3 h, the mixture was cooled to 0°C
and added to THF (200 mL) with stirring. After 12 h, the precipitate was
collected by filtration, washed with THF (3x3mL) and ether (2x
30mL), and dried (10~ mbar, 1h) to give 5*BF,” as a yellow powder
(3.694 g, 5.010 mmol, 72%). Crystallization from CH,Cl,/ether gave Sb*
BF,” (3.489 g, 4.732 mmol, 68 %) as olive-green needles, decomp 202°C
(capillary). Elemental analysis caled (%) for C,H;(BBrF,NO,PRe
(737.3): C 39.10, H 2.60, N 1.90; found: C 39.22, H 2.67, N 1.82; 'H NMR
(400 MHz, CDCL): 6 = 7.56 (m, 9H of 3C¢Hy), 7.35-7.31 (m, 6H of
3C4Hs), CsH, at 6.17 (brs, 1H), 6.14 (brs, 1H), 5.83 (brs, 1H), 5.59 ppm
(brs, 1H); “C{'"H} NMR (126 MHz, CDCl;): 6 = 192.6 (s, CO), PPh; at
133.0 (d, 2J(C,P) = 11 Hz, 0), 132.6 (d, *J(C,P) = 2 Hz, p), 129.9 (d, 'J-
(C,P) = 61 Hz, i), 129.8 (d, *J(C,P) = 11 Hz, m); CsH, at 96.5 (s), 96.1
(s), 95.4 (s), 94.4 (s), 91.5 ppm (s); *'P{'"H} NMR (162 MHz, CDCl;): 6 =
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11.5 ppm (s, PPh;); IR (powder film): # = 2019 (s, CO), 1760 (s, NO),
1054 cm™" (s, BF); MS:2 650 (100) [Sb]*, 542 (6) [Sb—Br—CO]*.
[(n*-CsH,Br)Re(NO)(PPh;)(CH;)] (6b): A Schlenk flask was charged
with §b* BF,~ (0.5000 g, 0.6781 mmol) and THF (10 mL). Then NaBH,
(0.0769 g, 2.034 mmol) was added with stirring. After 2 h, the red suspen-
sion was filtered through a plug of Celite. The solvent was removed by
oil-pump vacuum at room temperature. The residue was extracted with
CH,Cl, (=10 mL). The extract was filtered through SiO, (4x2 cm) with
CH,Cl, rinses. The solvent was removed from the filtrate. The orange res-
idue was dissolved in benzene (=10 mL) and a layer of hexanes was
added gently. After two days, the supernatant was decanted and the red
prisms dried (10~ mbar, 2 h) to give 6b-(CsHy)ys (0.3762 g, 0.5560 mmol,
82%), decomp 136-138°C (capillary). Elemental analysis calcd (%) for
C,,H,BINOPRe-(C¢Hy),5s (676.6): C 47.93, H 3.72, N 2.07; found: C
47.82, H 3.81, N 2.00; '"H NMR (400 MHz, CDCL;): 6 = 7.39-7.35 (m,
3C¢Hs), 7.15 (s, 0.5C.Hg), CsH, at 526 (m, 1H), 4.97 (m, 1H), 4.62 (m,
1H), 436 (m, 1H); 1.01 ppm (d, *J(H,P) = 6 Hz, CH,); “C{'H} NMR
(101 MHz, CDCLy): 6 = PPh, at 135.6 (d, 'J(C,P) = 52 Hz, i), 133.6 (d,
%J(C/P) = 11 Hz, o), 130.1 (d, *J(C,;P) = 3 Hz, p), 1283 (d, *J(CP) =
10 Hz, m); 128.3 (s, C¢Hy), CsH, at 93.7 (s), 89.8 (s), 88.0 (d, 2J(C,P) =
3 Hz), 87.2 (d, 2J(C,P) = 3 Hz), 87.1 (s); —28.7 ppm (d, >J(C,P) = 7 Hz,
CH;); *'P{'H} NMR (162 MHz, CDClL)): 6 = 24.4ppm (s, PPhy); IR
(powder film): 7 = 1617 cm™" (s, NO); MS:1*¥ 637 (100) [6b]*, 622 (10)
[6b—CHj;]*, 557 (5) [6b—Br]*, 542 (12) [6b—Br—CH;]™*.
(8)-[(m*-C;H,)Re(NO)(PPh;)(CH;)] ((S)-6¢): A Schlenk flask was
charged with (5)-8 (0.7313 g, 1.309 mmol)*! and freshly distilled THF
(20 mL), and cooled to —78°C. Then nBuLi (2.6 M in hexanes; 0.504 mL,
1.309 mmol) was added by syringe with stirring. The cold bath was re-
moved. After 1 h, the deep red solution was cooled to —78°C and solid I,
(0.3325 g, 1.309 mmol) was added. After 45 min, the cold bath was re-
moved. After a further 1h, the solvent was removed by oil-pump
vacuum. Toluene (4 mL) was added.”! The suspension was filtered
through a plug of SiO, (2.5 cmx6 cm) with toluene rinses under N,. The
orange filtrate was concentrated, and CH,Cly/hexanes (8 mL, 1:1 v/v) was
added. The solvents were removed by oil-pump vacuum (5x 107> mbar,
1 day) to give (S)-6¢ (0.757 g, 1.106 mmol, 84 %) as an orange microcrys-
talline powder, decomp 145°C (capillary, gradual darkening without
melting). Elemental analysis caled (%) for C,H,INOPRe (684.5): C
42.11, H 3.23, N 2.04; found: C 42.22, H 3.28, N 1.96; [a]3¥ = +27°+£3°
(¢ = 1.23mgmL™", CH,CL,); '"HNMR (400 MHz, C¢Dy): 6 = 7.54-7.50
(m, 6H of 3C4Hs), 7.03-6.94 (m, 9H of 3C¢H;), CsH, at 4.93 (m, 1H),
4.39 (m, 1H), 431 (m, 1H), 4.06 (m, 1H); 1.44 ppm (d, *J(H,P) = 6 Hz,
3H, CH;); “C{'H} NMR (101 MHz, C,D): 6 = PPh; at 136.5 (d, 'J(C,P)
= 51 Hgz, i), 134.0 (d, 2)(C,P) = 11Hz, o), 130.1 (d, */(C,P) = 2 Hz,
p)il CH, at 97.5 (s), 94.8 (s), 92.4 (s), 89.6 (5), 47.9 (d, 2/(C,P) =
4 Hz); —28.7 ppm (d, 'J(C,P) = 7Hz, CH;); *'P{'"H} NMR (162 MHz,
C:Dg): 0 = 25.7ppm (s, PPh;); IR (powder film): # = 1625cm™! (s,
NO); MS:*2 685 (100) [6¢]*, 557 (6) [6e—I]*, 543 (20) [6e—1—CH;]*.
[(*-CsH,Br)Re(NO)(PPh;)(CH,PPh,H)]* BF,” (7b*BF,): A Schlenk
flask was charged with 6b-(C4sHg),s (0.150 g, 0.222 mmol) and CH,CI,
(10mL), and was cooled to —60°C. Then Ph;C*BF,” (0.0805 g,
0.244 mmol) was added with stirring. After 30 min, PPh,H (0.0454 g,
0.244 mmol)*! was added to the light yellow solution. After 10 min, the
cold bath was removed. The solution turned orange. After a further
1.5 h, the sample was concentrated (to ~3 mL) by oil-pump vacuum. The
solution was layered with hexanes (20 mL). After 24 h, the orange-red
prisms were collected by filtration, washed with pentane (2x3 mL), and
dried (10 mbar, 15min) to give 7b"BF, CH,Cl, (0.2073¢g,
0.2084 mmol, 94 % ), m.p. 205 °C (capillary). Elemental analysis calcd (%)
for C3H3,BBrF,NOP,Re-CH,Cl, (994.6): C 44.88, H 3.45, N 1.41; found:
C 45.04, H 3.59, N 1.36; '"H NMR (300 MHz, CD,Cl,): 6 = 7.87-7.30 (m,
5C¢Hs), 7.26 (ddd (doublet of doublet of doublets), 'J(H,P) = 492 Hz,
*J(HH) = 10 Hz, *J(H,H') = 6 Hz, HP), CsH, at 5.49 (m, 1H), 5.38 (m,
1H), 449 (m, 1H), 441 (m, 1H); 531 (s, CH,CL,), 2.65 (m, CHH),
2.11ppm (m, CHH'); “C{'H} NMR (101 MHz, CD,CL): 6 = PPh; at
1343 (d, 'J(C,P) = 52 Hz, i), 133.8 (d, J(C,P) = 11 Hz, 0), 131.6 (s, p),
129.5 (d, *J(C,P) = 11 Hz, m); PPhPh’ at 134.6 (s, p), 134.2 (s, p'), 132.5
(d, ”J(C,P) = 10 Hz, o), 132.2 (d, 2J(C,P) = 10 Hz, 0'), 130.3 (d, *J(C,P)
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= 12 Hz, m), 130.1 (d, *J(C,P) = 12 Hz, m'), 123.5 (d, 'J(C,P) = 51 Hz,
i), 122.3 (d, J(C,P) = 65 Hz, i'); CsH, at 93.7 (s), 91.1 (s), 90.9 (s), 90.0
(s), 87.5 (s); 53.5 (s, CH,Cl,), —27.4 ppm (d, 'J(C,P) = 30 Hz, CH,);
SP{'H} NMR (122 MHz, CD,CL,): § = 31.4 (d, *J(PP) = 13 Hz, PPh,H),
21.3 ppm (d, *J(P,P) = 13 Hz, PPh;); IR (powder film): # = 1660 cm™' (s,
NO); MS:¥ 822 (58) [7b]*, 636 (100) [7b—PPh,H]*, 557 (74)
[7b—PPh,H-Br]*.

