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ABSTRACT: Significant progress has been observed in recent years in the synthesis of allylic amines which are important build-
ing blocks in synthetic chemistry. Most of these processes are effective towards the preparation of allylic amines with limited po-
tential to introduce three or four different substituents on the olefinic unit in a stereocontrolled fashion. Therefore, the discovery of
a mild and operationally simple protocol allowing such challenging stereoselective synthesis of multi-substituted allylic amines
remains an inspiring target. Herein, we report the first general and practical methodology for the stereoselective synthesis of tri- and
tetra-substituted allylic amines based on Pd-catalyzed conversion of allyl surrogates readily obtained from cyclic vinyl carbonates.
These rare conversions are characterized by excellent stereoselectivity, operational simplicity, mild reaction conditions and wide
scope in reaction partners. DFT studies were performed to rationalize the stereocontrol in these allylic amine formation reactions,
and evidence is provided that the formation of a six-membered palladacyclic intermediate leads towards the formation of (2)-
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33 H INTRODUCTION

34 Highly stereoselective construction of multi-functionalized

35 tri- and tetra-substituted olefin scaffolds continues to be highly

36 challenging.' Allylic amines, representing a class of functional

37 olefins, are fundamental building blocks in organic chemistry

38 and gheir synthesis is an impqrtant indust.rial and synthetic

39 goal.” Metal catalyzed conversion of allylic compounds has
emerged as a powerful and practical methodology for the

40 construction of (E)-selective, y-mono-substituted allylic amine

41 scaffolds (Scheme 1, route I). The most attractive routes to-

42 wards such allylic amines include conventional allylic substi-

43 tution reactions,’ the hydroamination of dienes,®* and more

44 recently developed C—H bond activation/functionalization

45 strategies.” Despite notable progress in this area, the develop-

46 ment of a general methodology towards a stereoselective syn-

47 thesis of highly functionalized tri- and tetra-substituted allylic

48 amines based on metal catalyzed “allylic chemistry” (route II)

49 presents a fundamental and practical challenge yet not re-

50 solved.® Generally, the stereocontrolled introduction of differ-

51 ent substituents in an olefin unit represents a huge challenge.

52 Various methodologies towards the formation of y-

53 disubstituted allylic amines have been developed (Scheme 1a,

54 route IL; R*= R* = Me in most reported cases)’™***’ avoid-

55 ing the formation of stereochemical mixtures and leaving

56 rather limited potential for post-functionalization.

57 Limited methodologies other than those based on “allylic

58 chemistry” have been developed towards the pgeparation of

59 ster;odeﬁned, highly substituteq allylic amines. These syn-

60 thetic apparé)caches generally require the use of seng;_tdl;/fe metal

8. “ g . ..
reagents, stoichiometric amounts of additives, or the

use of synthetically challenging, stereopredefined tri-
substituted allylic surrogate precursors as starting materi-
als."* These features adversely affect the accompanying
waste profiles of such strategies and may limit their practical
application and/or scale-up.

Scheme 1. Metal Catalyzed Allylic Chemistry for various
Transformations.

@ 7 o R®

1 1 ML, n
R/\/\N/R ‘L yl_//,7 ——( ) R4Jn‘,\[;,~“a\N/R1
g i R'R2NH R'R?NH )

(E) selective R allylic R5 R2

> 40 reports intermediate Stereoselective: RARE
(b) Previous work: Carbon E*

«—e X=N,0
R X (ny ( ® \'
/& » ox Pd\Ln R
I (6] o PdL, \/\~\—// o
R R
postulated
) ) R, R"=H, Ar, Alkyl

(c) This work: Amine Nu~ R

o

HO N
RO W | eg” . _>V:B<_ R?
o PdL, R 'R

® rt, open to air
® (Z)-selective
® operationally simple

confirmed by DFT 1
® no addtives needed

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of the American Chemical Society

Therefore, the development of a general and practical meth-
odology for the direct stereoselective synthesis of highly sub-
stituted allylic amines from modular and easy to prepare al-
lylic surrogates remains a highly attractive though challenging
target.

