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/Abstract: In this review the stereochemistry of palladium-
catalyzed addition of nucleophiles to alkenes is discussed,
and examples of these reactions in organic synthesis are
given. Most of the reactions discussed involve oxygen and
nitrogen nucleophiles; the Wacker oxidation of ethylene has
been reviewed in detail. An anti-hydroxypalladation in the
Wacker oxidation has strong support from both experimen-
tal and computational studies. From the reviewed material it

-

is clear that anti-addition of oxygen and nitrogen nucleo-
philes is strongly favored in intermolecular addition to
olefin—palladium complexes even if the nucleophile is coor-
dinated to the metal. On the other hand, syn-addition is
common in the case of intramolecular oxy- and amidopalla-
dation as a result of the initial coordination of the internal
nucleophile to the metal.

1. Introduction

Electrophilic addition to olefins is one of the fundamental reac-
tions in organic chemistry. Thus, bromine or hypobromous
acid are readily added across an electron-rich olefinic double
bond (1) in a process that is initiated by an electrophilic attack
to generate the corresponding bromonium ion 2, which is
then opened by Br~ (in the case of Br,) or H,0 (when HOBr is
employed) from the opposite side, to afford the anti-addition
product (Scheme 1)."? Electrophilic metal cations M"", such as
Hg?" and TI*T, follow a similar pattern in both inter- and intra-
molecular reactions.! By contrast, owing to the nature of the
electron-rich C=C bonds, nucleophilic additions are rare and
typically limited to intramolecular additions of an alkoxide
moiety, generated from a suitable polycyclic alkenol by depro-
tonation with NaH or tBuOK." Transition metals are known to
form m’-complexes 3 that can be attacked by nucleophiles to
effect a formal nucleophilic addition upon the removal of the
metal.”’ However, the transition-metal-promoted process is
more complicated, since the nucleophile can, a priori, attack
the n’-species either from the opposite side (3) in analogy to
bromonium ions 2 and their congeners, or could first coordi-
nate to the metal and then be delivered in a syn-fashion to the
original alkene (4).”!

The first n>-olefin metal complex 5 was prepared by Zeise
(Scheme 2) via coordination of ethylene (generated by an in
situ dehydrogenation of boiling ethanol) to K,PtCI,.""’ However,
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Scheme 1. Addition of bromine and transition metals to alkenes.
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Scheme 2. Preparation of Zeisse’s salt.

this complex was long considered as a rarity and it took more
than 100 years before the nature of the m bond between an
alkene and a metal was understood and its potential had been
realized.

The present review is concerned with the stereochemistry of
nucleophilic additions to n*-alkene metal complexes of palladi-
um (analogous to 5) and application of these reactions in syn-
thetic organic chemistry. The experimental and theoretical find-
ings, accumulated over the years, are submitted to a thorough
mechanistic analysis in light of the most recent results, which
are not included in previous reviews. The new results have al-
lowed us to draw conclusions that were not explicitly ex-
pressed in previous reviews."”

2. Wacker Oxidation

Apart from catalytic hydrogenation, the first large-scale indus-
trial application of palladium was developed by Smidt and his
colleagues at the Wacker company in the 1950s.®! This process,
which converts ethylene into acetaldehyde, is known as the
Wacker oxidation (Scheme 3). Here, the tetrachloropalladate
first generates the corresponding m’-ethylene-Pd complex (in
analogy to the formation of Zeise’s salt 5), which then reacts
with water to produce acetaldehyde, Pd’, and two equivalents
each of hydrogen chloride and chloride ions [Eq. (1)]. In order
to make the process catalytic, the resulting Pd® needs to be re-
oxidized to its active form, that is, Pd", which is effected by the
reaction with CuCl, (2 equiv), using the two equivalents of CI~

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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generated in the previous step [Eq. (2)]. The latter reaction pro-
duces CuCl, which is then reoxidized to CuCl, by molecular
oxygen, consuming the two equivalents of HCl generated in
the first step [Eq. (3)]. The reaction is thus catalytic in both Pd"
and Cu", with molecular oxygen serving as the terminal, stoi-
chiometric oxidant. Note that direct reoxidation of Pd® to Pd"
by molecular oxygen in water under Wacker conditions is too
slow and would not prevent aggregation and formation of
metallic palladium.

-2HCl
CHy=CH, | + [Pd"Cl % + H,0O CH3CH=0 | + Pd° (1)
-2¢er
Pd® + 2Cu'Cl, + 2CI [Pd"CIs> + 2cCu'Cl )
2Cu'Cl + 120, + 2HCI ———> 2cu'cl, + H0 (3)

Scheme 3. Wacker oxidation.

After the original publication on the Wacker process, this re-
action became the subject of numerous mechanistic studies.”
It was proposed that the intermediate n?-complex 7 reacts
with water to produce the 2-hydroxyethylpalladium complex
8, which would undergo a -H elimination to generate vinyl al-
cohol 10 (via 9a), tautomerization of which would produce
acetaldehyde 11 (Scheme 4). However, deuterium labeling

OH,
H, W H PdCLZ H,  H HO H, /H
H H o _or HT [ oH _gr HD TH
Cl—pd-ci H0—pd~Cl
cl Cl
6 7
l?
o OH OH OH
) =/ Y = -— <
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PA-H ooy [Pd]
1 10 8
9a \
O~H O~-H OH
D _
7 -~ or J/‘ - J
Ho —pd-H H (Pd TP |
H—[Pd]
or
11 —Pdo+H* 12b 12a 9b

Scheme 4. Wacker oxidation.

Abstract in Czech: V tomto prehledném cldnku je diskutovd-
na stereochemie palladiem katalyzovand adice nukleofild na
alkeny a jsou zde uvedeny priklady aplikaci v organické syntéze.
Vétsina diskutovanych reakci zahrnuje kyslikaté a dusikaté nu-
kleofily. Zvldstni pozornost je vénovdna oxidaci ethylenu, kterou
vyvinula firma Wacker. V tomoto pfipadé experimentdini i vypo-
Cetni studie jasné ukazuji na anti-hydroxypalladaci jako domi-
nantni mechanisms. Z dostupného materialu vyplyvd, Ze anti-
mechanismus je vyrazné preferovdn v pfipadé intermolekuldrnich
adici kyslikatych a dusikatych nukleofild na komplexy olefin-pal-
ladium, a to i tehdy, je-li nukleofil koordinovdn ke kovu. Naopak,
syn-adice je béznd v pripadé intramolekuldrni oxy- a amidopalla-
dace jako vysledek prvotni koordinace interniho nukleofilu ke
kovu.
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studies clearly demonstrated that the final stages of the cas-
cade do not adopt this route: the n’-complex 9a, primarily
arising from 8 by the expected [-H elimination, does not disso-
ciate to produce 10, but rather undergoes an insertion reac-
tion to generate complex 12 (via rotamer 9b), which now uses
the O—H (rather than C—H) for the final B-H elimination (12a
or 12b) to produce acetaldehyde (11).”) An alternative path-
way, where a lone-pair on oxygen ejects Pd° as a leaving
group (12b), was also considered,” which was later support-
ed by theoretical calculations.™

The latter mechanism has been inferred from isotopic label-
ing as follows (Scheme 5): If the reaction proceeded through
enol 10, the molecule would abstract a proton from the envi-
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ky CHp=CHp + [Pd'Cl?" + H,0 ———  CHyCH=0 + Pd® (1)
—-2Cr
—2Hcl

kp CD,=CD, + [Pd'Cl> + H,0O ———>  CD;CD=0 + Pd° (4)
—2Cr

kinetic isotope effect  ky/kp = 1.07

Scheme 5. Deuterium labeling in Wacker oxidation.

ronment [note that there is free HCl available, according to
Equation (1). However, the experiment with perdeuteriated
ethylene [Eq. (4)] showed that all the label was retained, which
is consistent with the mechanism depicted in Scheme 4,
namely with the isomerization 9a — 9b — 12. The isotope
effect [compare Egs. (1) and (4) in Scheme 5] was found to be
marginal.””

In a complementary experiment, the specifically dideuteriat-
ed ethylenes 13 and 14 (Scheme 6) were found to exhibit an
internal competitive isotope effect (H vs D shift), demonstrat-
ing that the rate-limiting step must occur before the -H elimi-
nation and formation of acetaldehyde.>™ It was further
argued that the rate-limiting step is the hydroxypalladation,
and the results are better explained by a syn-migration since
an anti-hydroxypalladation would seem to require a rate con-
stant larger than diffusion control.”'?

H shift DH D shift
D D DH OH H D
H W [Pd] . th )/< th H b
D shift D shift

competitive isotope effect ky/kp =1.9

Scheme 6. Isotope effect in Wacker oxidation.

The proposed syn-migration of an oxygen nucleophile has
been experimentally observed in a stoichiometric experiment
with a Pt-olefin complex (Scheme 7). In this experiment the ex-
tremely electron-deficient tetrafluoroethylene (15) was treated
with the Pt-OMe complex 16. The formation of intermediate
17 and product 18, as well as the kinetics, were monitored by
NMR spectroscopy in [DgITHF with added CD,0D.' Here, an
external attack by CD;0D (which should proceed with anti ste-
reochemistry due to the steric hindrance from the Pt side) has
not been observed, nor was the exchange of OCH; with OCD,,
so that the product 18 can only arise by the syn-migration of
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OCH; from Pt. This may seem to support the syn-migration
pathway in the Wacker process. However, it can be argued
that the starting olefin 15 in this experiment is rather special,
so that generalization of these findings, in particular to the
Wacker oxidation of the electron-rich ethylene, cannot be
made directly.

In order to elucidate the stereochemistry of hydroxypallada-
tion, the trans-dideuteriated ethylene 19 was employed as
a model compound (Scheme 8)."%' Under catalytic hydroxy-
palladation conditions, using a mixture of PdCl, LiCl, and
CuCl,, the latter alkene was expected to generate the 1?-com-
plex 20, where the water molecule would have to be cis-coor-
dinated toward the ethylene ligand (otherwise the syn-transfer
would not be possible at all). The anti-attack by an external
water molecule on 20 should generate complex 21, which in
the presence of chloride ions should produce chlorohydrin 22
as a result of the S\2 displacement of palladium. Treatment of
22 with a base would then produce epoxide 23. The latter ep-
oxide was found to be cis-configured (as shown), which is con-
sistent with the pathway involving three inversions of configu-
ration, that is, in each step starting with complex 20. Since the
replacement of palladium by CI~ was known from the previous
work"® to proceed with inversion of configuration at carbon,
and the stereochemistry of the chlorohydrin transformation
into the corresponding epoxide is a textbook example of inver-
sion, the key hydration 20 — 21 must also occur with inver-
sion, that is, via an external attack as shown. This study thus
provides evidence for the anti-addition mechanism for the key
hydroxypalladation step.