(5)-[(m*-CsH,)Re(NO) (PPh;)(CH,PPh,H)]* PF, ((S)-7¢* PF,): Com-
plex (S)-6¢ (0.6033 g, 0.8814 mmol), CH,Cl, (15mL), Ph;C*PF¢
(0.3465 g, 0.9695 mmol), and PPh,H (0.295 g, 1.584 mmol)“! were com-
bined at —78°C in a procedure similar to that for 7b* BF,". The concen-
trated sample (~8 mL) was layered with hexanes (~25 mL). After 20 h,
the supernatant was decanted. The orange prisms were washed with pen-
tane (4x5 mL) and dried by oil-pump vacuum (5 x 107> mbar, 1 h) to give
(S)-7¢* PFy~ (0.885 g, 0.872 mmol, 99%), decomp 154-156°C (capillary,
gradual darkening without melting). Elemental analysis calcd (%) for
C;H;,NOFP;IRe (1030.7): C 42.61, H 3.17, N 1.38; found: C 42.70, H
321, N 1.44; [a]}¥ = —209°+£5° (¢ = 1.21 mgmL~!, CH,CL,); '"H NMR
(400 MHz, CD,CL): 6 = 7.85-7.32 (m, 25H of 5C¢Hs); 6.55 (ddd, *J-
(H.H) = 11.0 Hz, *J(H,H') = 4.8 Hz, HP);"! C;H, at 5.55 (m, 1H), 5.16
(m, 1H), 4.64 (m, 1H), 4.33 (m, 1H); 2.74-2.64 (m, 1H, CHH'), 2.26—
2.15 ppm (m, 1H, CHH'); “C{'"H} NMR (101 MHz, CD,CL,): 6 = PPh,
at 133.8 (d, 2/(C,P) = 11 Hz, o), 133.5 (d, Y(C,P) = 59 Hz, i), 131.6 (s,
p), 129.5 (d, *J(C,P) = 11 Hz, m); PPhPh’ at 134.7 (s, p), 134.3 (d, */(C,P)
= 4Hz, p'), 132.6 (d, 2J(C,P) = 9 Hz, o), 132.1 (d, 2J(C,P) = 9Hz, 0'),
130.5 (d, *J(C,P) = 11 Hz, m), 130.1 (d, *J(C,P) = 13 Hz, m’), 123.7 (d,
YJ(C,P) = 74 Hz, i), 122.8 (d, 'J(C,P) = 83 Hz, i"); CsH, at 98.1 (s), 95.1
(s), 93.1 (s), 91.9 (s), 51.8 (s); —24.1 ppm (d, 'J(C,P) = 28 Hz, CH,);
SP{'H} NMR (162 MHz, CD,CL,): 6 = 30.6 (brs, PPh,), 21.0 (d, *J(PP)
= 13 Hz, PPh;), —143.6 ppm (sep, J(PF) = 711 Hz, PFy); IR (powder
film): ¥ = 1664 cm™ (s, NO); MS:*! 870 (100) [7c+H]*, 684 (80)
[7¢—PPh,H]*, 557 (30) [7e—CH,PPh,H]*.
[(n°-CsH,Br)Re(NO)(PPh;)(CH,PPh,)] (1b): A Schlenk tube was charg-
ed with 7b*BF,-CH,Cl, (0.1520 g, 0.1528 mmol) and THF (10 mL). A
solution of fBuOK (1.0m in THF; 0.183 mL, 0.183 mmol) was added with
stirring. After 30 min, the solvent was removed by oil-pump vacuum.
Benzene (5 mL) was added, and the sample was filtered through a plug
of Celite (2 cmx 1 cm) with benzene rinses. The filtrate was concentrated
(to ~2mL) and layered with pentane (15 mL). After 24 h, the superna-
tant was decanted from orange prisms, which were dried (10> mbar, 1 h)
to give 1b (0.119 g, 0.145 mmol, 95%), decomp 165°C (capillary). Ele-
mental analysis calcd (%) for C;H3;BrNOP,Re (821.7): C 52.62, H 3.80,
N 1.70; found: C 52.52, H 3.91, N 1.65; '"H NMR (400 MHz, C(D¢): 6 =
7.95-7.00 (m, 5C¢Hs); CsH, at 5.06 (m, 1H), 4.79 (m, 1H), 4.47 (m, 1H),
3.76 (m, 1H); 3.04 (dd, Y(H,P) = 12Hz, *J(H,P) = 10Hz, CHH),
1.96 ppm (dd, 2/(H,P) = 12 Hz, *J(H,P) = 2 Hz, CHH'); “"C{'"H} NMR
(101 MHz, C¢Dg): 6 = PPhj; at 135.6 (d, 'J(C,P) = 52 Hz, i), 134.0 (d, *J-
(C,P) = 11 Hz, 0), 128.8 (s, p), 128.6 (d, *J(C,P) = 10 Hz, m); PPhPh’ at
147.7 (d, 'J(C,P) = 24 Hz, i), 146.3 (d, 'J(C,P) = 20 Hz, i), 133.7 (d, %J-
(CP) = 18Hz, 0), 1332 (d, 2/(C,P) = 17 Hz, o), 1302 (d, *J(C,P) =
4 Hz, m), 128.8 (d, *J(C,P) = 2 Hz, m'), 127.7 (s, p), 127.4 (s, p'); CsH, at
92.7 (t, J(C,P) = 3 Hz), 91.1 (d, J(C,P) = 2Hz), 832 (s), 83.0 (s), 86.9
(s); —1l4ppm (dd, 'J(CP) = 38Hz, *J(CP) = 6Hz, CH,);
SP{'H}NMR (162 MHz, CDy): 6 = 86 (d, *J(PP) = 6Hz, PPh),
26.1 ppm (d, *J(P,P) = 6 Hz, PPh;); IR (powder film): #=1640 cm™" (s,
NO); MS:* 81 (35) [1b]*, 637 (100) [1b—PPh,]*, 557 (60)
[1b—PPh,—Br]*.