0o0i™ and Zhang™* previously reported decarboxylative
strategies towards the enantioselective formation of heterocy-
clic molecules through a (postulated) zwitterionic “Pd-allyl”
type intermediate that is able to intercept electrophilic Michael
acceptors (Scheme 1b, route III) following cyclization. Con-
versely, we envisioned that nucleophilic attack by amines on
the allylic fragment in such intermediates'®'" could provide
stereocontrolled y-disubstituted allylic amines (Scheme lIc,
route IV) by judiciously tuning the nature of the ligands L,
the metal precursor and the reaction conditions. Here we re-
port on a new, highly practical and general method for the
preparation of functional tri- and tetra-substituted allylic
amines that is further characterized by a high level of stereo-
control towards the (Z) isomer. This chemistry can be operated
under ambient conditions without the need for special precau-
tions, and provides access to a wide range of complex allylic
amine scaffolds.

Detailed computational analysis has provided a mechanistic
rationale for the stereoselective formation of (Z)-configured
allylic amines. The optimized catalytic system kinetically
favors the (Z) isomer through a lower energy transition state
that results in the formation of a six-membered palladacycle
with Pd—O chelation. Taking into account the limited
knowledge in the area of stereocontrolled preparation of high-
ly substituted olefin scaffolds, we believe that the present
work opens up new synthetic opportunities for the construc-
tion of highly functionalized allylic amine/olefin compounds.

B RESULTS AND DISCUSSION

Stereoselective Synthesis of Allylic Amines. Inspired by
previous research,” we first set out to examine room tempera-
ture conversion of vinyl carbonate A and tested various metal
(pre)catalysts in combination with triphenylphosphine (L1)
under neat conditions (Table 1, entries 1-5). As expected, the
control reaction (entry 6) in the absence of any catalyst gave
no conversion. It was found that the use of either Pd(OAc), or
the White catalyst'> gave promising results with moderate
yields of up to 49% and excellent stereoselectivity of Z:E >
97:3 (cf., entries 3 and 5). Though the White catalyst showed
lower total conversion (entry 5: 85%) compared to the use of
Pd(OAc), (entry 3; conversion >99%), higher chemo-
selectivity towards the allylic amine product was noted. There-
fore, we decided to use the White catalyst for further optimiza-
tion of the protocol. The addition of a polar solvent, especially
DMEF (entry 9) or MeOH (entry 10) significantly increased the
yield of the targeted allylic amine product with some erosion
of the stereoselectivity. Considering the poor reproducibility
of the experimental results with MeOH as solvent, the combi-
nation of the White catalyst with DMF was chosen to further
screen other (di)phosphine ligands L2-L6 (entries 12—19). No
reaction occurred with the more sterically demanding tricyclo-
hexylphosphine (entry 12) pointing to a crucial role of the
ligand structure.

We were pleased to find that the best combination of allylic
amine yield and high stereoselectivity towards the (Z) isomer
could be achieved using the White catalyst precursor, diphos-

phine LS (DPEPhos) and DMF as solvent under ambient con-
ditions (entry 15) without the requirement of any additives. It
worth noting that in these screening reactions we were unable
to observe any formation of the branched allylic amine prod-
uct. Further to this, no special precaution were required mak-
ing the protocol thus highly attractive from a practical point of
view.

Table 1. Screening Towards the Stereoselective Formation
of Allylic Amines using Carbonate A and Aniline as Sub-
strates.”

HO
M] 2 mol% ]\/\
Ph._/~0 ) s ph NSy D
L (5 mol%) H
—_— >
| O/&O solvent, r.t., 12 h + H

A 1.0eq. (1.5eq.)

Ho/\/\/"\ph E)
Cw R

Solvent  Yield (2):(E)

Entry Catalyst L (M) @’ .
1 Pd,(dba);-CHCl; L1 - 34%  57:43
2 Pd(dba), L1 - 30%  56:44
3 Pd(OAc), L1 - 49% 97:3
4 Ir(cod),BF, L1 - 09 -
5 Pd/bis-sulf. L1 - 48% 98:2
6 Pd/bis-sulf. - - o -
7 Pd/bis-sulf. L1 DCM 23% 25:75
8 Pd/bis-sulf. L1 DMSO 64%  65:35
9 Pd/bis-sulf. L1 DMF 70% 70:30
10 Pd/bis-sulf. L1 MeOH 72%  88:12
11 Pd/bis-sulf. L1 THF 41%  42:58
12 Pd/bis-sulf. L2 DMF o -
13 Pd/bis-sulf. L3 DMF 75%  79:21
14 Pd/bis-sulf. L4 DMF 74%  76:24
15 Pd/bis-sulf. L5 DMF 83% >99:1
16 Pd/bis-sulf. L6 DMF 70%  77:23
17 Pd/bis-sulf. L4 MeOH 39%  >99:1
18 Pd/bis-sulf. L5 MeOH 74% 91:9
19 Pd/bis-sulf. L5 DCM 76% 973