H, D PdCli H, CD o) oM
D” H 0 DY | “H Hgo\pd """ D
H,0~PdCl 76~
19 ! g ©
cl 21
20
anti-addition C,UC|2
LiCl
O D OH Cl  OH
WA OH i
i A R o (I S
H H ¢ H rotation D H
23 22

Scheme 8. Stereochemistry of hydroxypalladation in the presence of chlo-
ride ions.

An extended theoretical study"” then reconciled the fact
that depending on the nature of the nucleophile the nucleo-
philic attack may occur either in a syn or anti fashion

(Scheme 9). Essentially, two types of nucleophiles can

OMe F, WF e RF be discerned: Nu,, which can, a priori, coordinate
Fo,, __oF thP—F"t"—Me 25°C | ( F OMe the metal but prefer the external anti-addition to the
F/ \F | P E— “OMe —> I . )
Q/Pphz [DsITHF (L/ \Me PhoP—Pti-Me olefinic ligand (pathway a), and Nug, which prefer an
15 . (CD30D) . PPh; intramolecular, that is, syn-transfer (pathway b).
fast slow 18 Analysis of the orbital interactions in four model
. s systems, namely with OH™, F~, H™, and CH;™ as rep-
AH* = 12.5 kcal mol™ AS*T=-32eu (at 45 °C) ) . .
resentative nucleophiles coordinated to Pd, revealed
Scheme 7. Experimentally observed syn-migration of MeO from platinum. the following (Figure 1):"”"! the HOMO orbitals of the
Chem. Eur. J. 2015, 21, 36 -56 www.chemeurj.org 39 © 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 9. Stereochemistry of the reactions of metal complexes with nucleo-
philes.

first two complexes lie rather low, so that their interaction with
the LUMO of the (coordinated) olefin will be weak and result
in little stabilization. By contrast, the two latter complexes
have high energy HOMO orbitals for the Pd—Nu bond (Nu =
H™ and CH;"), so that the interaction between the HOMO orbi-
tal of these complexes and the LUMO of the alkene should be
stronger and lead to a considerable lowering of the energy of
the system. Hence, it can be anticipated that the reactivity of
H™ and CH;™ will be controlled mainly by orbital interactions,
so that the transfer from the metal should be preferred. On
the other hand, the orbital effects in the case of OH™ and F~
are likely to be weak, so that the reaction should be dominat-
ed by ionic effects and thus proceed via anti-addition."””!

Furthermore, the reactions controlled by ionic interaction
(favoring the anti-pathway) can be expected to obey the Mar-
kovnikov rule like any other electrophilic addition and afford
products, where the incoming nucleophile is planted on the
carbon that can better stabilize a partial positive charge (24 in
Scheme 10). On the other hand, in the orbital-controlled reac-
tions (favoring the syn-pathway) the nucleophile should add to
the less-substituted carbon (25), as the LUMO orbital at that
carbon should be larger."”!

LUMO (r*)
& @O\ HOMO
L B B R E D e e -4.0 (LUMO)
5 | 2.9
36 CHy
° 1 6
-
7.6
9.5
10.8
10 —|
.
—_—l 135
OH~
45 | ——=-148

Hartree-Fock SCF MO calculations
Figure 1. Orbital interactions in the palladium n*-complexes.
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pa N
MeLi -
[Pd] Me _ [Pd]-H Me
25
Regioselectivity Phw,’ '

for syn-attack:

Hd

Scheme 10. Regioselectivity as a result of the reaction stereochemistry.

A possible supramolecular interaction, involving several mol-
ecules of water and hydrogen bonding to the chloride bound
to Pd, has also been considered for the
Wacker oxidation (Figure 2).'®

It has been argued that the chloride
concentration in the experiments shown “
in Scheme 8 is higher (3m) than in the (_ Pd A
Wacker process and in the kinetic experi-
ments” (<1m) and that the stereochem-
istry may not be the same at the different
concentrations of CI~.”'*?% However, the
chemistry of 1,4-difunctionalization of
dienes, catalyzed by Pd(OAc),, shows that
while under chloride-free conditions, the
acetate group is delivered preferentially to
the intermediate allyl group from Pd (i.e., in the syn-fashion),
addition of only catalytic amounts of LiCl (4 equiv per Pd)
shuts down this reaction pathway. The chloride is replacing co-
ordinated acetate on Pd, and in this way acetate can only be
delivered in an anti-fashion by an intermolecular reaction.”?"
Further increase of the chloride concentration does not alter
the latter stereochemistry and only increases the proportion of
the product resulting from the Cl™ attack on the n*-complex
(rather than AcO™ attack). This is in direct analogy to the for-
mation of chlorohydrin 22 in the Wacker process, lending addi-
tional support for the argument that the stereochemistry
should be the same at high and moderate concentrations of
chloride ions.

Kinetic studies have demonstrated that the Wacker oxidation
is actually inhibited by an increasing concentration of chloride
ions [Eqgs. (5)-(7) in Scheme 11].7"7' |n fact, at <1m concen-
tration of ClI~ and CuCl, (industrial conditions for Wacker oxida-
tion), acetaldehyde is the predominantly formed product (with
small amounts of the corresponding chlorohydrin). By contrast,
at 3m concentration of CI~ (conditions used in the mechanistic
study shown in Scheme 8")), chlorohydrin becomes the pre-
dominant product (Scheme 12). It is highly unlikely that
a change of the chloride ion concentration from 1M to 3m
would change the stereochemistry of the hydroxypalladation
of ethylene.

Finally, strong support for the anti-addition of AcO~ and Pd"
under the chloride-free conditions has been obtained from the
acetoxypalladation of deuteriated 3,3-dimethyl-1-butene 26
(Scheme 13).%% Here, the isomeric products 30 and 31 were
shown to arise from predominant anti-attack of AcO™ on the

Figure 2. Calculated
supramolecular in-
teraction of water
with the n*com-
plex.

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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[PACIg)%> + CoHy

[PACly(CoH) + CF
Ka

[PACI3(CoHg)l + H20

[PACIy(CoHg)(H20)] + CI

- d[CoH4] [PACI{Z][CoHy]
rate = = k

dt [HT[CIT

Scheme 11. Chloride effect: rate inhibition.
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However, an alternative pathway, namely the water-assisted
deprotonation of 35 with concomitant syn-migration, eventual-
®) ly leading to 41, would proceed through the transition state
39 that is half-way down on the energy scale compared to 38,
indicating that this pathway would be favored if the syn addi-
tion mechanism operated. Conversely, the anti-delivery of
water (34) generates intermediate 36. Either of the transition
states (39 or 40) would give rise to 41 by water-assisted de-
protonation. Dissociation of the Pd—O bond in 41 would gen-
erate complex 43 ready for the expected -H elimination. The

(%)

@)

[CIT<1M trace of calculations further found the energy of the corresponding
. - [CuClyl < 1M CHI™ "H = chlorohydrin transition state 42 (including the agostic Pd-H interaction) to
= + - —
z 2 * [PdCW [ > 3M j\ be 23.2 kcalmol™', which makes this species highest in energy
Sl OH
[CuCl] > 25M CHy “H & CIF ™~
Scheme 12. Chloride effect: change of mechanism and product tBu D
distribution. \=/
26
Pd"(OAC)Z, p-BQ AcO §DH — HIPd]OAC tBu . D tBu
1n>-Pd complex 27 (via the Markovnikov pathway AcONa, AcOH fBU“lii" Updoac " AcO> +ACO>_\D
a and anti-Markovnikov route b), followed by the AcO.  ~OAc a/v 98 30a 30b
stereospecific 3-hydrogen elimination from the re- tBu,,,,l’_(\.D ii-addition @35 1)
spective intermediates 28 and 29 that occurs solely NS N
in a syn-fashion. Some loss of the stereochemical in- Tk Bu  OAC _npdoac BU_ P Bu
. . . 27 wp  ————> =+ =
tegrity observed for this process was attributed to ACOPAL HD syn OAc OAC
. . . . n
a partial isomerization of the Markovnikov product 29 31a 31b

(confirmed by a control experiment), so that the (E)-
and (2)-vinyl acetates 30a and 30b were obtained as
a 3.5:1 mixture. The anti-Markovnikov product was
obtained as a 9:1 mixture of (E)-isomers 31a and
31b. Here, the control experiment with non-deuteri-
ated 3,3-dimethyl-1-butene showed that the Markov-
nikov product was a pure (E)-isomer, apparently aris-
ing from a conformation of the non-deuteriated con-
gener of 29, where the bulky tBu and AcO groups
avoid the gauche interaction. The 9:1 ratio of 31a
and 31b thus suggests that the initial acetoxypalla-
dation proceeds mainly (but not solely) via the anti-
mechanism. Complementary results were obtained
with the (E)-isomer of 26.%?

In a computational study,"” the energy of various
intermediates and transition states that can be con-
sidered for the hydration pathway was assessed
(Scheme 14). For the scenario with low concentration
of CI7, the starting tetrachloropalladate 32 is first
converted into the n*complex 6, which can be at-
tacked by water either at Pd or at the alkene ligand.
The energy of the corresponding transition states 33
and 34 has been calculated to be almost identical
but the Pd-hydrated product 35, arising from the
former TS”, is by 10.7 kcalmol™' lower in energy
than 36, arising from the latter TS”. Deprotonation
of 35 to generate 37, which in principle could trans-
fer the hydroxy group to the alkene ligand, would
proceed through the transition state 38 but this spe-
cies is rather high in energy (33.4 kcalmol™), well
above the experimentally overall observed value
(22.4 kcalmol ™).

Chem. Eur. J. 2015, 21, 36 - 56 www.chemeurj.org
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Scheme 13. Stereochemistry of acetoxypalladation under chloride-free conditions.

t

= H0
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(0.0 kcal mol™") (3.3 kcal mol™) (23.3 keal mol™) (22.7 keal mol™)
-CI- anti
@
| g } T - pr— H20
e lo | \_\ 20
HO—Pd=Cl | L //. HO—Pd-Cl H.0—Pd—Cl pg-C!
I I LT cI-\
Cl cl -H & cl
38 37 35 36
(33.4 kcal mol™") (15.3 kcal mol™") (5.8 kcal mol™") (16.5 kcal mol™")
syn l H,O l
1 ks
® | e H H [ 1 ¢
HO—Pd-Cl 0—Pd—Cl| of ~0--Pd’
| H.O* R EEENIN
¢] ~Hs H0---H I H0---H ¢ ©
41 39 40
(15.9 kcal mol™") (18.0 kcal mol™") (17.8 kcal mol™)
l RLS
" t HO HO
il e ° \— Q
HO-“Pd-Cl | —= H ™17 — | —=9b —=12 —= \__
' H-PdCl
Cl Cl
42 43 9a 11

(23.2 keal mol™) (17.0 keal mol™)

Scheme 14. Energies of various intermediates in the proposed syn-mechanism of the
Wacker oxidation in the absence of CuCl,.