[(*-CsH,)Re(NO)(PPh;) (u-CH,PPh,)Pd(u-X)], (10a, X = CI; 10b, Br;
10¢, I)

Method A: A Schlenk flask was charged with 1b (0.2785 g, 0.3389 mmol)
and toluene (15mL), and Pd[P(rBu);], (0.1732 g, 0.3389 mmol) was
added with stirring. The clear yellow solution was stirred at 80°C. After
5 h, the deep orange solution was concentrated by oil-pump vacuum (to
~5mL) and kept at room temperature. After 12 h, the precipitate was
collected by filtration, washed with toluene (2x2mL) and ether
(2x10mL), and dried by oil-pump vacuum (10~° mbar, 2h) to give
10b-C;Hg (0.2905 g, 0.1491 mmol, 88%) as a yellow-orange powder.
NMR spectra showed mixtures of syn/anti and mesolrac diastereomers,
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decomp 294°C (capillary). Elemental analysis caled (%) for
C;,Hg,B1,N,0,P,Pd,Re, C;Hg (1948.4): C 48.70, H 3.62, N 1.44; found: C
48.62, H 3.47, N 1.37; '"HNMR (400 MHz, CDCl;): 6 = 8.25-8.08 (m,
4H of 11C¢Hs), 7.50-7.07 (m, 51H of 11C¢H;); 2 CsH, at 5.45 (brs, 2H),
5.19/5.14 (2xbrs, 69:31,81 2H), 4.84/4.76 (2 x brs, 69:31,1*1 2 H), 2.98/2.89/
2.82 (3xbrs, 2H); 2.89-2.80 (m, 2CHH’), 2.37 (C,HsCH), 2.19-2.03 ppm
(m, 2CHH'); ¥P{'"H} NMR (162 MHz, CDCL): 6 = 71.5/70.7/70.6/70.4
(4xd, 3J(PP) = 23 Hz, PPh,, 31:69:31:69), 23.6/23.5/23.4/23.3 ppm (4 xd,
*J(PP) = 23 Hz, PPh;, 31:69:69:31); IR (powder film): # = 1625 cm™ (s,
NO); MS: 1856 (32) [10b]*, 928 (22) [(n’-CsH,)Re(NO)(PPh,)-
(CH,PPh,)Pd(Br)]*, 848 (70) [(n’-CsH,)Re(NO)(PPh,)(CH,PPh,)Pd]*,
742 (100) [(1’-CsH,)Re(NO)(PPh,)(CH,PPh,)]*.

Method B: A Schlenk flask was charged with (S,S5)-13-2C;H; (see below;
0.090 g, 0.044 mmol) and LiX (X = Cl, Br; 0.44 mmol), and THF
(15mL) was added with stirring. After 2 h, the red suspension was fil-
tered through a plug of Celite (2.5 cm x4 cm) with THF rinses. The fil-
trate was taken to dryness by oil-pump vacuum. Then CH,Cl, (2 mL) was
added. The red suspension was filtered through a plug of SiO, (2.5 cmx
4 cm) with CH,CL,. The yellow-orange fractions were concentrated by
oil-pump vacuum (to ~5mL) and pentane (~40 mL) was added. After
24 h, the supernatant was decanted carefully from the precipitate, which
was dried by oil-pump vacuum (5x 10~* mbar, 1 day) to give (S,5)-10 as a
bright yellow powder ((S,5)-10a, 0.060 g, 0.032 mmol, 73 %; (S,S)-10b,
0.056 g, 0.032 mmol, 73%). NMR spectra showed mixtures of syn/anti
isomers.