PPh
R.__R L1:R=Ph O O ==
P” L2:R = c-hexyl o o Fe

: .
R L3:R=2fuyl Php PPhy PhoP PPhy Php~ >
L4 Ls Le

# Reaction conditions: 0.2 mmol of carbonate, 0.3 mmol of ani-
line, 0.2 mL of solvent where indicated, rt; Pd/bis-sulf. refers to
the White catalyst. ® Refers to NMR yield using toluene as an
internal standard. © Determined by 'H NMR; ¢ No reaction ob-
served.
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With the optimized conditions in hand, we turned our focus
on exploring the generality of the approach (Figure 1) by first
varying the amine substrate (cf., synthesis of allylic amines
1-16). Generally, the newly developed decarboxylative ami-
nation approach proceeded with excellent stereoselectivity
with Z/E ratios typically being >99:1 and appreciable isolated
yields when using aniline derivatives bearing either electron-
withdrawing or -donating groups. The more deactivated ani-
lines also showed significant reactivity (cf., synthesis of 7, 8
and 10). Various substituents in the aniline substrate including
iodide (4), fluoro (5), methoxy (3), ester (8) and nitro (10)
groups were tolerated. The protocol also endorsed the use of
the ortho-substituted aniline (11), and other sterically demand-
ing anilines as illustrated by the preparation of allylic amines
13—-15: compound 13 represents an interesting scaffold with
two distinct N—allylic groups. The use of cyclohexyl amine as
a reaction partner (16) also provided the (Z) configured allylic
amine though in moderate yield."” These reactions can be
easily scaled up as demonstrated for 1 (30 times) and 15 (15
times). Of further note is that the external base-free conditions
of the optimized protocol further illustrates the mild and selec-
tive nature of these conversions.'

@ mol%) R?
o o N Ph
ST G e N -
NH + Pd( OAc) + OH
_ = R e P P N
R? % L5 (5 mol%) . Ph
DMF, tt, 12 h LS ﬂ .
PN on: @
iR ;
1 78%¢ OH Me 2:68% OH MeO 3:61%
ZIE>99:1 ZIE>99:1

Z/IE>99:1

H H H
onadlenadiNenad
| OH F OH Ph OH

4:71% 5:50% 6: 66%
ZIE>99:1,20 h Z/E>99:1 Z/E>99:1
7:61% 8:53% Me  9:749%
Z/E>99:1 ZIE>99:1 ZIE>99:1
Q/ \/\[ i]/ \/\[F’h Me\@/ \/\[
©2 40 40% 11:61% Me  12:97%
Z/E>99:1 ZIE>99:1 ZIE>99:1
Ph Ph H
/\/N\/x[':h R’N\/k[Ph %N\/\[Ph
OH OH OH
13: 45% 14:R = Cy, 60%, Z/E>99:1 16: 42%
Z/E>99:1 15: R = Me, 91%, Z/E=90:10° Z/E>99:1

Figure 1. Scope in amine reaction partners: 0.2 mmol carbonate A used
unless stated otherwise, 1.5 eq. of amine, rt, 12 h, open to air: No branched
allylic amine formation could be observed. 6 mmol scale. b3 mmol scale.
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(2 mol%) : o R
Q 0 - _ (E)
NH, O Sy e PN
)k Pd(OAC), . OH
— W oo e S S
\7K/ L5 (5 mol%) : R 3
DMF, rt, 12 h : B— @:
PN Y\—0OH :
=
F Br
H H H
N N N
Ph” A Ph” X Ph” X Br
OH OH OH
17: 30% 18: 73% 19: 67%
ZIE>99:1 ZIE>99:1 e ZE=90:10
e
Br Ph
H H O H
N
Ph” = PN PN~
OH OH OH
20: 62% 21:41% 22: 84%
ZIE=77:23 ZIE = 90:10 ZIE>99:1
H Me
H —
o)
Ph N~ RS
OH OH
23: 90% 24:91%
ZIE>99:1 ey of29) ZIE>99:1
no s ) 9@
s |
Ph’N\/\(C Ph/"‘\/\((o> SN
OH OH OH
25: 56% 26: 93% 27: 71%
ZIE>99:1 E/7>99:1 2/E>99:1

H H
Ph/N\/\[CﬂH% Ph/N\/\[Cy
OH OH (X-ray of 29)

29: 56%
28: 479 4
8: 47%, Z/E > 99:1 ZIE>09:1

Figure 2. Scope in carbonate partners. Conditions: 0.2 mmol carbonate, 1.5
eq. of aniline, rt, 12 h, open to air, Cy = cyclohexyl: No branched allylic amine
formation could be observed. Note that formally compound 26 has an (E)
configuration but its formation follows a similar stereocontrolled amination
pathway as for the other reported compounds.