41 © 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the whole cascade (via 39/ _ t H,0 1

40)," so that this step can be Cln,, 28 CoH, b H0 y o———éa"'m o —\ o

regarded as rate-limiting. aZl ¢ o | o | ] D afd e
However, there is a problem a=~ci cmoul o CI\('ZUC[Z o~

with this calculation since the 32-Cu 6-Cu 33-Cu 34-Cu

transition state for the anti- (0.0 kcal mol") (3.4 kcal mol") (26.0 kcal mol™) (22.0 keal mol")

attack is calculated on the nega- _er anti

tively charged species 6. The ki- o

netics of the Wacker process =, t |:e = HZO\_\

shows that two chlorides are HO—Pd—Cl < HO=Rd—=Cl — H,0-Pd—Cl CI/Pff,c\l

displaced, so an anti-attack Cl—CuCl, Cl—CuCl, —H" Cl—CuCly \Cl/CUC'z

would occur on the neutral spe- 38-Cu 37-Cu 35-Cu 36-Cu

cies PACL(OH,)(CH,~CH,). It can (9.5 keal mol") (10.2 keal mol™")

be expected that the latter neu- syn | H0 l

tral species reacts much faster \ \

than the negatively charged o] o HoT u o

species 6 in external anti-attack HO—Pd—Ci - Jo—Rd=Cl o Oo-hd

by water. This has also been CImCully “HOT | RO C—Cuck momn @ g:m

confirmed later in other calcula- 41-Cu 39-Cu 40-Cu ’

tions (vide infra). (12.9 keal mol™") (17.9 keal mol") (13.5 kcal mol™")
Subsequent  calculations® l

suggested that the anti-addition . HO o

mechanism is strongly favored HT 6 o \— o

over the syn pathway; this was HO-“Pd—cl | — H ™ Pa-cI — |+F|,dCI—> 9% —-12 — N

disputed in a subsequent arti- Cl—CuCly a

cle® and the quality of the cal- (17‘24;':]?“0'_1) (14_84:;;‘:“0|_1) % "

culation was questioned.

Calculations including CuCl,
gave a slightly different pic-
ture, as shown in Scheme 15
(the structures here bear the same numbers as in Scheme 14
but with added “Cu” so that a direct comparison can be
made). Here, the initial PdCl,/CuCl, complex 32-Cu first coordi-
nates ethylene to produce 6-Cu (upon a loss of CI7), which
then can be attacked by water either at Pd or at the carbon
via transition states 33-Cu and 34-Cu, respectively, of which
the latter is lower in energy by 4.0 kcalmol™, indicating that
the anti-pathway is preferred. Furthermore, the energy of the
TS# 33-Cu is 26.0 kcalmol™', which is slightly higher than the
experimentally observed value (22.4 kcalmol™). The two transi-
tion states would generate the hydrated species 35-Cu and
36-Cu that are almost equal in energy but the subsequent
gradual conversion into 41-Cu should preferably proceed
through TS” 40-Cu that is by 4.4 kcalmol™" lower in energy
than its congener 39-Cu. The end-game from 41-Cu via 42-Cu
and 43-Cu has been calculated to require lower energy in each
step than the experimental value. Hence, the highest energy in
this scenario (not exceeding the experimental value) is that of
the transition state 34-Cu, so that the conversion of 6-Cu into
36-Cu can be regarded as the rate-limiting step (RLS) and the
reaction should proceed predominantly via an anti-addition."”
Again, one can argue that external attack on an (ethylen)palla-
dium complex, where water has coordinated to Pd to remove
negative charge (vide supra), should react faster than the neg-
atively charged complex 6-Cu (34-Cu).

Recent computational studies, which included aqueous
medium, namely a cubic box containing up to 26 molecules of

presence of CuCl,.
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Scheme 15. Energies of various intermediates in the proposed syn-mechanism of the Wacker oxidation in the

water as a model that is more closely related to the “real” ex-
perimental conditions, arrived at the conclusion that anti-hy-
droxypalladation is the favored stereochemical pathway
(Scheme 16):® First, the initial coordination of tetrachloropalla-
date to ethylene (44) is known to produce the n*-complex 6,
which was taken as the starting point. The latter complex
should then undergo a ligand exchange if syn-migration of the
nucleophile from Pd is to be allowed. In view of the geometri-
cal restriction, previous study™ only considered the cis-com-
plex 35. However, as the new study shows, the calculated acti-
vation barrier for its formation from 6 is 35 kcalmol™', which is
more than twice as high as that for the pathway leading to its
trans-isomer 45 (14 kcalmol™). Since the experimental value
for the whole Wacker process has been found to be only
22.4 kcalmol™, the formation of 35 appears unlikely. Note that
the conversion of 6 into 45 will be assisted by the trans-effect
(absent in the formation of 35), which should considerably
lower the activation energy, consistent with the calculations.
Furthermore, the activation energy required for the syn-migra-
tion to generate complex 47 from 35 has been calculated to
be 60 kcalmol™, far above the experimental value. By contrast,
the activation barrier for the anti-attack by water on the trans-
complex 45 to produce 46 was calculated to be only 19 kcal
mol~". Hence, it can be clearly seen that none of the activation
barriers in the anti-pathway (6 — 45 — 46) exceeds the exper-
imentally established value™ for the whole process (22.4 kcal
mol™"), also indicating that the rate-limiting step should occur
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. _ anti attack
PdCI,2- le H,0 | H.0 o
= | ——= C-Pd-Cl —————— CI-Pd-Cl — = CI-Pd-Cl
—CI~ - +
S cl =¢ OHy -H OH,
a4 6 AG*=14kcalmol! 45 AG* =19 keal mol!
H,0 AG = 35 kal mol”! / RLS

” | syn attack (\OH
H0-Pd—Cl — " crea —= Y
Cl AG* = 60 keal mol™ )l(
35 47 11

Scheme 16. Molecular dynamics calculations including a cubic box of 26 molecules of

H,O, which simulates the “real” reaction medium and low CI~ concentration.

after those initial steps, which is consistent with the previous
findings." The mechanism in Scheme 16 is also consistent
with the rate expression of the Wacker reaction
[Eq. (7)1, where the rate is inversely dependent on
[H] and the square of [CI"]. These advanced calcu-
lations thus allow to conclude that the anti-hydroxy-
palladation should be the preferred pathway.”*”
Another theoretical study, in combination with ex-
perimental results (Scheme 17), provides additional
support for the anti-hydroxypalladation pathway.”®
In the latter study, the equilibria in the system of
ethylene, tetracholoropalladate, and water were in-
vestigated. Starting with the tetrachloropalladate
(32), there are two initial reactions to be considered:
a ligand exchange with ethylene, generating n?-com-
plex 6, and partial hydrolysis, producing complex 48.
Calculations suggest that the equilibrium should
favor 48, as the energy of its formation is lower than
that of 6 (by 5.1 kcalmol™). The experimentally es-
tablished difference was found to be smaller
(0.5 kcalmol™), indicating that both species should
be considered for further reactions. Ligand exchange
with water in the case of 6 would produce either
the trans-isomer 45 or its cis-counterpart 35. As dis-
cussed in the previous paragraph,” conversion of 6
into 45 should be associated with a barrier of 14.4 kcalmol™;
the reversed process would require 17.0 kcalmol™, so that this
equilibrium should be shifted toward 45. Formation of the cis-
complex 35 (from 6) would require 22.6 kcalmol™, according
to these calculations, whereas the reversed reaction can pro-
ceed with a barrier of only 14.4 kcalmol™', so that the equilibri-
um should favor the starting complex 6. In other words, the
displacement of CI~ in 6 by water should preferentially pro-
duce the trans-complex 45. The other possible mechanism
would be the ligand exchange starting with the aqua-complex
48. Its reaction with ethylene, generating the trans-complex 45
was found to be associated with the activation energy of 23.8
and 24.5 kcalmol ™' for the forward and reversed process, re-
spectively. The latter difference is sufficiently small to allow the
existence of both species in the equilibrium mixture. A com-

mol™).
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pletely different scenario was found for the conver-
sion of 48 into the cis-complex 35. Here, the forward
process would require 19.4 kcalmol™', whereas the
reversed reaction would be associated with merely
a 6.1 kcalmol™" barrier, showing that the equilibrium
6 should be heavily shifted toward 48. These finding
are thus consistent with the previously suggested
dominance of the trans-complex 45 over its cis-
isomer 35. Since the barrier for the anti-attack on 45
was previously calculated®® to be 19 kcalmol™,
whereas the syn-migration from 35 would require®?
60 kcalmol™, the syn-pathway can be ruled out.*”
When extended beyond the original conversion of
ethylene to acetaldehyde, the Wacker oxidation has
served, with various modifications, as a standard
method for oxidation of terminal olefins to produce
methyl ketones®” ¥ (e.g., 49 — 50 in Scheme 18);*
this process is referred to as the Wacker-Tsuji oxidation.””
However, alteration of the regioselectivity in favor of the corre-

OH

anti attack RLS fo)

e
CIPdCI4>CI PdCI | 7

228 c- |I=d Xel ©2  o- ||=d cl
cl 180 cl 19.5 cl
6 32 48
0.0 kcal mol™! - 0.3 kcal mol!

