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The Pd"-catalyzed aza-Claisen (Overman) rearrangement!!
of allylic trichloro-?! and N-para-methoxyphenyl trifluoro-
acetimidates® enables the transformation of achiral allyl
imidates 2, readily prepared from allyl alcohols 1 in a single
high-yielding step, to chiral enantioenriched allyl amides 3
(Scheme 1). Since the trihaloacetamide and the N-para-
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Scheme 1. The aza-Claisen (Overman) rearrangement.

methoxyphenyl (PMP) protecting groups can be easily
removed, the overall transformation leads to allyl amines 4,
valuable building blocks for the synthesis of important
compound classes such as unnatural amino acids.”"
Recently, we reported the first highly active chiral catalyst
for the rearrangement of E-configured trifluoroacetimidates
to provide allylic trifluoroacetamides with excellent enantio-
selectivities while tolerating a broad substrate scope. The
catalyst § is a planar-chiral ferrocenyl imidazoline pallada-
cycle (FIP) bearing a pentaphenylcyclopentadienyl (Cp®)
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spectator ligand which is the key 2.
structural element responsible for

both the high catalytic activity and ph"" ﬁ/\é
[4.5] 4
s

the excellent enantioselectivity."™ Ts  pn Fe _ph
We assume that the enormous /@\
increase of the catalytic activity Ph Ph
attributed to the Cp® spectator 5 Ph

ligand can be explained at least in

part by the electron-withdrawing

nature of the five phenyl substituents, which should enhance
the Lewis acidity of 5. Complex 5 showed contrastingly very
low catalytic activity for the rearrangement of Z-configured
imidates.

The electron density on the Pd" center would be further
decreased in a ferrocenyl-bisimidazoline system. The ligand
preparation can take advantage of the possible C, symmetry
and starts from parent ferrocene,'® which is first transformed
into the bisthioamide 6 by using a modified literature
procedure (Scheme 2).”
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Scheme 2. Synthesis of the C,-symmetric ligands 8.

Activation of the thioamide groups by S-alkylation
followed by treatment of the solution of the resulting
bisiminium thioether with (R,R)-1,2-diphenylethane-1,2-di-
amine (7) and subsequent sulfonylation provides the ligands
8. These ligands possess strongly pyramidalized sulfonylated
N atoms similar to the sulfonylated ferrocenyl-monoimidazo-
lines, as shown by X-ray structure analysis (Figure 1).5
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Figure 1. ORTEP representation of ligand 8a (R=p-Tol) with ellipsoids
set at 30% probability; C black, N blue, O red, S yellow, Fe light green.
H atoms are omitted for clarity.

Steric repulsion between the phenyl group at the imidazoline
5-position and the sulfonyl group is assumed to trigger a
transfer of chirality to the sulfonylated N atoms, thus resulting
in a preferred conformation in which the sulfonyl residues
point away from the ferrocenyl core.

This preferred conformation allowed us to perform a
diastereoselective direct biscyclopalladation (Table 1), which

Table 1: Preparation of bispalladacycles 9.

Ph
R E Ph
N\ NajPdCl]NaOAc ‘pdgﬁ
N™ "Ph  MeOH, CH,CI,
Fe ————  Fe m
N-_.«Ph )
S S
s Ph NN
05, ROS N2,
R Ph
Ph
8 9
Entry Product R Yield® [%] d.r.!
1 9a p-Tol 56 >100:1
2 9b CoFs 34 >100:1
3 9c mesityl 40 >100:1
4 9d p-Ph-C4H, 40 >100:1

[a] Yield of isolated product after purification by silica-gel filtration.
[b] Diastereomeric ratio of the product after silica-gel filtration as
determined by "H NMR spectroscopy.'?

to our knowledge is the first reaction of this kind reported in
the literature."”! Previous nonracemic ferrocenyl bispallada-
cycles were accessible by double ortho lithiation, iodination,
and subsequent oxidative addition of the Pd” centers to the
diiodoferrocenes."!

The resulting complexes 9 are C,-symmetric dimers with
an (S,.5,.5%,5% ) configuration!” as indicated by X-ray
analysis (Figure 2).”) The complexes can be regarded as
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Figure 2. ORTEP representations of the dimeric bispalladacycle 9a
with ellipsoids set at 30% probability; C black, N blue, O red, S yellow,
Fe light green, Pd bronze, Cl green. H atoms are omitted for clarity.

macrocycles comprising two ferrocenyl units and four chlo-
ride-bridged palladium ions. The dimeric nature of 9 forces
two chloride-bridged palladium square planes to be arranged
in an almost coplanar fashion. The high diastereoselectivity is
remarkable, since in theory, seven different diastereomeric
dimers could have been formed." To our knowledge these
are the first reported examples of enantio- and diastereo-
merically pure dimeric ferrocenyl bispalladacycles.!