(5,8)-10a: Elemental analysis caled (%) for C,Hg,CLN,O,P,Pd;,Re,
(1767.3): C 48.93, H 3.54, N 1.59; found: C 48.62, H 3.62, N 1.58; [a]5y =
—138°+8° (¢ = 1.05mgmL!, THF); '"H NMR (400 MHz, CDCL): 6 =
8.31-7.01 (m, 10C4Hs), 2CsH, at 5.45 (brs, 2H), 5.18 (d, J(H,H) = 2 Hz,
2H), 4.86 (brs, 2H), 2.97/2.83 (2xbrs, minor/major isomer, 2H); 2.83—
271 (m, 2H, 2CHH’), 2.20-2.01 ppm (m, 2H, 2CHH); “C{'H} NMR
(101 MHz, CDCl,, partial data): 6 = PPh; at 136.0 (d, 'J(C,P) = 52 Hz,
i), 134.4 (d, 2J(C,P) = 10 Hz, 0),*' 130.0 (s, p),*"! 128.4 (d, *J(CP) =
9 Hz, m);*>" C;H, (major isomer)®” at 121.5 (m), 92.4 (m), 90.2 (s), 89.4
(brs), 86.0 (m); CH, at —11.3 (m, major isomer), —12.8 ppm (m, minor
isomer); *'P{'"H} NMR (162 MHz, CDCl;): 6 = 68.1 (d, *J(P,P) = 23 Hz,
PPh,, major isomer, 65 %), 67.4 (d, *J(PP) = 22 Hz, P'Ph,, minor isomer,
35%), 23.6 (d, *J(P,P) = 22 Hz, P'Ph,, minor isomer, 35%), 23.2 ppm (d,
3J(PP) = 24 Hz, PPh;, major isomer, 65%). IR (powder film): ¥ =
1629 cm™ (s, NO); MS:¥ 1766 (15) [10a—H]*, 883 (40) [(v’*-
CsHs)Re(NO)(PPh;)(CH,PPh,)Pd(C1)] ", 848 (60) [(n’-CsHs)Re(NO)-
(PPh;)(CH,PPh,)Pd]*, 742 (100) [(n’-CsH,)Re(NO)(PPh;)(CH,PPh,)]*.
(5,5)-10b: DSC: exotherm 7; 2322°C, T, 249.3°C, T, 261.2°C, T,
271.3°C, T; 295.9°C; TGA: onset of mass loss, T; 254.3°C. Elemental
analysis (%) calcd for C;,Hg,Br,N,O,P,Pd,Re, (1856.25): C 46.59, H 3.37,
N 1.51; found: C 46.54, H 3.44, N 1.51; '"H NMR (400 MHz, CDCL): 6 =
8.27-7.08 (m, 10 C¢Hs), 2 CsH, at 5.46 (brs, 2H), 5.18 (brs, 2H), 4.84 (brs,
2H), 2.98/2.84 (2xbrs, minor/major isomer, 2H); 2.88-2.79 (m, 2H,
2CHH'), 2.19-2.03ppm (m, 2H, 2CHH'); “C{'"H} NMR (101 MHz,
CDCly): 6 = PPh; at 1363 (d, J(C,P) = 51 Hz, i),*! 134.4 (d, 2J(C,P) =
10 Hz, 0),*! 130.0 (s, p),*! 128.3 (d, *J(C,P) = 10 Hz, m);*) PPhPh’
(major isomer) at 141.8 (d, 'J(C,P) = 29 Hz, i), 1349 (d, %/(C,P) =
11 Hz, o), 134.6 (d, J(C,P) = 11 Hz, o), 131.3 (s, p), 131.2 (s, p'), 127.5
(d, *J(C,P) = 10 Hz, m); PPhPh’ (minor isomer) at 132.1 (d, 2/(C,P) =
11 Hz, 0), 130.5 (s, p), 129.1 (s, p'):**** CsH, (major isomer)**" at 123.9
(m), 92.5 (m), 90.2 (s), 89.5 (s), 85.9 (s); —10.8 ppm (brd, J(C,P) =
16 Hz, CH,);*! 'P{'H} NMR (162 MHz, CDCL,): 6 = 70.9 (d, *J(PP) =
23 Hz, PPh,, major isomer, partial overlap), 70.7 (d, *J(P,P) = 20 Hz,
P'Ph,, minor isomer, partial overlap), 23.9 (d, *J(PP) = 22 Hz, P'Ph;,
minor isomer, ~25%), 23.6 ppm (d, *J(PP) = 24 Hz, PPh;, major
isomer, ~75%); IR (powder film): # = 1629 cm™" (s, NO); MS:1!l 1856
(15) [10b]*, 1035 (5) [(n*-CsH,)Re(NO)(PPh,)(CH,PPh,)Pd(Br)Pd]*,
928 (18) [(n*-CsH,)Re(NO)(PPh;)(CH,PPh,)Pd(Br)]*, 848 (22) [(n*-
CsH,)Re(NO)(PPh,)(CH,PPh,)Pd]*, 742 (100) [(n*-CsH,)Re(NO)(PPh;)-
(CH,PPh,)]*.

Method C: A Schlenk flask was charged with (S)-7¢*PF;~ (0.103 g,
0.1015 mmol),”™! and toluene (7 mL). Then BuOK (1.0mM in THF;
0.152 mL, 0.152 mmol) was added by syringe with stirring. The mixture
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was stirred vigorously to give a yellow suspension. After 2 h, solid Pd[P-
(1Bu)s], (0.0519 g, 0.1015 mmol) was added. After a further 20 h, pentane
(25 mL) was added to the brown mixture. The yellow precipitate was col-
lected by filtration and washed with pentane (10 mL). A small amount of
CH,Cl, was added. The mixture was filtered through a plug of silica
(2 cm x4 cm) with CH,Cly/hexanes (1:1 v/v, 20 mL) and then CH,Cl,.
The latter fractions were yellow, and were concentrated by oil-pump
vacuum to ~2 mL. Then pentane (~10 mL) was added. After 24 h, the
supernatant was carefully decanted from the precipitate, which was dried
by oil-pump vacuum (4x10~° mbar, 1day) to give (S,5)-10¢ (0.022 g,
0.011 mmol, 22 %)™ as a yellow-orange powder. NMR spectra showed
mixtures of syn/anti isomers. Elemental analysis caled (%) for
C,Hg,LN,0,P,Pd,Re, (1950.2): C 44.34, H 3.20, N 1.44; found: C 43.23,
H 3.16, N 1.33; 'HNMR (400 MHz, CDCL): 6 = 8.22-7.01 (m,
10 C¢H;),*¥ 2 CsH,, (major/minor isomer) at 5.44/5.46 (brs/brs, 2H), 5.17/
5.20 (d/brs, J(HH) = 2/-Hz, 2H), 4.82/4.82 (brs/brs, 2H), 2.96/2.86
(brs/brs, 2H); 2.93-2.86 (m, 2H, 2CHH'), 2.18-2.08 ppm (m, 2H,
2CHH'); "C{'H} NMR (101 MHz, CDCL,): 6 = PPh; at 136.3 (d, 'J(C,P)
= 51 Hz, i),*'133.4 (d, Y(C,P) = 10 Hz, 0),"* 130.0 (s, p),"* 128.3 (d, *J-
(C,P) = 10Hz, m);"*! PPhPh’ (major isomer) at 143.6 (d, 'J(C,P) =
25 Hz, i), 134.7 (d, ’J(C,P) = 12 Hz, o), 131.9 (d, 'J(C,P) = 57 Hz, i),
131.2 (d, %J(C,P) = 10 Hz, 0'), 130.4 (s, p), 129.0 (s, p), 127.7 (d, *J(C,P)
= 10 Hz, m);* C4H, (major isomer)*>*" at 126.7 (m), 92.8 (m), 90.6
(s), 90.0 (s), 86.1 (s); —9.7 ppm (m, CH,);*! *'P{'H} NMR (162 MHz,
CDCly): 0 = 74.9 (d, *J(P,P) = 24 Hz, PPh,, minor isomer, ~21%), 70.7
(d, *J(P,P) = 24 Hz, P'Ph,, major isomer, ~79 %), 23.8 (downfield signal
of minor isomer), 23.5 ppm (d, *J(P,P) = 25 Hz, PPh,, major isomer, par-
tial overlap); IR (powder film): # = 1633 cm™ (s, NO); MS:*! 1949 (10)
[10¢—H]™, 975 (10) [(n’-CsHs)Re(NO)(PPh;)(CH,PPh,)Pd(I)]*, 848 (15)
[(W’-CsH;)Re(NO)(PPh;)(CH,PPh,)Pd] ™, 742 (100) [(n’-CsH,)Re(NO)-
(PPh;)(CH,PPhy)]*.