(exp 1.9 kcal mol™")

22.6 19.4
144 .
Cl— Pd OH,

CI
35 negligible

concentration

Scheme 17. Equilibrium study of ethylene, tetrachloropalladate, and water (AG” in kcal

(AcO),Pd" (2 mol%)
p-BQ (10 mol%)

NaNO, (20 mol%) Q
©/\ HCIO, (40 mol%) ©)k
0, RT
49 MeOH/H,0 8:1 50

(MeCN),Pd"Cl, (2.5 mol%)
p-BQ (1.15 equiv)

H>O (1 equiv))

tBuOH (solvent)

85°C,1h
51 52

> 98% selectivity
(74% selectivity with iPrOH)

Scheme 18. Recent modifications of the Wacker oxidation of terminal olefins
and alteration of its regioselectivity.
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sponding aldehydes 52 has recently been achieved simply by
using tBUOH rather than water. The reaction presumably pro-
ceeds via the vinyl ether 51, resulting from the anti-Markovni-
kov attack of the bulky nucleophile at the sterically less hin-
dered terminal carbon.®”

3. Amination of Olefins

Related to Wacker oxidation, where the stereochemistry of the
initial hydroxypalladation was discussed in detail in the previ-
ous chapter, is the amination of olefins. However, in contrast
to water and alcohols, amines are not normally considered for
analogous Pd-catalyzed reaction, as they are easily oxidized.
Nevertheless, a stoichiometric Pd-mediated amination of (E)-2-
butene (53) with dimethyl amine has been successfully investi-
gated at low temperature (Scheme 19).2Y The initially formed

Me,NH
H., Me (PhCN)PdCI Ve H NMe, A, Ve NMe,
Me” M - .\ Me e S N Me
THF,-40°C  L,PdCl H -70°C D H
53 54 55
antj-addition H.0 l
2VY2
O\NM
H Me  Me D Me  Cope €2
Me7 // + Y—/ + >=/ - P Mess (., Me
D H M H
57 58 59 56

Scheme 19. Stereochemistry of the Pd'-catalyzed amination of 2-butene.

aminopalladation product 54 was reduced in situ with LiAID,
(with retention of configuration) to afford the deuteriated
amine 55.°™ The relative configuration of the latter derivative
was established in two steps, involving N-oxidation (55 — 56)
followed by Cope elimination, which is known to proceed with
a syn-elimination mechanism. The product analysis (57-59)
was consistent with an initial anti-addition of Pd" and Me,NH
across the C=C bond,”*"™ in analogy to the mechanism dis-
cussed for the Wacker oxidation. Complementary experiments
with (2)-2-butene led to the same conclusions.®"*? Note that
before the amine attacks the coordinated olefin, two amine
molecules coordinate to palladium. A syn-migration of the
amine from Pd to the coordinated olefin should be
precluded, as this process apparently would be
much higher in energy (Figure 1) than the intermo-
lecular anti-attack by Me,NH, generating 54. This is
in contrast to the Pd-OAc n’-species, where the syn-
delivery via a cyclic transition state is allowed.®?
However, analogous syn delivery in the case of the
corresponding n>-complexes is disfavored
(Scheme 13).%2

4, Intramolecular Oxypalladation
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and is analogous to halolactonization, haloetherification, and
related reactions employing S, Se, Hg, Tl, Au, and other electro-
philes [Scheme 20, Eq. (8)]."** When metals, such as Pd">* or
Hg,"® are employed as the electrophilic triggers of the reac-

XH
-

M M [C7]
60 61 62
XH X—M
M | syn-addition X-M
—_— - )
coordination * ok
60 63 64

Scheme 20. Neighboring group effects in the metal-catalyzed functionaliza-
tion of olefins.

tion, the initially generated organometallic product 61 can be
utilized in a subsequent reaction that would allow the con-
struction of a new C—C bond from the C—M bond. The overall
result would then be the formation of a C-X and C—C bond,
where X is introduced as a nucleophile, and the new C-sub-
stituent formally as an electrophile (62)." Aside from this anti-
mechanism [Eq. (8)], the syn-addition 63 — 64 [Eq.(9)] may
also operate (see also Scheme 1), due to the initial coordina-
tion (60 — 63), known for instance from the vanadium-cata-
lyzed epoxidation.'” Examples of both mechanisms and the ef-
fects favoring one or the other will be discussed and analyzed
in this and subsequent sections.

4.1. Intramolecular Oxypalladation Followed by Carbonyla-
tion

The first intramolecular oxypalladation was carried out in con-
junction with carbonylation (Scheme 21).%¢ Here, the reaction
of alkenol 65 with CO and MeOH, catalyzed by Pd", com-
menced with the n>coordination, followed by an anti-attack
by the neighboring hydroxyl group. Of the two facial stereoiso-
mers, one is consumed faster (66) and generates the tetrahy-
dropyran derivative 67 with high stereocontrol exercised by
the original chiral center (note the “equatorial” methyl in 66).
Coordination of carbon monoxide (68), followed by migratory

Pd"Cl, (0.1 equiv)

cu'Cl, Bequiv) e HO'V"?; 'V'eo""e )

CO (1 atm) 3 < ) )

% ~_ Me — o =~ Hes -
Me™ "o MeOH,RT ~ CLPd™ — H or ClPd H
65 66 anti-addition 67

co l

Me Me Me Me

MeOH 0 o)
. " Huy -~ Hoy

Me Mo e H migratory o-c_px |

H £ - H j j B H

Eo,Me HCI (' PdCl insertion
MeOH
70 69 68

The stereocontrolled intramolecular nucleophilic
attack on a metal-olefin complex (as in 60), is an im-
portant reaction in synthetic organic chemistry,?”

Chem. Eur. J. 2015, 21, 36 - 56 www.chemeurj.org

Scheme 21. Intramolecular hydroxypalladation controlled by a residing chiral center fol-
lowed by carbonylation.
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insertion then generated complex 69, which on reaction with
methanol produced the desired methyl ester 70 and Pd°
whose reoxidation with Cu" completed the catalytic cycle.
Several other examples followed shortly, all featuring the ini-
tial anti-addition of the electrophilic Pd" and the neighboring
OH group across the C=C bond,®" such as the cyclization of
71 and 73 (Scheme 22),°7 and 76 (Scheme 23), followed by

carbonylation, as detailed in the previous paragraph.®?

pd''cl, CO

— cu'cl,
—_—

MeOH, RT

OH

r@

73

CO,Me anti-addition

~COsMe
\ CO,Me
0" o
1 : 4
74 75

Scheme 22. Carbonylative cyclization: the effect of alkene geometry on the
regioselectivity.

pd''Cl, CO
Cu"CI2

MeOH RT

Pd''Cl, (10 mol%)

HO cu''cl, (3 equiv) o
/ LiCl (6 equiv)
CO (1 atm)
T
2 MeOH, RT, 24 h
paz+-/ - CO,Me

Scheme 23. Carbonylative cyclization occuring with pure anti-sterechemistry.

All those reactions (Schemes 21—23) occurred with alkenols,
whose structures allow 5-exo- or 6-exo-cyclizations. If the only
option is a 4-exo process, as in the case of the homoallylic al-
cohol 78, the reaction has been found to take a different
course (Scheme 24).“” Here, the C=C bond coordination to Pd"
(as described in Scheme 21) becomes unproductive, as cycliza-
tion to produce the corresponding oxetane 79 would be too
high in energy. Instead, the reaction proceeds through a differ-
ent channel, namely that involving the initial coordination of
CO to Pd, followed by a reaction with the OH group and addi-
tional coordination to the C=C bond (80). These events are fol-
lowed by reductive elimination to generate lactone 81 with Pd
chelated to the exocyclic
carbon in an n'-fashion (which
formally corresponds to a syn-
addition across the C=C bond).
The cascade is then completed 5
by the second carbonylation to ‘
produce 82 (Scheme 24). The O
trans-configured alcohol 83 re- OH
acted in the same way to pro- 85
duce the diastereoisomeric lac-
tone 84. The reaction condi-
tions for these transformations

are noteworthy: aside from the  of the anion coordinated to Pd.
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cu'Cl, (3 equiv)
CO (1 atm) (¢} o/—\?/

/_\_/
HO pd'-cl
O&f | Cl

CoO

80

MeC(OMe); (0.4 equiv)
MeOH/CH,Cl, RT, 1d

syn-addition l

a5

§
P

CO,Me O—Fl’d" co
Cl
82 81
@)
HO/_\:\ /?\./
syn-addition CO,Me

84

Scheme 24. Carbonylative cyclization occuring with pure syn-sterechemistry.

standard reoxidation of the resulting Pd® by Cu", propene ep-
oxide was employed to consume the Brgnsted acid generated
by the reaction, whereas trimethyl orthoacetate was added to
secure anhydrous conditions.*”

Other examples of this reaction course, where the cyclization
involving intramolecular oxypalladation is precluded by struc-
tural restrictions in the homoallylic arrangement, have been re-
ported but without addressing the stereochemistry issues."

4.2, Intramolecular Oxypalladation Followed by f3-Hydride
Elimination

The stereochemistry of the Pd"-catalyzed ring closure of alke-
nols has been investigated with the aid of the stereospecifi-
cally deuteriated substrate 85, using p-benzoquinone (p-BQ) as
the terminal oxidant (Scheme 25).*? Since intermediates in
a catalytic reaction are difficult to isolate, the steric course was
inferred from the products of the subsequent [3-H elimination,
which is known to occur as a syn-process. With the weakly co-
ordinating BF,” anion at Pd", the free phenolic hydroxyl group
tends to coordinate to the metal [as in Eq.(9), Scheme 20],
which leads to a m-olefin complex where Pd is bound to the
top face of cyclohexene. A syn-oxypalladation then produces
86, which on subsequent B-hydride elimination removed the
cis-positioned deuterium. By contrast, coordination to the
neighboring hydroxyl is precluded in the case the strongly co-

(MeCN),Pd(BF,), (5 mol%) D
p-BQ (4 equiv)
MeOH, 40°C, 4 h

PAL,BF4 —— _ products

~[Pd-D]

syn-addition (0]
86

(MeCN),PdCl, (10 mol%)
p-BQ (1 equiv), LiCl
THF, reflux, 24 h

D

“PdL,Cl  ——>_ products

45

anti-addition o —[Pd-H]

87

Scheme 25. Switching between syn- and anti-mechanism in the intramolecular hydroxypalladation as a function
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ordinating CI~ at Pd" (especially when additional LiCl is pres-
ent) and the reaction thus proceeded with anti-stereochemis-
try to give 87, as revealed by the -H elimination of the cis-dis-
posed proton. 44

The latter study used phenolic hydroxyl as a neighboring
group, whose coordination capability can differ from that of an
ordinary alcohol due to the difference in the pK,. Therefore,
two diastereoisomerically deuteriated substrates 88 and 89
were investigated by Stoltz and co-workers (Scheme 26).*Y The
catalyst employed possessed the weakly coordinating trifluoro-
acetate anions and the reaction was found, in both cases, to
follow the syn-pathway, as revealed by the B-hydride elimina-
tion of 90 and 91 to give 92 and 93, respectively. These results
are in full agreement with the first reaction shown in
Scheme 25. Notably, the catalyst in Scheme 26 allowed the use

Et0,C Et0,C Et0,C
Et0,C D EtO,C D Et0,C
PdlLx "
| N d —~ L,Pd"DX
OH ~N_ 0,CCF,
88 Pd 90
/ N
N 02CCFs syn-addition LPdo
Z 5 HD)X
2
EtO,C p toluene, MS 3R b EtO,C
Et0,C 80°C EtO,C
- —_—
Pd'LX  _| pdlHx
OH
89 91

Scheme 26. syn-Mechanism in the intramolecular hydroxypalladation.

of molecular oxygen as the stoichiometric oxidant, avoiding
the requirement to employ a mediator, such as Cu" or qui-
none/metal macrocycle.* The use of the bipyridine ligand
presumably keeps the reduced palladium in solution and gives
it time to be reoxidized. This study clearly demonstrates that
for intramolecular alkoxypalladation, coordination of

the neighboring hydroxy group is a powerful process

that favors syn-addition. When the alkoxy group is @_/Af

first coordinated to palladium in the m-olefin com-
plex of 88 and 89, there will be no competing path-
way via anti-attack.