In contrast to ferrocenyl-monoimidazoline palladacycle
complexes and most other ferrocenyl palladacycles, the
coordination sphere about the square-planar Pd" center is
dictated in the present case by the planar chirality of the
bisimidazolines, which means that the (S,,5,.5*,5*,)-config-
ured complexes 9 must adopt a trans,trans configuration for
geometric reasons.

Bispalladacycle 9a was examined in the aza-Claisen
rearrangement of Z-configured trifluoroacetimidates 10
since no highly active enantioselective catalyst so far existed
for substrates with Z configuration."” Since the chloride-
bridged dimers turned out to be unreactive as catalysts for
model substrate 10a,'” silver trifluoroacetate was employed
as an activating agent. With two equivalents of AgO,CCF;
(relative to dimer 9a), the rearrangement proceeded very
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slowly in CH,Cl, even in the presence of Smol% of the
bispalladacycle, yet provided (S)-11a in high yield and with
91% ee (Table?2, entry1). Increasing the amount of

Table 2: Screening of conditions for the rearrangement of model
substrate (Z)-10a.

oM
)C\F3/©/ © ) mol% 9a, Agx, Me° CF,
N solvent, T
pr 07 N @/go @)
™ Pr/\/
10a 11a
Entry mol% AgX (mol%) T  Solvent t,® t Yield® ee
9a °d ]  [h [%] [%]
1@ 5 AgO,CCF; (10) 20 CH)Cl, 3 91 87 91
2 5 AgO,CCF; (20) 20 CH)Cl, 3 44 80 89
35 AgO,CCF; (30) 20 CH)l, 3 20 94 89
4 5 AgO,CCF; (30) 20 CH)Cl, 3 89 87 91
565 AgOTs (30) 20 CHJ.Cl, 3 18 95 94
61 5 AgOTs (30) 20 CHCl, 3 24 18 94
7M 5 AgOTs (30) 20 CHCl, 22 24 76 9%
gl 5 AgOTs (30) 20 CHCl, 46 24 83 95
9l 5 AgOTs (30) 20 CHCl, 3 24 77 95
10€ 0.5 AgOTs (3) 20 CHCl, 45 24 72 97
116 0.1 AgOTs (0.6) 20 CHCl, 45 24 14 96
126 0.1 AgOTs (0.6) 40 CHCl, 46 72 80 94
138 0.1 AgOTs (0.6) 55 CHCl, 46 72 98 95

[a] Activation time. [b] The reactions were performed on an 8-mg scale
and the yields were determined by "H NMR spectroscopy. 10a contained
2% ofthe E isomer. [c] ee determined by chiral HPLC (Daicel OD-H) after
hydrolysis of 11a to the corresponding secondary amine (see the
Supporting Information). [d] Reaction in the presence of 20 mol%
proton sponge. [e] 200 pL of solvent was used. [f] 50 pL of solvent was
used. [g] 10 pL of solvent was used. [h] The catalyst was activated at
40°C.

AgO,CCF,; to four or six equivalents (relative to 9a) signifi-
cantly enhanced the rate of conversion while maintaining the
high enantioselectivity (Table 2, entries 2 and 3). In contrast
to previous catalysts, the presence of proton sponge (1,8-
bis(dimethylamino)naphthalene) as an additive did not
significantly increase the ee value but considerably slowed
down the reaction (Table 2, entry 4). To improve the catalyst
activity, various silver salts were screened. Whereas AgOTHT,
AgOMs, AgNO;, AgBF,, and AgSbF, induced little or no
conversion even after extended periods of time, AgOTs led to
slightly increased catalyst activity and an improved enantio-
selectivity, providing (S)-11a with 94 % ee (Table 2, entry 5).
By using CHCI; as the solvent for the rearrangement it was
found that the catalyst activation time plays a fundamental
role (Table 2, entries 6-9) since the chloride-bridged dimeric
bispalladacycles are presumably kinetically much more inert
than standard chloride-bridged monopalladacycle dimers for
a counteranion exchange. The best results were obtained with
a catalyst activation time of two days at room temperature
(Table 2, entry 8) or of three hours at 40 °C (entry 9). Previous
reports have demonstrated that ferrocenyl-oxazoline and
ferrocenyl-imidazoline monopalladacycles can be oxidized
by silver salts to the corresponding ferrocenium salts, which
are the catalytically active species.'®3¢! 'TH NMR experi-
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ments indicate that at least the bulk of the bispalladacycle is
not oxidized by AgOTs, since the formation of a para-
magnetic species is not observed even with an excess of the
silver salt (6 equiv relative to 9a). However, we cannot
exclude that a ferrocenium species is formed in minute
amounts and catalyzes the rearrangement. By virtue of the
modified catalyst activation procedure, it was possible to
reduce the catalyst amount to 0.5 mol% (Table 2, entry 10)
while still obtaining reasonable conversions, whereas the
reaction became very sluggish at room temperature with only
0.1 mol % catalyst activated by 0.6 mol % AgOTs (entry 11).
However, the high robustness of the catalyst allowed us to
perform the rearrangement at higher temperatures and
concentrations (entries 12-13): at 55°C, the product was
formed with 95% ee in almost quantitative yield after three
days.