SP-4-4-[(*-CsH,)Re(NO)(PPh;) (u-CH,PPh,)Pd(PPh;) (Br) | (SP-4-4
11b):»! A Schlenk tube was charged with 10b-C;H; (0.1130g,
0.0580 mmol), CH,Cl, (10 mL), and PPh; (0.0912 g, 0.3480 mmol). The
suspension was stirred and gradually became a bright yellow solution.
After 1 h, the solution was filtered through a plug of Celite (2 cmx 1 cm)
with CH,Cl, rinses, concentrated by oil-pump vacuum to ~3 mL, and lay-
ered with hexanes (=10 mL). After 2 days, the supernatant was deca-
nted. The yellow prisms were washed with small portions of pentane and
dried (10~ mbar, 1 h) to give dull yellow chips of SP-4-4 11b (0.0635 g,
0.0534 mmol, 92 %), m.p. 166-168°C (capillary). Elemental analysis calcd
(%) for C5,H,xBrNOP;PdRe (1190.4): C 54.48, H 3.89, N 1.18; found: C
54.70, H 4.13, N 1.19; 'H NMR (400 MHz, CDCly): 6 = 7.56-7.23 (m,
8C¢Hs), CsH, at 5.06 (brs, 1H), 4.86 (brs, 1H), 4.50 (brs, 1H), 2.32 (brs,
1H); 2.96 (ddd, Y(H,P) = 14 Hz, J(HH) = 7 Hz, YJ(H,P) = 2Hz,
CHH'), 2.33 (ddd, 2/(H,P) = 31 Hz, 2J(HH) = 7Hz, JJ(HP) = 2 Hz,
CHH'); “C{'H}NMR (101 MHz, CDCL,): 6 = RePPh; and PdPPh; at
136.3 (d, 'J(C,P) = 51 Hz, i), 134.9 (d, ?J(C,P) = 12 Hz, 0), 133.4 (d, *J-
(CP) = 11Hz, o), 131.7 (d, 'J(C,P) = 37 Hz, '), 129.9 (d, 2/(C,P) =
2 Hz, p), 129.8 (d, 2J(C,P) = 2 Hz, p’), 1283 (d, *J(C,P) = 10 Hz, m),
128.0 (d, *J(C,P) = 10 Hz, m’); PPhPh’ at®'! 134.9 (d, 'J(C,P) = 41 Hz, i),
132.8 (d, 'J(C,P) = 49 Hz, i"), 132.1 (d, 2J(C,P) = 9 Hz, 0), 131.6 (d, *J-
(CP) = 14 Hz, 0'), 130.3 (s, p), 129.0 (s, p'), 128.5 (d, *J(C,P) = 12 Hz,
m), 127.4 (d, *J(C,P) = 10 Hz, m'); CsH, at 143.1 (dd, 2/(C,P) = 23 Hz,
2J(C,P) = 8Hz, PdC), 92.6 (m), 91.4 (d, J(C,P) = 6 Hz), 89.2 (s), 85.6
(s); —8.7ppm (d, J(C,P) = 13Hz, CH,); *'P{'H} NMR (162 MHz,
CDCL): 6 = 72.1 (dd, *J(PP) = 457 Hz, *J(P,P) = 26 Hz, PPh,), 23.8 (d,
3J(PP) = 26 Hz, RePPh;), 19.6 ppm (d, 2/(PP) = 457 Hz, PdPPh;); IR
(powder film): ¥ = 1625cm™" (s, NO); MS:1*? 1191 (60) [11b]*, 1110
(30) [11b—Br]*, 929 (25) [11b—PPh,]*, 848 (100) [11b—Br—PPh;]*, 742
(46) [11b—Br—PPh;—Pd]*.
(5.5)-[(*-CsH,)Re(NO) (PPh;) (n-CH,PPh,) Pd(u-0Ac),Pd (n-
OAc),Pd(u-PPh,CH,)(Ph;P)(ON)Re(n°-CsH,)] ((S.5)-13)