Solvents (e.g., MeOH vs MeCN) have been found
to have an effect on the regiochemistry of the (3-hy-
dride elimination but that study did not address the
stereochemical issues.™

4.3. Intramolecular Oxypalladation Followed by
Heck Addition

Phenolic olefin 94 has been reported to undergo
a Pd-catalyzed cyclization (with p-BQ as the terminal
oxidant) in the presence of Michael acceptors, such
as methyl vinyl ketone, to produce 96 with high
enantioselectivity, owing to the chiral ligand 97
(Scheme 27). Although the steric course of the initial
step (94 — 95) has not been investigated, it can be

Chem. Eur. J. 2015, 21, 36 - 56 www.chemeurj.org
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Pd"(0,CCF3),, 97*

p-BQ, CH,Cl,
BnO RT,3d
- =
OH
94

Scheme 27. Pd"-Catalyzed ring closure followed by Heck addition.

assumed to proceed via a syn-mechanism, owing to
the weakly coordinating anion (CF;CO,”) and the
presence of 97, whose ligating properties are likely
to mirror those of the bipyridine, featured in

o Scheme 2614

4.4. Intramolecular Oxypalladation Followed by Ar-
ylation

The Pd" species 100, generated in the catalytic cycle
from the Pd° complex 98 on an oxidative addition to

0 aryl halide 99, has been shown to react with the alk-

oxide generated from the bishomoallylic alcohol
101, giving rise to the cyclization product 104
(Scheme 28).*” The corresponding alkenyl aryl ether
that would be normally expected for these condi-
tions (typical for the Hartwig-Buchwald coupling) has not
been observed. The reaction has been suggested to proceed
via the n’-complex 102 (with pentacoordinated Pd), predis-
posed to the syn-cyclopalladation, generating the tetrahydro-
furan intermediate 103. The latter species then undergoes re-

93

L Ar-Br
N pyo0 99
Pd
104 ( e
98
reductive oxidative
elimination addition
Aru,, Wl
) r,,, d"““L )
L Br~” ~L
103 Ar,,_" 100 on
O~pgt, 0" {BuONa
/\ D
X L X A
addition 102 substitution 101
“ NaBr
Ar
Omu P:Ei"
-

p-elimination

Scheme 28. Pd’-Catalyzed ring closure followed by arylation.
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ductive elimination to afford 104 as the final arylated product,
thereby regenerating Pd® 98 for the next catalytic cycle. Alde-
hyde 106 has been isolated as a byproduct,”*” apparently aris-
ing from 105 via a -hydride elimination.

The stereochemistry of the latter reaction was investigated
with the aid of the cis-alkenol 107 (Scheme 29).¥ As expected
(based on the discussion in the previous paragraph), the reac-
tion proceeded as a syn-addition to produce 108. However, by
using DPPE as a strongly chelating ligand, which apparently
prevents the alkoxide coordination to palladium, the mecha-
nism was pushed toward anti-addition, giving rise to the dia-
stereoisomeric product 109. Amine 110 reacted in the same
way. 4

(dba);Pd,
MeOCgH,)sP
- tBuONa syn-addition

toluene, 105 °C
107 108

(dba),;Pd,
DPPE-Benzene
D
tBuONa
107 toluene, 105 °C 109

anti-addition

chelating ligand

/Ph
Br HN

Works in a similar way
for amination:

110

Scheme 29. Stereochemistry variation in the Pd’-catalyzed ring closure fol-
lowed by arylation.

The syn-addition mechanism has been masterly utilized in
the cyclization, where the stereochemistry was controlled by
the residing chiral center in the secondary alcohol 111
(Scheme 30).”® Here, the initial oxidative addition to a Pd° cat-
alyst produces 112, where the C=C bond is coordinated to Pd.
Two diastereofacial ways of this coordination can be consid-
ered, so that a mixture might be expected. However, the sub-
sequent replacement of bromide in the Pd coordination
sphere with the neighboring alkoxy group (to generate 113) is
apparently faster for one stereoisomer (as, e.g., in Scheme 21),
which in view of the reversibility of the n>coordination results
in dynamic stereodifferentiation.*” Hence, isomer 114 is thus
formed preferentially and the subsequent reductive elimina-
tion affords the cyclization product 115 of high diastereopuri-
ty.[48]

0
BN L,Pd
* base
Br HO Pd"
1 1 12

- Ly Pdo Pd" I
/ d'—~0 R

115 114 113

Scheme 30. Stereocontrol of the cyclization by a residing chiral center.
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5. Intramolecular Amidopalladation

The first amidopalladation, analogous to alkoxypalladation,
was explored in a stoichiometric experiment with enamide 116
and found to produce the azepine derivative 117 with the new
C—N and C—Pd bonds related in a cis-fashion, which corre-
spond to syn-addition (Scheme 31).5%

Me O c Me O
IPd
- HNJK (MeCN),PdCl, NJ\

(stoichiometric)
—_—

\__# ~COzEt \__# ~COzEt
0] syn-addition o

116 17

Scheme 31. Ring-closing amidopalladation occuring with syn-stereochemis-
try.

5.1. Intramolecular Amidopalladation Followed by f3-Hydride
Elimination

Assuming a similar mechanism for the Pd"-catalyzed cyclization
of the alkenyl sulfonamide 118 (Scheme 32), two transition
states 120 and 121, differing in the mode of Pd coordination
can be proposed. The former species (with Pd coordinated to
the nitrogen) was found to be much lower in energy than the
latter by quantum chemistry calculations.">?

M
Py,Pd(OAc),
—_—
(/\ calculation <_7/\
118 119
O, 'YISO
sSSP Py Me Py
|/ _OAc /
N—Rd s\ —Pd
[/:\ O; 0~ "~0Ac
e <V~
Me
120 121

AG*= 243 kcal mol™! AG* > 35 kcal mol”!

Scheme 32. Computational analysis of ring-closing amidopalladation pro-
ceeding with syn-sterechemistry.

Further investigation revealed that the stereochemistry of
amidopalladation is subjected to delicate effects of the anion
in the original PdX, catalyst and ligand (Scheme 33).5>*3 With
the monodeuteriated substrate 122, the cyclization was cata-
lyzed by two Pd" salts in the presence or absence of ligand
125 and the products were analyzed for the content of deute-
rium in the resulting cyclic olefins 123 and 124. The latter anal-
ysis demonstrated that the chelation of Pd (and thus the syn-
pathway) is suppressed when the combination of (CF;CO,),Pd
and ligand 125 is used, whereas the remaining reactions were
dominated by the syn-pathway.**"'

To add to the complexity of the mosaic, the cyclic, stereo-
specifically deuteriated sulfonamide 126 was found to be cy-
clized via the anti-pathway (with 127 and 128 as intermedi-
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PdX, (5 mol%)

123* (7.5 mol%) Ts Ts
O, (1 atm) N,
- . N-Ph o, N\ Ph
MS 3&, toluene H(D) HD)
25°C, 24 h
123 124
122
Catalyst Ligand Yield ee syn/ anti
| N (CF3CO,),Pd 125 90% 9%6% <1:9
N \3 (AcO),Pd 125* 48% 20% 9:1
N—/ (CF3COpPd - 55% - 6:1
125+ P (AcO)Pd - 15% - >9:1

Scheme 33. Anion effect on the stereochemistry of the sulfonamidopallada-
tion.

ates), giving rise to 129, which lacks the label (Scheme 34).5¥

In this instance the reaction was catalyzed by Pd(OAc), and
would be expected to occur via the syn-addition pathway ac-
cording to Scheme 33. However, in the previous study the final

(AcO),Pd" (10 mol%)
p-BQ (1.5 equiv)
AcOH/AcONa 10:1

050 050
S "D T S p

H THF/DMSO 9:1 ;
126 50°C, 48 h (Pd7]
(81%) 127
anti-addition J
0 syn-B-hydride elimination 0
=< I 2 o~ 1)
] "
s — AcO-Pd"-D Ts 7 D
v [Py
129 Pd° + AcOD 128

Scheme 34. Stereochemistry of sulfonamidopalladation with cyclic sub-
strates.

oxidant was molecular oxygen, whereas in Scheme 34 it was p-
BQ, which is known to coordinate to Pd in an n*intermedi-
ates®™ and this should be regarded as a contributing factor.
Also, the fact that the reaction was run under slightly acidic
conditions may inhibit coordination of the tosylamide. Note
that a stoichiometric experiment with the cyclopentene ana-
logue of 126, N-coordinated to (tBu,bipy)PdCl, has been found
to cyclize via the syn-pathway in DMSO in the presence of mo-
lecular oxygen (to simulate the catalytic conditions).*** Clearly,
more studies are required to define the relationship between
the reaction conditions and the mechanism.

The syn-mechanism has been assumed (but not proven) for
the cyclization of 130°? and 131%” (Scheme 35), where the
chiral control is exercised by a chiral sulfinimide group and
chiral ligand 132, respectively.

Two other amidation reactions have been reported recently
(Scheme 36) but their stereochemistry has not yet been eluci-
dated.®® In accord with the previous observations (vide supra),
the hydroxylamine derivative 133 afforded the cis-configured
isoxazolidine 134 (>30:1 dr), whereas its hydrazine analogue
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O‘s““'-u (CF3CO,),Pd" (10 mol%) O\Sf‘tﬁf”
| AcOLi (1 equiv) I
NH
0, (1 at N
2 (1 atm) ( 7 “““ NR
X MS 3A, DMSO
25°C, 24 h
130 R (>20:1)
0 (CF3C05),Pd" (10 mol%) 0
NHOR O, (balloon), 60 °C, MeCN
N-OR
o] X
Q. T
=N N [<
131 132 (< 96% ee)

Scheme 35. Asymmetric amidopalladation.

)
e e e
oHex SN W cHex” NN
133 THF, RT, 16 h 134
PrOL N Q'COZ(iPr) ;:/fg 30()120(:3;)0'%) iPro N /S0P
NN O am NaORe i N
135 THF, RT, 48 h 136

Scheme 36. Diastereoselective 1,3-amidation.

135 produced the trans-configured pyrrazolidine derivative
136 (>30:1 dr).*®* The latter products can be regarded as sur-
rogates of 1,3-amino alcohols and diamines, respectively.