Subsequently, the carbonate partner was systematically var-
ied (Figure 2) giving access to a wide range of highly func-
tional allylic amines (17-29) in moderate to excellent yields
with excellent stereocontrol in most of the cases with Z/E
ratios of >90:10. Many different functionalities can be readily
introduced in the y-position including para-, meta-, and ortho-
substituted aryls (17-23), furans (24 and 26) and thiophene
(25) groups. The presence of ortho-substituents on the aryl
group of the cyclic carbonate, however, lowers the stereo-
control of the catalytic process (for 20: Z/E = 77:23), and also
meta-substitution results in a small loss of stereo-induction
(for 19: Z/E = 90:10). The presence of a bulky naphthyl group
did not affect the stereocontrol exerted in the catalytic protocol
(cf., formation of 27). The use of alkyl-substituted vinyl car-
bonates (R = alkyl) also selectively leads to the formation of
(Z) allylic amines 28 and 29. X-ray analyses carried out for
allylic amines 23 and 29, apart from 1D/2D NMR studies,
further supported the (Z)-configuration of the products.
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RS{j ’? R?
[eXNe] F N A R’
— A~ By
= 0
2
R stereoselective H
H Me H Me H Ph
N Ph N N
Ph” \)\[ Ph” N Me  Ph” \)\[Ph
OH OH OH
30:84% 31:84% 32:76%
Z/E>99:1 Z/E>99:1 Z/E>99:1
M
H Ph ® 4 Ph Ph H Ph Me
ph Ny ph NN /@/N N
OH OH Me OH
33:81% 34: 71% 35:63%
Z/E>99:1 Z/E>99:1 Z/E>99:1

M Ph Ph
Me Ph © H Ph H Ph
N N
Ph” X /©/ X /©/N X
OH Br OH

OH MeO
36: 64% 37:75% 38: 59%
Z/E=90:10 Z/E>99:1 Z/E>99:1

Figure 3. Preparation of tetra-substituted allylic amines 30-38. Conditions: (i)
0.2 mmol of carbonate, 1.5 eq. of aniline, White catalyst (2.0 mol%), L5 (5.0
mol%), DMF, 12 h, 70°C, open to air; (ii) Reaction was carried out at rt. No
branched allylic amine formation could be observed.

To scrutinize whether the stereoselective formation of the
allylic amines is under thermodynamically control, we decided
to prepare tetra-substituted allylic amines. Gratifyingly, the
stereoselective preparation of tetra-substituted allylic amines
30-38 proved to be feasible (Figure 3: Z/E>99:1; except for
36: Z/E = 90:10). Whereas the reaction to prepare allylic
amines 31-38 did not give any conversion at room tempera-
ture, increasing the reaction temperature to 70°C smoothly led
to their formation in appreciable yields without affecting the
stereoselective course of the reactions. The stereochemical
configuration of these products was conveniently confirmed
by 2D NMR techniques (see Supporting Information).

H g
N & Ph
S
Me
OH
39:R"=H, R?= Me
98%, Z/E>99:1

0] NH,

Ph @ H g
phNeg \vPh
Me Me L

OH

40:R'=R?=Me
99%, Z/E>99:1

Figure 4. Formation of a-functionalized allylic amines 39 and 40. Conditions:
(i) 0.2 mmol carbonate, 1.5 eq. of aniline, White catalyst (2.0 mol%), L5 (5.0
mol%), DMF, 12 h, rt, open to air.