Method A: A Schlenk flask was charged with (S)-12¥BF,” (0.350 g,
0.421 mmol),’! Pd(OAc), (0.1419¢g, 0.632 mmol), KOAc (0.050¢g,
0.505 mmol), and toluene (25 mL). The mixture was stirred for 14 h. The
black suspension was filtered through a plug of Celite (2.5 cmx5 cm)
with toluene rinses. The orange filtrate (65 mL) was layered gently with
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pentane (280 mL). After 72 h, the supernatant was decanted and the
orange-red crystals were dried under a N, stream to give (S,S5)-13-2 C;Hg
(0.331 g, 0.149 mmol, 71 %), decomp 155°C (capillary, gradual darkening
without melting). DSC: endotherm, T; 137.5°C, T, 154.0°C, T, 181.1°C,
T, 196.7°C, T; 196.7°C; endotherm, T; 196.9°C, T, 199.0°C, T, 202.8°C,
T. 205.8°C, T; 205.9°C; TGA: onset of first mass loss regime, 7; 123.5°C,
T; 175.6°C (6.5% mass loss; theory for 2C;Hg 8.2%), onset of second
mass loss regime, T; 176.0°C, T; 266.6°C. Elemental analysis calcd (%)
for CgH7uN,0,0P,Pd;Re,2CHy (2223.16): C 50.78, H 4.08, N 1.26;
found: C 50.75, H 4.13, N 1.28; [a]}¥’ = —314°£4° (¢ = 0.91 mgmL™",
THF); 'HNMR (400 MHz, C,D,): 6 = 8.73-8.68 (m, 4H of 12C¢Hs),
7.64-7.59 (m, 4H of 12C¢Hj;), 7.45-6.87 (m, 52H of 12CHs), 2CsH, at
5.54 (brs, 2H), 5.13 (brs, 2H), 4.82 (m, 2H), 4.78 (brs, 2H); 3.50 (m, 2H,
2CHH’), 2.10 (s, 6H, 2CH;CH;), 2.07 (m, 2H, 2CHH'"), 1.58 (s, 6H,
2Ac), 149 ppm (s, 6H, 2Ac’); “C{'H} NMR (101 MHz, C(Dy): 6 = 182.4
(s, C=0), 182.2 (s, C'=0), PPh; at 136.8 (d, 'J(C,P) = 51 Hz, i), 134.1 (d,
2J(C,P) = 10 Hz, 0), 130.0 (s, p);'*! PPhPh’ at 143.2 (d, 'J(C,P) = 25 Hz,
i), 135.1 (d, %J(C,P) = 10 Hz, 0), 133.5 (d, 'J(C,P) = 62 Hz, i), 131.8 (d,
2J(CP) = 9Hz, o), 1306 (s, p), 128.7 (s, p):*! CsH, at 120.0 (s), 95.8
(m), 90.6 (s), 87.4 (s), 86.6 (s); 23.9 (d, *J(C,P) = 5 Hz, CCH;),"” 23.4 (s,
CC'H,), —13.3 (d, 'J(C,P) = 20 Hz, CH,); C(H;CH; at 137.8 (s, i), 129.3
(s, 0), 1285 (s, m), 1257 (s, p), 21.6ppm (s, CH;); *'P{'"H} NMR
(162 MHz, C,D¢): 6 = 61.3 (d, *J(P,P) = 25 Hz, PPh,), 25.3 ppm (d, *J-
(PP) = 25Hz, PPh;); IR (powder film): # = 1633 (s, NO), 1559 (vs,
CO), 1401 cm™ (s, CO); MS:*1 2040 (6) [13]*, 1979 (2) [13—OAc]*,
1014 (9) [(n’-CsH,)Re(NO)(PPh;)(CH,PPh,)Pd,(OAc)]™, 907 (100) [(n’-
CsH,)Re(NO)(PPh,)(CH,PPh,)Pd(OAc)]*, 848 (6) [(n*-CsH,)Re(NO)-
(PPh,)(CH,PPh,)Pd]*, 742 (12) [(n’-CsH,)Re(NO)(PPh,)(CH,PPh,)]*.
Method B: A Schlenk flask was charged with (S§)-12*PF,~ (0.800 g,
0.900 mmol),* Pd(OAc), (0.303 g, 1.35 mmol), and toluene (50 mL).
Then rBuOK (1.0M in THF; 1.35 mL, 1.35 mmol) was added by syringe
with stirring. The yellow mixture turned dark brown. After 14 h, the sol-
vent was removed by oil-pump vacuum and the brown-black residue was
suspended in a small amount of ethyl acetate. This was filtered through a
plug of SiO, (2.5 cmx 18 cm) using ethyl acetate/pentane (1:1 v/v). The
orange fractions were concentrated to =15 mL. Then pentane (60 mL)
was added. The yellow powder was collected by filtration, washed with
pentane (2x20mL), and dried by oil-pump vacuum (5x10~° mbar,
2 days) to give (S,5)-13 (0.826 g, 0.405 mmol, 90%) as a yellow powder,
decomp 199°C (capillary, gradual darkening without melting); TGA:
onset of mass loss, 7; 176.0°C. Elemental analysis (%) caled for
CygH7,N,0,0P,Pd;Re, (2039.04): C 47.12, H 3.66, N 1.37; found: C 47.12,
H 3.69, N 1.47. The 'H and “C NMR spectra were identical to those of
(8,5)-132C;Hg, except for the absence of solvate peaks; IR (powder
film): 7 = 1637 (s, NO), 1563 (vs, CO), 1401 cm™' (s, CO); MS:1¥ 2040
(6) [13]F, 1980 (4) [13—OAc]*, 1014 (12) [(’-CsHs)Re(NO)(PPh;)-
(CH,PPh,)Pd,(OAc)]*, 908 (100) [(n’-CsHs)Re(NO)(PPh;)(CH,PPh,)Pd-
(OAQ)]T.

SP-4-2 (S.5)-[(*-CsH,)Re(NO)(PPh;) (u-CH,PPh,)Pd(u-PPh,CH,)(NO)-
(Ph;P)Re(n’-CsH;)(n'-0Ac)] (SP-4-2 (S5,5)-14):*! An NMR tube was
charged with (S)-2-C¢H (0.025 g, 0.030 mmol)”! and Pd(OAc), (0.0034 g,
0.015 mmol), and sealed with a septum. Then C¢Dg4 (0.6 mL) was added
by syringe. After 22 h, 'H and *'P NMR spectra showed SP-4-2 (S,5)-14
to be the main product (81 %, as assayed by integration of the *'P NMR
spectrum). 'HNMR (400 MHz, CDy): 6 = 8.70-8.65 (m, 2H of
10C4Hs), 7.98-7.93 (m, 2H of 10C4Hs), 7.61-7.36 (m, 20H of 10 CHs),
7.36-6.92 (m, 26 H of 10C4H;s), CsH, at 5.13 (brs, 1H), 4.67 (brs, 1H),
4.64 (brs, 1H), 2.84 (brs, 1H); 5.09 (s, 5H, CHs), 3.26-3.21 (m, 1H,
CHH'), 2.77-2.67 (m, 1H, CHH"), 2.54-2.51 (m, 2H, CH,"), 2.10 ppm (s,
3H, OAc); *P{'H} NMR (162 MHz, CiD¢): 6 = 62.8 (dd, 2J(PP) =
431 Hz, *J(PP) = 25Hz, PPh,), 35.8 (dd, 2J(PP) = 432 Hz, J(PP) =
18 Hz, PPhy), 255 (d, *J(PP) = 24 Hz, PPh;), 255 ppm (d, *J(PP) =
19 Hz, PPhy').