Finally, the O-allyl hemiaminal 137, prepared from the corre-
sponding allylic alcohol and AcOCH,NHCbz, has been shown
to undergo an analogous cyclization, giving rise to the trans-
configured oxazolidine 138 (Scheme 37) but again without
specification as to the actual stereochemistry of the cyclopalla-
dation step.’? This strategy has been developed as an ap-
proach to 1,2-syn-amino alcohols and employed in the synthe-
sis of acosamine.®”

A\, -Cb;
0" >NHCbz  PA(OCCFa)p Gmol%) Q7 N7%*

BRI -

Bn~* 0, (1 atm), NaOBz Bn =
137 DMSO, 60 °C, 24 h 138

Scheme 37. Diastereoselective 1,2-amidation.

5.2. Intramolecular Amidopalladation Followed by Arylation

The cascade of catalytic amidopalladation of olefins and aryla-
tion has been developed in parallel with oxypalladation (cf.
Section 4.4). Thus, the Pd® species, generated from Pd(OAc),
and the diphosphine ligand 139 (Scheme 38),%? has been
shown to catalyze the cyclization of the Boc-functionalized
aminoalkene 142 to produce the piperidine derivative 145
with high diastereoselectvity. The latter outcome has been ra-
tionalized in a similar way as in the case of oxypalladation,
namely by the initial oxidative addition to generate the Pd"
complex 141, whose reaction with 142 (upon deprotonation
with Cs,CO;) generates the Pd—N complex 143, where Pd is
also coordinated to the C=C bond. The key addition across the
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_ /L NH

syn-addition i/\/R
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S CsHCO, 142
143

CsBr

Scheme 38. Intramolecular amidopalladation combined with arylation.

C=C bond thus occurs with a syn-mechanism to generate the
n'-complex 144, which affords the final product 145 by reduc-
tive elimination and Pd° that enters the next catalytic
cycle.[(’o'G”

The cyclization of the isomeric derivatives of hydroxylamine
146 and 148 (Scheme 39) was expected to proceed via the
syn-mechanism® in analogy to the related cyclizations high-
lighted in Scheme 38 (see also the evidence presented in

E:'C Ar-Br Boc
7/
o~ Pdy(dba)s, (tBu);P O—N syn-addition
- @ @ @ @O0
Ph X tBuONa, toluene Ph Ar cis-diastereoisomer
65°C
146 147
Ar-Br Boc
BOC\N/OH Pd,(dba)s, Xantphos “N—o syn-addition
- .
ph)\/\ tBuONa, toluene Ph! i, AT trans-diastereoisomer
[
148 65 0r 110 °C 149

Scheme 39. Intramolecular amidopalladation/arylation of hydroxylamine de-
rivatives.

Scheme 40). The syn-mechanism was than proved by isotopic
labeling at the terminus of the double bond. Note, however,
that while 146 gave the cis-disubstituted isoxazolidine 147
(typically with >20:1 dr), its positional isomer 148 that reacts
by forming the C—O (rather than C—N) bond, furnished mainly
the trans-product 149 (7:1 dr). This change of stereochemistry
was attributed to the steric interference by the Boc group 1,2-
related to the phenyl in 148; a transition state leading to 149
is believed to be lower in energy than that producing the cis-
diastereoisomer (both using the syn-addition mechanism)."?
Stoichiometric experiments (Scheme 40),*¥ employing the
potassium salt 150, stereospecifically deuteriated at the termi-
nus of the double bond, and the ArPdBr complex 151, lend
further credence to the syn-mechanism (via 152).% The same
conclusion has been arrived at for an intermolecular, stoichio-
metric amination of (2)-CHD=CHD with Ph,N-[Pd]®¥ and for an
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intramolecular amidation of a deuterated cyclopen-
tene substrate followed by B-H elimination.®*”

Another piece of complementary evidence was
obtained from the catalytic cyclization of the deuteri-
ated urea derivative 154. The relative configuration
of the major product 155 was found to be consistent
with  the syn-mechanism of the addition
(Scheme 41).1

On the other hand, cyclization of the deuteriated
acetamide 156a, carried out in the absence of
a strong base, afforded the arylated pyrrolidine deriv-
ative 158 (Scheme 42) as a result of an anti-amido-
palladation (156a — 157a). The Pd" species 157a
thus generated is oxidized with N-fluorosulfonimide
to afford the corresponding PdV complex. The latter
intermediate then effects an electrophilic attack on
toluene with retention of configuration to produce
the C-arylated derivative 158 (thus accomplishing

/Ar
D Ar (dppf)Pd, D
K,N—\_/:/ + (dppfPd] — N —
Ar Br Ar
150 151 152
%yn—addition
o
N
Ar
153

Scheme 40. Mechanism of the stoichiometric aminopalladatio/arylation elu-
cidated by isotopic labeling (Ar=p-CF;CsH,).

p-tBu-BgH4-Br
(dba);Pd, (2 mol%) 0 /©/
(S)-Siphos-PE (6 mol%) »\N

NO,

&

N—NH Me-N y
Me—N tBuONa, xylene, 115 °C CeH-p-tBu
A} syn-addition D
D
154 155 (7 : 1 dr, 91% ee)

Scheme 41. Asymmetric aminopalladatio/arylation.

a C—H activation). The stereochemistry of the anti-aminopalla-
dation has been confirmed by a stoichiometric experiment, in
which 156 b was converted into the stable bipy complex 159,
characterized by NMR spectroscopy.®® The dramatic difference
in the two mechanisms described in Schemes 41 and 42 appa-
rently originates in the actual reaction conditions: in the
former case, the amide-type nitrogen in 154 is deprotonated
by a strong base, which increases its propensity to coordinate
the palladium catalyst. In the latter case the base is absent and
the palladium apparently prefers to first coordinate to the C=C
bond; the resulting species then undergoes a traditional attack
from the opposite face as in any classical electrophilic addition.

Numerous other examples highlight the application of this
palladium-catalyzed intramolecular amidoarylation of alkenes
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(CF3C0,),Pd" (10 mol%)

(PhSO),NF (2 equiv), 3A MS pallx
2,6-(t-Bu),-4-MeCgH,0H (1 equiv) b_\

J(\/»D

NH toluene, RT, 12-16 h '}Q D
A 0
R™ 70 anti-addition R
156a, R = EtO 157a, R = EtO
156b, R = Me 157b, R = Me
-
R =Me M
l (PhSO),NF ©

N>\ [Pd*(bipy), '}t ‘D
=0 _
(6]
CF;CO4 EtO
159 158

Scheme 42. Intermolecular amidopalladation followed arylation with C—H
activation.

in the synthesis of various nitrogen heterocycles.*”%® In the
most recent examples both amidation and arylation were car-
ried out as intramolecular processes to produce polycyclic
structures.®” This area has also been reviewed.””

5.3. Intramolecular Amidopalladation Followed by a Second
Amidation

The amine-type nitrogen, being trivalent, offers another dimen-
sion in synthetic strategy that is not available to the divalent
oxygen: while intramolecular alkoxypalladation produces
a cyclic ether that cannot be further elaborated on the oxygen,
the analogous amidopalladation features an additional N-sub-
stituent that can be involved in the subsequent events. Thus,
the urea derivative 160 has been shown to undergo double
cyclization to give the trans-configured bicyclic product 163
(Scheme 43).”" The stereochemistry of this cascade was ration-
alized as follows: the initial amidopalladation (presumably pro-
ceeding with the established syn-mechanism) generates the
Pd-chelate 161, in which Pd is replaced by bromide from CuBr,
with Sy2 inversion and the resulting bromo derivative 162 un-
dergoes cyclization with a second inversion to produce 163.""
However, an alternative pathway, involving anti-amidopallada-

Os_NHTs (AcO),Pd" (10 mol%) j\

Cu"Br, (3 equiv)

NH N T;:]
NazPOy4 (2 equiv) o
Ph 3 4 "
%/\/\y DMF, 40°C /> Ph

Br-Cu-Br H
160 syn-addition 161
assumed inversion /
2 X
N /4 N” “NHTs
NTs -~ (
A inversion H
N Ph
Ph (Br
163 162

Scheme 43. Catalytic intramolecular bis-amidation.

Chem. Eur. J. 2015, 21, 36 - 56 www.chemeurj.org

CHEMISTRY

A European Journal
Review

tion, followed by oxidative cleavage of the C—Pd bond by S\2
displacement with the nitrogen, cannot be excluded.

The related urea derivative 164 (with an ester group in the
place of a phenyl of the previous example), also underwent
a successful cyclization (Scheme 44) but producing the cis-de-
rivative 168 (in contrast to the trans-isomer resulting from the
previous example). The discrepancy was reconciled by assum-
ing just one inversion: here, complex 165 (analogous to 161),
instead of undergoing the Br~ initiated inversion, is believed to
coordinate CuBr, (167), and Pd itself then serves as a leaving
group in the ring closure,”” so that 168 is formed with
a single inversion. The difference between the reactivities of
161 and 165 has been attributed to the enolate-type equilibri-
um 165 = 166 that is not available to 161.”" Nevertheless, an
alternative anti-amidopalladation, followed by an oxidative
cleavage of the C-Pd by CuBr, with inversion, can also be con-
sidered.

Os_NHTs (AcO),Pd" (10 mol%) 0
Y Cu"Br, (3 equiv)

NH N ’F;j}
. NazPOy (2 equiv)
A CO-5R! 3 4 "CO-R'
%/\/ 2 DMF, 40 o 2!

164 syn-addition 165
assumed / u
o]
O O
N J< N A NHTs N)I\ NTs
NTs =<=—— ’ |
inversion ,,.,FI:_{OZR “;‘_j]rOR'
CoR (pa H b
BrCuBr- “BrCuBr
168 167 166

Scheme 44. Catalytic intramolecular bis-amidation.

A different type of bis-amidation has been reported for the
stilbene-derived bis-sulfonamide 169 (Scheme 45).7*! Here, the
first cyclization presumably proceeds with anti-stereochemis-
try”¥ and the arising Pd" o-complex is believed to be oxidized
by PhI(OAc), to generate Pd", which enables its replacement
with the second sulfonamide group to produce 170.7*

SOR

NH (AcO),Pd!" (10 mol%) SOaR
O PhI(OAC), (1.4 equiv) O N
=
O Me4NCI, AcONa (1 equiv) N O
HN DMF, tt, 14 h ROLS
SO,R
169 170

Scheme 45. Catalytic intramolecular double-amidation.