Under the optimized conditions for the model reaction,
we compared the four bispalladacycles 9a—d, which differ in
the sulfonyl residue R (0.1 mol% 9, 0.6 mol% AgOTs, 46 h
catalyst activation, CHCl;, 55°C, 24 h reaction time). While
9a (78% yield, 96 % ee) and 9b (77 % yield, 92% ee) gave
similar catalyst activities and enantioselectivities, thereby
demonstrating that the electronic influence of R is negligible,
the bulkier mesityl- and biphenylsulfonyl groups in 9¢ (37 %
yield, 90% ee) and 9d (21% yield, 92% ee) reduced the
catalyst activity considerably while still maintaining high
enantioselectivities.

After the optimization of the reaction conditions, the
scope of the rearrangement of Z-configured imidates 10 was
studied by using catalyst precursor 9a (Table 3). The rate of
the rearrangement depends primarily on the steric bulk of the
residue R’. With a-unbranched substituents (R'=Me, nPr,
(CH,),Ph, iBu), (S)-11 was formed in excellent yield and
enantioselectivity with 1.0 mol % catalyst at room temper-
ature (Table 3, entries 1, 4, 6, and 9). By decreasing the
catalyst amount to 0.1 to 0.2mol% and increasing the
reaction temperature to 55°C, yields and enantioselectivities
were only marginally affected owing to the high robustness of
the catalyst against decomposition (Table 3, entries 2, 5, 7,
and 10). The rearrangements were performed by using 25 mg
of substrates 10, however, working on a larger scale (2.6 to
11.6 mmol) provided similar results (Table 3, entries 3, 8, and
11).

Particularly noteworthy is the excellent enantioselectivity
obtained with imidate 10b, which bears the small methyl
substituent (94-96 % ee; Table 3, entries 4-5). The highest
literature value so far was 86 % for this specific example.?!

For the first time Z-configured trifluoroacetimidates
bearing a-branched substituents were also tolerated as
substrates, as demonstrated for 10e (R’'=iPr; Table 3,
entry 12), thus providing 11e in 64 % and with 93% ee. In
this case 1 mol % of catalyst and a temperature of 55°C were
employed to obtain preparatively useful conversions. The
lower yield as compared to the a-unbranched substrates
reflects the lower reaction rate, since neither substrate nor
catalyst decomposition were significant issues.["}

In conclusion, we have developed a short synthesis of
enantiomerically pure ferrocenyl-bisimidazolines which have
been utilized for diastereoselective biscyclopalladation reac-
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Table 3: Screening of substrates 10 with different groups R'.
x mol% 9a,
6x mol% AgOTs,

CF /©/OM9 MeO CF
3 3
s CHCI,, 20-55 °C \©\

x RNF
10 1
R' = Me, Pr, 64-99%
(CH,),Ph, Bu, Pr 93-99% ee
Entry 10 R mol%9a T[°C] Yield® [%] ee! [%]
19 10a  nPr 1.0 20 96 98
20 10a nPr 0.1 55 94 97
34 10a  nPr 0.1 55 97 97
4 10b  Me 1.0 20 94 96
5tfl 10b  Me 0.1 55 97 94
69  10c (CH,),Ph 1.0 20 99 9%
79 10c  (CH,),Ph 0.2 55 90 95
8l 10c (CHy),Ph 02 55 92 97
9 10d iBu 1.0 20 87 98
109 10d iBu 0.1 55 86 98
11" 10d  iBu 0.1 55 93 99
129 10e iPr 1.0 55 64 93

[a] Yield of isolated product. The reactions were performed on a 25-mg
scale unless otherwise noted. [b] ee determined by chiral HPLC (Daicel
OD-H) after hydrolysis of 11 to the corresponding secondary amines
(see the Supporting Information). [c] Reaction time 3d. [d]3.5g of
substrate 10a (11.6 mmol) was used. [e] Reaction time 1.5 d. [f] Reac-
tion time 1d. [g] 0.94g (2.59 mmol) of substrate 10c was used.
[h] 1.21 g of substrate 10d (3.83 mmol) was used.

tions, thereby giving access to structurally fascinating dimeric
macrocyclic Pd" complexes. These are the first highly active
enantioselective catalysts for the aza-Claisen rearrangement
of Z-configured trifluoroacetimidates, requiring as little as
0.1 mol% of catalyst precursor for most of the substrates,
whereas the best catalyst systems so far required 5 mol %.
Even substrates with a-branched substituents, which could
previously not be applied, rearranged with high enantiose-
lectivity by action of only 1 mol % of catalyst precursor.
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