trans-(S.S)-[{(*-CsH,)Re(NO)(PPh;) (u-CH,PPh,)},Pd] (zrans-(S.5)-15):
A Schlenk flask was charged with (S)-2-C¢H, (0.1476 g, 0.180 mmol), Pd-
(OACc), (0.0198 g, 0.088 mmol), and toluene (7 mL). The orange solution
was stirred for 3.5 days at room temperature and then 1 day at 80°C. The
toluene was removed from the brown-black mixture by oil-pump
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vacuum. Then a small amount of CH,Cl, was added. The suspension was
filtered through a plug of SiO, (2.5 cmx7 cm) with CH,Cl,. The solvent
was removed from the yellow fraction by oil-pump vacuum. The residue
was dissolved in benzene (5mL) and layered gently with pentane
(20 mL). After 2 days, the supernatant was decanted and the orange crys-
tals dried by oil-pump vacuum (5x 107> mbar, 1 h) to give trans-(S,S)-15
(0.050 g, 0.032 mmol, 39%), decomp 181-183°C (capillary, gradual dark-
ening without melting). Elemental analysis caled (%) for
C,,Hg,N,O,P,PdRe, (1590.0): C 54.38, H 3.93, N 1.76; found: C 54.39, H
3.93, N 1.63; [al;¥ = +53°+4° (¢ = 1.16 mgmL™', THF); 'HNMR
(400 MHz, C¢Dy): 6 = 8.41-8.37 (m, 4H of 10C4Hs), 7.49-7.43 (m, 16H
of 10C¢Hs), 7.28-7.21 (m, 6 H of 10 C4Hjs), 6.98-6.92 (m, 18 H of 10 C¢Hj),
6.80-6.74 (m, 6H of 10C4Hs); 2CsH, at 5.31 (brs, 2H), 5.05 (brs, 2H),
5.00 (m, 2H), 2.59 (brs, 2H); 3.19-3.14 (m, 2H, 2CHH’), 2.85-2.82 ppm
(m, 2H, 2CHH'); “C{'H} NMR (101 MHz, C¢Dy): 6 = PPh; at 137.6 (d,
YJ(C,P) = 49 Hz, i), 133.8 (d, 2J(C,P) = 10 Hz, 0), 129.6 (s, p);1*! PPhPh’
at 136.9 (d, 2J(C,P) = 23 Hz, i), 136.7 (d, 2/(C,P) = 30 Hz, i), 134.9 (vir-
tual t, 2J(C,P) = 6 Hz, 0), 131.4 (virtual t, 2/(C,P) = 5Hz, 0'), 129.6 (s,
p)¥ CH, at 1439 (dd, J(C,P) = 20 Hz, 2J(C,P) = 11 Hz, PdC) 95.0
(m), 93.2 (s), 91.4 (s), 86.8 (s);*” —8.7 ppm (brs, CH,); *'P{'H} NMR
(162 MHz, C¢Dg): 6 = 65.5 (virtual t, *J(P,P) = 14 Hz, PPh,), 26.5 ppm
(virtual t, *J(P,P) = 14 Hz, PPh;); IR (powder film): # = 1633 cm™" (s,
NO); MS: 1591 (60) [15]*, 848 (35) [(1’-CsH,)Re(NO)(PPhs)-
(CH,PPh,)Pd]*, 742 (100) [(n*-CsH,)Re(NO)(PPh,)(CH,PPh,)]*.
(8)-[(*-CsH,)Re(NO) (PPhy) (u-CH,PPh,)Pd(acac-F)]  ((5)-16):>" A
round-bottomed flask was charged with (S.,5)-132C;H; (0.1058 g,
0.0476 mmol)?®! and acetone (3 mL) under ambient conditions. Then
solid Na(acac-F,) (0.0657 g, 0.0286 mmol) was added with stirring. After
0.5 h, the solvent was removed. The bright brown residue was suspended
in pentane (1-2mL). The mixture was filtered through a plug of silica
(2cmx10 cm) with pentane (~15mL) and then CH,Cl,/pentane (2:1
v/v). The orange fractions were collected, and the solvent was removed
by oil-pump vacuum (5x107°mbar, 1day) to give (S)-16 (0.075g,
0.034 mmol, 72%) as a yellow-orange powder, m.p. 124-125°C (capil-
lary); DSC: endotherm, 7; 95.8°C, T, 102.4°C, T, 115.8°C, T, 123.6°C, T;
150.0°C; exotherm, T, 214.4°C; TGA: onset of mass loss, 7; 219.2°C. El-
emental analysis calcd (%) for C,H;,F{NOP,PdRe (1055.27): C 46.66, H
3.05, N 1.32; found: C 46.62, H 322, N 1.32; [a];¥ = —44°£3° (¢ =
1.21 mgmL~', THF); '"H NMR (400 MHz, CDy): 6 = 8.19-8.14 (m, 2H
of SCHs), 7.47-7.42 (m, 8H of 5CHs), 7.26-7.22 (m, 2H of 5C¢Hjs),
7.11-7.07 (m, 1H of 5C¢Hs), 7.00-6.91 (m, 12H of 5C¢Hs), 6.02 (s, 1H,
CH(COCEF;),), CsH, at 5.37 (brs, 1H), 4.98 (m, 1H), 479 (m, 1H), 3.18
(brs, 1H); 3.05-2.99 (m, 1H, CHH'), 2.55-2.45 ppm (m, 1H, CHH');
BC{'H} NMR (101 MHz, C¢D¢): 6 = 175.4 (vbrm, COCF,), PPh; at
136.7 (d, 'J(C,P) = 51 Hz, i), 133.7 (d, %J(C,P) = 11 Hz, 0), 130.1 (d, *J-
(C,P) = 2Hz, p), 128.6 (d, >J(C,P) = 10 Hz, m); PPhPh’ at 138.6 (d, 'J-
(C,P) = 30Hz, i), 134.0 (d, 2/(C,P) = 10Hz, o), 132.3 (d, 'J(C/P) =
59 Hz, i), 131.6 (d, %J(C,P) = 9Hz, o'), 1309 (d, %/(C,P) = 3 Hz, p),
123.0 (d, (C,P) = 3 Hz, p'), 128.8 (d, >J(C,P) = 11 Hz, m);* 115.3 (q,
J(C,F) = 3 Hz, CF;)," 90.1 (brs, CH(COCF;),), CsH, at 120.5 (m), 94.0
(m), 90.3 (s), 89.8 (s), 87.1 (s); —15.4 ppm (d, 'J(C,P) = 20 Hz, CH,);
SMP{'H} NMR (162 MHz, CiDg): 6 = 62.7 (d, *J(P,P) = 21 Hz, PPh,),
23.6 ppm (d, *J(PP) = 21 Hz, PPh;); “FNMR (282 MHz, C,D): 6 =
—70.8 (s, 3F, CF;), —71.4ppm (s, 3F, CFy); IR (powder film): ¥ =
1633 cm™" (s, NO); MS:2 1055 (100) [16]*, 848 (10) [(n’*-CsH,)Re(NO)-
(PPh;)(CH,PPh,)Pd]*, 742 (45) [(n*-CsH,)Re(NO)(PPh;) (CH,PPh,)]*.
(9)-[(7*-CsH,)Re(NO)(PPh;) (u-CH,PPh;)PA(NC:H;) (Br)] ((S)-17b): A
round-bottomed flask was charged with (§,5)-10b (0.038 g, 0.020 mmol)
and benzene (5 mL) under ambient conditions. Then pyridine (0.2 mL)
was added with stirring, giving a yellow solution. After 0.5 h, pentane
(25 mL) was added. The supernatant was decanted from the yellow
powder, which was dissolved in CHCl; (2 mL). One drop of pyridine was
added, and the solution was layered gently with pentane (10 mL). After
2 days, the supernatant was decanted from the yellow needles, which
were washed with pentane and dried under a N, stream to give (S)-
17b-CHCI,; (0.0329 g, 0.029 mmol, 72%). NMR spectra showed two geo-
metric isomers (SP-4-2, SP-4-4) and an equilibrium with (S,5)-10b and
pyridine (0.3m in CDCl;: (78£5):(22+5) (S5)-17b/(S,S)-10b). DSC: exo-
therm, T; 66.4°C, T, 66.9°C, T, 67.5°C, T, 68.7°C, T; 70.6°C; endotherm,
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T, 74.0°C, T, 78.5°C, T, 106.5°C, T, 126.7°C, T; 130.2°C; endotherm, T;
131.9°C, T, 133.6°C, T, 140.8°C, T, 147.7°C, T; 150.2°C; TGA: onset of
first mass loss regime, T; 38.4°C, T; 103.8°C (3.4 % mass loss; theory for
1CHCI; 10.6%); onset of second mass loss regime, 7; 175.1°C, T;
230.0°C (5.9 % mass loss; theory for 1 CHCI; 10.6 % ); onset of third mass
loss regime, 7; 251.2°C. Elemental analysis caled (%) for
C,H3N,OP,BrPdRe-CHCl; (1126.6): C 44.77, H 3.31, N 2.48; found: C
44.41, H 3.46, N 2.38; '"H NMR (400 MHz, CDCl,, (S)-17b signals only):
0 = 8.8-6.8 (m, C¢Hs and NCsHs), CsH, at 5.48 (brs, 1H),™ 5.33/5.24 (2
x brs, 67:33, 1H), 5.08/4.87 (2 x brs, 67:33, 1H), 3.12/2.71 (2 x brs,
67:33, 1H); 3.02-2.86 (m, 1H, CHH'),*! 227-2.09ppm (m, 1H,
CHH');® *P{'H} NMR (162 MHz, CDCl,, (S)-17b signals only): 6 =
67.9 (d, *J(PP) = 24 Hz, PPh,, major isomer, ~67 %), 67.1 (d, *J(PP) =
22 Hz, PPh,, minor isomer, ~33%), 24.1 (d, *J(PP) = 25Hz, PPh,,
major isomer, ~67%), 23.3ppm (d, *J(PP) = 22Hz, PPh,, minor
isomer, coincident with a signal of (S,5)-10b); IR (powder film): ¥ =
1741 ecm™ (s, NO); MS:¥ 928 (5) [(n-CsH,)Re(NO)(PPhs)-
(CH,PPh,)Pd(Br)]*, 848 (10) [(n’-CsH,)Re(NO)(PPh,)(CH,PPh,)Pd]*,
742 (10) [(n’-CsH,)Re(NO)(PPh;)(CH,PPh,)]*.