The straightforward formation of 30-38 demonstrates the
potential to install substituents on the -carbon of the allylic
scaffolds thus further amplifying the generality of the proto-

col. Notably, the products 30, 31, and 33-38 contain four dif-
ferent substituents in the olefinic unit under exquisite stere-
ocontrol, which is known to be highly challenging.""* There
does not seem to be an obvious thermodynamical control in
the reactions leading to allylic amines 32—38, a hypothesis that
was confirmed by DFT calculations. Indeed, calculations for
compounds 32 and 33 (see Supporting Information) showed
the E isomers to be slightly more stable compared to the ob-
served Z ones by 0.5 and 1.1 kcal/mol, respectively. There-
fore, the overall process is confirmed not to be under thermo-
dynamic control."®

Remarkably, upon use of a stereoisomeric mixture of the cy-
clic carbonate precursor (Figure 4, R' = H, R> = Me)'” virtual-
ly quantitative and stereoselective formation of -
functionalized allylic amine (Z)-39 was achieved. This result
suggests that stereopure vinyl-carbonate precursors are not a
requisite for the formation o-functionalized (Z) allylic amines.
Introduction of two substituents at the a-position also proved
to be feasible as illustrated by the synthesis of (Z)-40 (Figure
4) in 99% yield. In order to further expand the scope of our
optimized catalytic system, highly substituted carbonates B
(Figure 5) were prepared'® with the objective to prepare o-
functionalized allylic amines 41 and 42. However their for-
mation could not be observed at temperatures of up to 100°C
with quantitative recovery of carbonates B, pointing at some
steric limitation of the present catalytic methodology.

H Me

N Ph

PR N Y
— Me 3§

o) NH, Me” | OH

i e
o" 0o R 41:R' =R2 = Me; 0%

H

N -
B Ph SN
L . 5

Me” | "OH
Me

42:R'=R?=H; 0%

Ph

=<

Figure 5. Attempted synthesis of &functionalized allylic amines 41 and 42
from carbonate B. Conditions: (i) 0.2 mmol carbonate, 1.5 eq. of aniline,
White catalyst (2.0 mol%), L5 (5.0 mol%), DMF, 12 h, rt-=100°C, open to air.

In order to further examine whether the high stereoselective
nature of the allylic amine formation largely depends on the
substituents of the vinyl carbonate substrate and whether the
process is under thermodynamic control (cf., the R group in
Figure 2), commercially available and minimally substituted
vinyl carbonate C was selected and treated with six different
amine nucleophiles (Figure 6). As can be judged from the
results, in the presence of sterically less demanding anilines
(Figure 6, cf. 43—45), the nucleophilic attack on the internal
carbon is favored leading to the branched allylic amines as the
major products. However, such branched products were never
observed in the preparation of compounds 1-40. By further
increasing the bulkiness of the aniline nucleophile, the y-
mono-substituted (Z)-configured" allylic amines 46—48 were
isolated as major component in moderate/good yields under
high stereocontrol (Z:E = 4:1). These experiments further
support that these stereoselective transformations are not un-
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der strict thermodynamic control. The combined results ex-
clude that the substrate itself largely controls the stereo-
chemical nature of the allylic amine formation, and that the
catalyst (in situ formed from the White precursor and LS5)
combined with the medium (DMF) are essential for high ste-
reo-induction in these transformations.

X i
o o ri-N g2
— R’ \/\{ ]<\
H ¢ (E/2)
OMe H
43: 40% 44: 37% 45: 47%
Me ; Pr H
O, O Shad
OH OH Pr OH
46: 42% 47: 76% 48: 65%
ZIE>99:1 ZIE=41 ZIE>99:1

Figure 6. Preparation of allylic amines 43-48 from carbonate C using differ-
ent amine nucleophiles. Conditions: (i) 0.2 mmol carbonate, 1.5 eq. of aniline
derivative, White catalyst (2.0 mol%), L5 (5.0 mol%), DMF, 12 h, rt, open to
air.

Ph Me H
) then (i
Ph\ ﬂ (i) then (i) ;N N:
/N OH PH -\=(_ R
Me Ph
15 49: R = Ph, 57%, Z/E>99:1
(Z/E =90:10) 50: R = Bn, 56%, Z/E>99:1

N (6] Ph\ ﬂ (H
\_(\/ — N N
Bh (iii) H Nos
D 51: 86%, Z/E>99:1

Figure 7. Conversion of allylic amine 15 into (Z)-but-2-ene-1,4-diamines 49
and 50 and direct formation of diamine 51 from a cyclic carbamate precursor.
Conditions: (i) TsCl, Et,0, KOH; (ii) RNH,, K,CO3z, DMF; (iii) Conditions: 0.2
mmol carbamate, 1.5 eq. of aniline, White catalyst (2.0 mol%), L5 (5.0 mol%),
DMF, 12 h, rt, open to air. Nos = 2-nitrobenzenesulfonyl.