The deuteriated substrate 156 b was used again to elucidate
the diamidation process that afforded the pyrrolidine deriva-
tive 172 (Scheme 46). The latter outcome corresponds to the
initial anti amidopalladation generating the Pd" species 157 b
(as in Scheme 42). The latter complex then undergoes oxida-
tion with (PhSO,),NF, giving rise to the Pd" species 171, which
is then converted into the final product 172 on reaction with
the imide anion via an Sy2 inversion.®
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(PhSO,),NF
(PhSO,),N" HN*Et,
N(SO,Ph),
N(SO,Ph), H ( H
= —=D F
N v
Bt D = ):O/P\d Yy
Me e} Me N(SO,Ph),
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Scheme 46. Intermolecular amidopalladation followed another amidation.

5.4. Intramolecular Amidopalladation Followed by Carbony-
lation

Intramolecular amidopalladation of olefinic amides, sulfona-
mides, and ureas 173-177 in the presence of carbon monox-
ide and methanol (Scheme 47)" has been reported to afford
products corresponding to the anti-mechanism, irrespective of
the configuration of the C=C bond in the starting molecule.

Pd''Cl, (10 mol%) CO,Me
cu''cl, (3 equiv) :
CcO (balloon)

MeOH RT,1-2h R

173 R=Ts, 79% yield (55% conversion) 178
R = CO,Me, 63% yield

Pd"'Cl, (10 mol%)
cu''Cl, (3 equiv)
CcO (balloon)

COzMe MeOH RT,2h

174 179
79% yield (65% conversion)

CH
H
N NHMe

Pd''Cl, (10 mol%)
cu''cl, (3 equiv)

CO (balloon)
5 AcOH, RT, 2 h 0
175 69% yield (77% conversion); 180

no reaction in MeOH

%
H
N NHMe

Pd'Cl, (10 mol%)
cu''Cl, (3 equiv)

X
* N._NHMe

CO (balloon)
o AcOH, RT,2h o o
176 181 (34%) 182 (43%)

Pd''Cl, (10 mol%)

CO;Me
cu''Cl, (3 equiv) i

—
S o (palioon) Y
N _NMe N _NMe
\r hig MeOH, RT, 36 h \( T
0 (0]
177 anti-addition 183 (55%)

Scheme 47. Amidopalladation followed by carbonylation.
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The reaction conditions are mild: atmospheric pressure of CO,
room temperature, and CuCl, as the terminal oxidant. Both 5-
exo and 6-exo cyclizations were attained. In the case of the
urea derivatives 175 and 176, trapping of the acyl-Pd inter-
mediate with the second nitrogen was observed in the ab-
sence of methanol to give 180 and 181. In the latter instance,
the chloro derivative 182 was also obtained, apparently as
a product of the Sy2 substitution of Pd in the intermediate by
chloride ion (as in the case of 21 and 161).7”

With a free hydroxy group in the molecule as in 184, the ini-
tial amidation has been found to continue by lactonization to
the neighboring hydroxyl (Scheme 48).”® The yield of the re-
sulting lactone 186 was maximized by replacing MeOH (as
a solvent and competitor) with AcOH. While the stereochemis-
try of the initial amidopalladation has not been investigated in
this instance, it was assumed to correspond to the anti-deliv-
ery. The diastereoselectivity is controlled by the hydroxy
group, presumably by Pd coordination (185).

Pd''Cl, (10 mol%) palcl
cu''cl, (3 equiv)
CO (balloon)

Ts NTs

_ =

RT, 1 day
184 / 185
[¢]
CO,Me
0] HO |
— Cl

+ + H

NTs NTs N.
Ts

186 187 188

MeOH: 37% 10% 43%

AcOH: 90% 0% 0%

Scheme 48. Amidopalladation followed by lactonization.

Finally, the Boc-protected hydroxylamine derivative 189 has
been shown to undergo the cyclization/carbonylation with an
overall syn-addition across the double bond, giving rise to the
isoxazoline derivative 191 (Scheme 49).”” The stereochemical
outcome' apparently originates from the initial coordination
of the Boc group to Pd" (190), followed by syn-amidopallada-
tion and subsequent carbon monoxide cleavage of the Pd—

tBuO.__Q
Boc Pd'Cl, (10 mol%) Lo
o-\H (AcO),Cu" (3 equiv) O/N_\Pd X
CO (balloon), MeOH wMe
ph/'\/\/ - " . Ph)\/:\H
MeC(OMe);
189 50°C, 72 h 190
syn-addition /
Boc
/
0—N
Ph NN
COzMe
191

Scheme 49. Amidopalladation of hydroxylamine derivatives followed by car-
bonylation.
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carbon bond with retention of configuration. The striking con-
trast between the stereochemistry of the carbonylative cycliza-
tion of the amides shown in Scheme 47 and the latter case is
puzzling, as the reaction conditions are very similar. One ex-
planation is that CuCl, was used in Scheme 47, whereas
Cu(OAc), was employed in the cyclization of 189 (Scheme 49).
The use of CuCl, leads to a high chloride concentration, which
makes it more difficult for the amide to coordinate to palladi-
um, and hence the anti-pathway should be favored. Further-
more, the latter reaction was carried out in the presence
MeC(OMe),;, which could modify the pH of the mixture and
thus improve the propensity of the ONHCO,(tBu) group to co-
ordinate to palladium.

6. Intermolecular Amidopalladation

The intramolecular amidopalladation has been shown to
mostly proceed as a syn-addition, which apparently stems
from the considerable entropic advantage of the neighboring
group over an external nucleophile. This factor is absent in in-
termolecular additions, which may change the stereochemistry,
as demonstrated convincingly for the Wacker oxidation (see
Chapter 2).

6.1. Amidoacetoxylation

While terminal olefins have been shown to readily undergo in-
termolecular Pd-catalyzed amidoacetoxylation,”® their internal
counterparts resisted a number of attempts. Finally, cis-olefins,
such as 192 (Scheme 50), have been successfully converted
into the amidoacetoxylation products on reaction with phthal-
imide in the presence of Phl(OAc), as the oxidizing agent of
palladium. The reaction was originally formulated as proceed-
ing via an initial syn-amidopalladation. However, recent re-in-
vestigation,®” prompted by the results of the related diamida-
tion (see the next subchapter), demonstrated that the original
structural assignment of the product® was incorrect. This find-
ing led to a revision of the mechanism, according to which the
initial amidopalladation of 192, catalyzed by Pd", proceeds as
a pure anti process (rather than syn) to generate the palladiu-
m(ll) intermediate 193 that is subsequently oxidized by the hy-
pervalent iodine reagent to produce the Pd" species 194. The
latter reaction prevents the usual f-elimination and is followed

(MeCN),Pd"Cl, (10 mol%)
Phthalimide (1 equiv)

(MeCN)CIPd"  NPhth
PhI"(OAC), (2 equiv)

Ph/_\— OMe Ph OMe
t-butylcatechol (20 mol%)
192 DCE, 70°C,20h 193
anti-addition Phl"'(OAc)z l
v
Ac? AcO,  NPhth  po- (AcO),CIP™  NPhth
H . E ’.* *: -— — *:
Ph™ OMe ol \ome  sw2 PH OMe
NPhth
(anti) 195 (erythro) 194

Scheme 50. Intermolecular amidoacetoxylation of internal olefins.
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by the S\2 replacement of palladium with acetate (i.e., with in-
version of configuration®) to afford the final product 195 that
is anti-configured (rather than syn), according to X-ray analy-
sis.B% Noteworthy is also the high regioselectivity of this cas-
cade, owing to the preferential attaching of the palladium
moiety to the benzylic position (193).%"

By contrast, the behavior of terminal olefins has been shown
to be more complicated: Thus, with the aid of the stereospe-
cifically deuteriated olefin 196 (Scheme 51), the reaction was

(AcO),Pd"" (10 mol%)
Phthalimide (1 equiv)

NPhth
O, (balloon) H
D ~_-0Bn D\Z:\/OBn
DCE, 70 °C, 20 h :
- Pd"0OAc
196 syn-addition 197a
l rotation
NPhth PhthN H
AcOPdL
y OBn H-"\‘((/OBH
syn-B-H-elimination D
198 (5%) 197b

Scheme 51. Intermolecular aerobic amidoacetoxylation of terminnal olefins.

found not to be stereoselective, giving rise to a ~4:3 mixture
of diastereoisomeric amidopalladation products (analogous to
195). The latter outcome has been attributed to the poor ste-
reoselectivity of the replacement of Pd with acetate in the final
step. On the other hand, under aerobic conditions (i.e., in the
absence of the hypervalent iodine reagent), the formation of
the (E)-enamide 198 was ascribed to the syn-addition, generat-
ing 197, followed by the ordinary syn-stereoselective elimina-
tion of [PdH]. However, it is pertinent to note that the product
198 was isolated in merely 5% yield (together with 70% of the
recovered starting material).®”

6.2. Diamidation

In analogy to acetoxyamidation, the recently developed diami-
dation (Scheme 52) has also been found to be specific to cis-
olefins, such as 199. The formation of the anti-configured of
final product 202 has been rationalized by the initial anti-addi-

(PhCN),Pd"Cl, (10 mol%)
Phthalimide (1 equiv)
Ts,NH (1.2 equiv)

(PhCN)CI Pd"  NPhth
PhI'(OAC), (2 equiv) N

* %

Ph Me Ph Me
199 t-butylcatechol (20 mol%) 200
(CH,Cl)2, 70°C, 20 h
anti-addition Phi"(OAc), l
Tsoly TN NPhth  ponp (AcO)CIPA" NPhth
i Me = ‘»,* *s _ *5
P PN Me Sn2 PH Me
NPhth
202 201

Scheme 52. Intermolecular diamidation of internal olefins.
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tion of Pd" and phthalimide to generate 200, which is then oxi-
dized with the hypervalent iodine reagent to produce the Pd"“
intermediate 201. The final displacement of Pd with ditosyl
imide is believed to proceed with inversion (as in the previous
case®8) to produce the vicinal diamido derivative 202.%"

7. Overview of the Stereochemical Outcome in
Nucleophilic Addition

The syn/anti-dichotomy in the nucleophilic additions was dis-
cussed mainly for oxygen and nitrogen nucleophiles. The ste-
reochemical trends are summarized in Table 1, which covers
cyclization processes (entries 1-28) and intermolecular reac-
tions (entries 29-33).

The intramolecular alkoxypalladation-carbonylation cascade
with carbon monoxide and alcohol as the stoichiometric reac-
tants (reaction A) preferentially proceeds via the anti-pathway
(entries 1-3), except for the examples, where this mechanism
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is disfavored by geometrical restrictions in the substrate
(entry 4). On the other hand, anti/syn dichotomy has been ob-
served for the analogous amidopalladation-carbonylation (re-
action H; entries 27 and 28). Here, the dramatic difference in
the stereochemistry can be tentatively attributed to the differ-
ence in the pH (neutral vs acidic), which is likely to influence
the coordination capabilities of the participating amidic group.