Suzuki-Miyaura reactions (Table 3): The following procedure was repre-
sentative. A Schlenk tube was charged sequentially with PhB(OH),
(1.830 g, 15.00 mmol), K;PO, (4.25 g, 20.00 mmol), toluene (20 mL), 4-
bromoacetophenone  (1.99 ¢, 10.00 mmol), tridecane (1.22 mL,
5.00 mmol), and a solution of 10b in toluene (0.000050Mm; 1.0 mL, 5.0 x
107> mmol) with vigorous stirring. Then it was fitted with a condenser
and placed in an 80°C oil bath. Aliquots (~0.2 mL) were assayed period-
ically by GC. The identity of the product was confirmed by comparison
of the GC retention time on two different columns with that of an au-
thentic sample.

Mizoroki-Heck reactions (see Supporting Information): The following
procedure was representative. A Schlenk tube was charged sequentially
with 4-bromoacetophenone (0.1991 g, 1.00 mmol), NaOAc (0.1148 g,
1.40 mmol), (nBu),N*Br~ (0.0645 ¢, 0.200 mmol), di(2-n-butoxyethyl)
ether (0.1111 g, 0.509 mmol), DMF (6 mL), methyl acrylate (0.20 mL,
2.22 mmol), and a solution of (S,5)-10b in DMF (0.000119Mm; 0.050 mL,
5.93x107° mmol), fitted with a septum, and placed in a 140°C oil bath.
The orange-brown suspension was stirred vigorously and monitored by
GC. The identity of the product was confirmed by comparison of the GC
retention time on two different columns with that of an authentic sample.

Transmission electron microscopy: An aliquot (0.1 mL) was taken from
the Mizoroki-Heck reaction of methyl acrylate and 4-iodotoluene using
(S)-16 (entry 4, Scheme 8 in Supporting Information) and poured into di-
ethyl ether (1 mL). A drop was transferred to the surface of a carbon
covered copper TEM grid, which was dried under vacuum at 70°C.
Images were recorded on a Philips CM 300 UT microscope.
Crystallography

Complex 11b was dissolved in CH,Cl, and layered with ether. After
three days, yellow prisms of 11b-2 CH,Cl, were analyzed as outlined in
Table 1.5% Cell parameters were obtained from 15 reflections using a 10°
scan and refined with 25 reflections. Lorentz, polarization, and absorp-
tion corrections were applied.’” The space group was determined from
systematic absences and subsequent least-squares refinement. The struc-
ture was solved by direct methods. The parameters were refined with all
the data by full-matrix least-squares on F using SHELXL-97.¥! Non-hy-
drogen atoms were refined with anisotropic thermal parameters. The hy-
drogen atoms were fixed in idealized positions using a riding model. Scat-
tering factors were taken from the literature.”

Complex (5)-6¢*! was dissolved in benzene and layered with hexanes.
After three days, the red cubes were analyzed as described for
11b-2 CH,Cl, (cell parameters from 10 frames using a 10° scan; refined
with 2960 reflections). The structure was solved and refined as described
for 11b-2CH,Cl,. The absolute configuration was confirmed by Flack’s
parameter (Table 1; theory for correct and inverted structures, 0 and
1).[60]

Crystals of (S,5)-13-2C;H; (see above) and (R,R)-13-2C;Hg were ana-
lyzed as described for 11b-2CH,Cl, (cell parameters from 10 frames
using a 10° scan; refined with 10766-10823 reflections). The structures
were solved and refined as described for 11b-2 CH,Cl,.
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Some CHCI; was added to a concentrated CH,Cl, solution of (S,S)-10b.
The mixture was layered gently with pentane. After one day, yellow nee-
dles of (S,5)-10b-CH,Cl,-2CHCl; were analyzed as described for
11b-2CH,Cl, (cell parameters from 10 frames using a 10° scan; refined
with 5101 reflections). The structure was solved and refined as described
for 11b-2 CH,Cl,. The CH,Cl, molecules showed site disorder (50:50)
about an inversion center.

Crystals of (5)-17b-CHCI; (see above) were analyzed as described for
11b-2CH,Cl, (cell parameters from 10 frames using a 10° scan; refined
with 5334 reflections). The structure was solved and refined as described
for 11b-2 CH,Cl,.

CCDC-290483 (11b-2CH,Cl,), CCDC-290482 ((S)-6¢), CCDC-290479
((8,5)-13-2C,;Hg), CCDC-270134 ((R,R)-13-2C;Hg), CCDC-290481 ((S.S)-
10b-CH,ClL,-2CHCL;), and CCDC-290480 ((S)-17b-CHCl;) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. For ease of comparison (for ex-
ample, in Table 2), the atom numbers in some of the structures described
in the present work have been changed from those in the CCDC ar-
chives.
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