Stereochemistry of the intramolecular alkoxypalladation-{3-
elimination cascade (reaction B; entries 5-7) can be controlled
by the anion: thus, with PdCl,, that is, with strongly coordinat-
ing chlorides, especially in the presence of additional LiCl, the
potential coordination of the participating alcohol group to Pd
is disfavored and the reaction proceeds as an anti-addition
(entry 5). On the other hand, with a weekly coordinating anion
(BF,~ or CF,C0O,7), Pd" can become coordinated to the partici-
pating OH group, which results in the preferential syn-addition
(entries 6 and 7), regardless of the oxidizing reagents or sol-
vent.

Table 1. Stereochemistry of the Pd"-catalyzed addition of nucleophiles to C=C bond: intramolecular (entries 1-28) and intermolecular (entries 29-33).

Entry Reaction” Scheme syn/anti  PdX, Ligand Oxidant Solvent Additive T1°C Ref.
1 AP 21 anti Pdcl, - Cudl, MeOH co RT [36]
2 Alb] 22 anti PdCI2 - Cucl2 MeOH co RT [39]
3 A" 23 anti PdCl, - CuCl, MeOH o, Licl RT [3al
4 Ald 24 syn Pdcl, - Cudl, MeOH, CH,Cl, CO, MeC(OMe), RT [40]
5 B® 25 anti Pdcl, MeCN p-BQ THF Licl reflux [42]
6 B"Y 25 syn Pd(BF,), MeCN p-BQ MeOH - 40 [42]
7 B® 26 syn Pd(0,CCF3),  bipy™ 0, toluene 3AMS 80 [44]
8 ct 28 syn Pd,(dba), dpe-phos (139)" THF tBuONa, ArBr 65 [471
9 ct 29 syn Pd,(dba), (4-MeOC¢H,);P - toluene tBuONa, ArBr" 105 [48]
10 ct 29 anti Pd,(dba), dppe-CgHg™ - toluene tBuONa, ArBr" 105 [48]
1 ct 30 syn Pd,(dba); (4-MeOC¢H,);P - toluene tBuONa, ArBr™ 105 [48]
12 DA 31 syn Pdcl, MeCN - MeCN - RT [50]
13 E®) 32 syn Pd(OAc), pyridine - - calculations RT [51,52]
14 EP) 33 syn Pd(OAC), 125™M 0, toluene 3AMs 25 [52,53]
15 E™ 33 anti Pd(0,CCF;), 125M 0, toluene 3AMS 25 [52,53]
16 E™ 33 syn Pd(0,CCF3), - 0, toluene 3AMS 25 [52,53]
17 E®) 34 anti Pd(OAC), - p-BQ THF, DMSO AcOH, AcONa 50 [54]
18 F® 38 syn Pd(OAC), 139 - dioxane Cs,CO,, ArBr 105 [60,61]
19 F®) 39 syn Pd,(dba), (tBu);P - toluene tBuONa, ArBr 65 [621
20 F®) 39 syn Pd,(dba), Xanpthos™ - toluene tBuONa, ArBr 650r 110  [62]
21 Flodel 40 syn Pd,(dba), dppf™ - THF (Me;Si),NK, ArBrt 23-60 [63,64]
22 F®! 41 syn Pd,(dba), Siphos-PE - xylene tBuONa, ArBr 115 [65]
23 F®! 42 anti Pd(O,CCFy), - (PhSO,),NF™  toluene ArOH, toluene RT [66]
24 G" 43 syn'd Pd(OAc), - CuBr, DMF Na;PO, 40 [71]
25 G" 44 syn' Pd(OAc), - CuBr, DMF Na;PO, 40 [72]
26 G" 46 anti Pd(0,CCF,), - (PhSO,),NFU  toluene (PhSO,),N~ RT [66]
27 H® 47 anti Pddl, - Cudl, MeOH or ACOH  CO RT [751
28 H®! 49 syn Pddl, - Cu(OAQ), MeOH CO, MeC(OMe), 50 771
29 M 13 anti Pd(OAc), - p-BQ AcOH AcONa RT [22]
30 Jea 19 anti PdCl, MeCN - THF Me,NH —40 [31]
31 K 50 anti Pddl, MeCN PhI(OAC),  (CH,CI), phthalimide, ArOH 70 [801
32 Ef 51 syn™ Pd(OAC), - 0, (CH,C), phthalimide 70 [80]
33 G 52 anti PdCl, PhCN PhI(OAC),” (CH,CI), phthalimide, Ts,;NH 70 [85]

chiral center. [n] Only 5% yield.

[a] A=alkoxypalladation-carbonylation; B=alkoxypalladation-HPdX elimination; C=alkoxypalladation-arylation; D=amidopalladation; E=amidopallada-
tion-HPdX elimination; F =amidopalladation-arylation; G =diamidopalladation; H=amidopalladation-carbonylation; /= acetoxypalladation; J=aminopalla-
dation; K=amidoacetoxylation. [b] Intramolecular reaction. [c] Note that the reaction cannot proceed via 4(0)"™-exo-trig cyclization. [d] Stoichiometric reac-
tion. [e] The starting amide was first deprotonated. [f] Intermolecular reaction. [g] A different interpretation suggests anti-stereochemistry; see the com-
ments in the text. [h] Chelating ligand. [i] Required in the second step, where the Pd" intermediate 157 is oxidized to generate a Pd" species that then
reacts with toluene via a C—H activation. [j] Required in the second step for the oxidation 157 (Pd") — 171 (Pd"); the latter species then undergoes an
Sx2-type introduction of the second nitrogen group. [k] Required in the second step for the oxidation 193 (Pd") — 194 (Pd"); the latter species then un-
dergoes an Sy2-type introduction of AcO. [I] ArBr is connected to the C=C bond by a linker. [m] Note the dynamic stereodifferentiaion by the residing
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The analogous intramolecular amidopalladation-f3-elimina-
tion cascade (reaction E; entries13-17) also exhibits the syn/
anti dichotomy, depending on the actual conditions: thus, the
reactions catalyzed by Pd(OAc), or Pd(O,CCF,), follow the syn-
pathway (entries 13, 14, and 16); however, the presence of
ligand 125 has been found to drive the reaction catalyzed by
Pd(O,CCF;), toward the anti-mechanism (entry 15). By contrast,
this ligand effect was not observed in the case of Pd(OAc),
(entry14), which is rather intriguing. The change of the oxidiz-
ing agent (p-BQ vs O,) and the solvent (THF-DMSO vs toluene)
and additives, namely AcOH/AcONa, has been found to also
drive the reaction toward anti-mechanism (compare entries 14
and 16 with 17). Calculations predict the syn-mechanism
(entry 13), which was also observed for the stoichiometric cycli-
zation using PdCl, (reaction D; entry 12), where the palladated
product was isolated.

The intramolecular alkoxypalladation-arylation cascade (reac-
tion C; entries 8-11) requires a strong base (as in the Hartwig-
Buchwald arylation), which converts the participating alcohol
group into a strongly coordinating alkoxide. As a result, the ini-
tial alkoxypalladation favors the syn-mechanism (entries 9 and
11). Addition of a chelating ligand may change the stereo-
chemical course to anti (entry 10) but apparently not always
(entry 8), especially when THF is used as a solvent (entry 8) in-
stead of toluene (entry 10).

In analogy, the intramolecular amidopalladation-arylation
cascade (reaction F; entries 18-22), also occurring in the pres-
ence of a base, invariably proceeds as a syn-addition, regard-
less of the solvent or the nature of the ligand employed. On
the other hand, the reaction that involves oxidation to Pd"Y in
the second step (required for the C—H activation of the “nucleo-
phile”) has been shown to proceed with anti-stereochemistry,
even when catalyzed by Pd(O,CCF;), (entry 23). The outcome
in the latter case can be attributed to the absence of the base,
which renders the participating N-nucleophile less prone to co-
ordination of the Pd" catalyst.

Intramolecular diamidopalladation (reaction G; entries 24
and 25) has been found to prefer the syn-mechanism, appa-
rently due to the same effects as those discussed for en-
tries 18-22. Again, this reaction, involving the Pd" — Pd" oxi-
dation and proceeding in the absence of a base, favors the
anti-pathway (entry 26).

Intermolecular hydroxypalladation clearly prefers the anti-
mechanism, as shown by the recent studies of the Wacker oxi-
dation (Schemes 14-17). In analogy, intermolecular catalytic
acetoxypalladation (reaction I; entry 29) also follows the anti-
pathway. The same stereochemistry has been demonstrated
for the stoichiometric intermolecular aminopalladation with
Me,NH (reaction J; entry 30).

Intermolecular amidoacetoxylation (reaction K; entry 31) and
diamidopalladation (reaction G; entry 33), catalyzed by PdCl,
(which disfavors coordination of the nucleophile to Pd), give
the anti-addition products. By contrast, the intermolecular ami-
dopalladation-B-elimination cascade (reaction E; entry 32), cat-
alyzed by Pd(OAc),, favors the syn-mechanism, which seems to
be the only experimentally proven example of syn-migration in
intermolecular nucleopalladation with O- and N-nucleophiles
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(although only in 5% yield) to date. Note that this reaction
proceeds with a different oxidizing agent (O,) than those cited
in entries 31 and 33, and that it does not involve the Pd" spe-
cies. This, however is unlikely to have a major effect on the
mechanism of the first step; it appears that the key point here
is the use of Pd(OAc), rather than PdCl, as the catalyst.

8. Conclusion

This review has discussed the stereochemistry of the palladi-
um-catalyzed addition of nucleophiles to alkenes and applica-
tion of these processes in organic synthetic transformations.
The syn/anti-dichotomy in the nucleophilic additions was dis-
cussed, mainly with oxygen and nitrogen nucleophiles. A gen-
eral picture is emerging that in intermolecular reactions the
anti-addition of the oxygen and nitrogen nucleophiles to (alke-
ne)Pd" complexes is strongly favored. However, in intramolecu-
lar reactions a special situation arises when the nitrogen or
oxygen nucleophile coordinates to Pd". In this case there is no
nucleophile available for external attack since there is a 1:1
ratio between the nucleophilic site and substrate. Therefore,
the syn-attack is tremendously favored in the intramolecular
cases where the nucleophile is coordinated to the metal. How-
ever, stereochemistry of the intramolecular reactions is depen-
dent on the coordination capability of the internal nucleophile,
which can be modified by the reaction conditions, so that the
whole process can be driven either to the syn- or anti-pathway.
In the intermolecular process, there will always be a considera-
ble amount of free nucleophile in solution and therefore coor-
dination of the nucleophile does not shut down the external
anti-pathway as is done in the intramolecular case. As a result,
external anti-attack is the predominant pathway in the inter-
molecular nucleophilic addition to (alkene)Pd" complexes.
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