Highly functionalized allylic amine and/or olefin scaffolds
have been found as various building blocks/reaction part-
ners."”” The formal (2)-1,4-amino-alcohols reported herein
also serve as reaction partners towards the synthesis of a wide
variety of 1,4-diamines. Such compounds are of potential
biological interest but are typically more difficult to prepare
stereoselectively than vicinal diamines.”' The pendent hydrox-
yl groups present in these newly prepared allylic amines allow
an easy entry to unsaturated, nonsymmetrical 1,4-diamine
scaffolds as illustrated by the synthesis of (Z)-but-2-ene-1,4-
diamines 49 and 50 (Figure 7) using standard nucleophilic
displacements. This procedure thus allows for pre-selection of
functional aryl and/or alkyl substituents on the nitrogen cen-

Journal of the American Chemical Society

ters (useful towards post-modification) by the appropriate
choice of the amine reagent during the formation of the allylic
amine, and subsequent use of another amine reagent in the
nucleophilic substitution reaction. More directly, (Z)-
configured diamines can also be prepared by using cyclic
carbamate D (Figure 7) that upon treatment with aniline under
the optimized conditions provided an easy entry towards dia-
mine 51 (86%) in excellent stereoselectivity.

Mechanistic Investigations. Intrigued by the high level of
stereochemical control in the formation of the allylic amine
products, we decided to investigate the reaction mechanism by
computational methods. Computational approaches have been
indeed successful in mechanistic studies on palladium chemis-
try,”> selectivity” and in processes involving carbon diox-
ide.*** For our calculations, we chose the system comprising
of the catalyst derived from the White precursor and DPEPhos
(LS), aniline and the dimethyl substituted cyclic carbonate
reported in Figure 4 leading to allylic amine product 40, since
these conditions gave quantitative and exclusive formation of
the (Z)-configured allylic amine. As such it was considered an
ideal case for the computational studies that focused on
providing fundamental insight into the stereoselective nature
of this catalytic process. The results reported in what follows
correspond to geometry optimizations with the B97D func-
tional in DMF solvent followed by single point calculations
with a SDD basis set for Pd and 6-311++g(d,p) for all other
atoms. All reported energies are free energies in solution.*
The computed reaction mechanism is visualized in Scheme 2,
and a detailed energy profile is shown in Figure 8. The com-
puted species are labeled with the prefix t (for “theoretical”) to
avoid confusion with the numbered experimental products
discussed above.

Scheme 2. Computed Overall Mechanism for the For-
mation of Allylic Amine (40).

White catalyst

(o]
Nu red.lLS
Attack Oko
\
PhNH,
>§Pd ﬂ\
P/Pd\P / PhHN . OH ‘: PH /Pd\
— @40 by p__P
A T t2
€] / Oxidative
CO, % o Addition
r 0, 0"V=
CO, (o} Y Ph e
Extrusion Ph « . o0 Pd
/ 7/
/Pd® . P\t_a/ P
P~ N\
~P
t4

The main features of the mechanism are shown in the sim-
plified Scheme 2. The initial steps of the reaction are the ex-
pected, i.e. the reduced form of the White catalyst t1 coordi-
nates the vinyl double bond to yield intermediate t2. Then an
oxidative cleavage of the cyclic carbonate takes place. There is
a formal transfer of two electrons from the Pd center to the
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Figure 8. Computed free energy profile (in kcal/mol) for the synthesis of allylic amine product 40 reported in Figure 4. The structure of the transition state leading

tot5 (i.e., t(4-5)*) is shown in the inset with selected calculated bond lengths.

organic substrate, and the resulting intermediate t3 contains an
i7" allylic group attached to an open carbonate. Up to this in-
termediate t3, our calculations closely follow previous mecha-
nistic postulations on related processes.” Isomerization of t3
through a m—o—m interconversion process leads to intermediate
t4. It is worth noting that at this stage it is far from obvious
how stereoselectivity can be achieved from this open chain
species. Intermediate t4 contains an allylic group arranged in a
way leading to the (Z)-configuration in the final product. The
key to the stereoselectivity is in the continuation of the pro-
cess: the extrusion of the carbon dioxide molecule results in
the formation of intermediate t5 containing a six-membered
palladacyclic ring. The arrangement of the substituents in
intermediate t5 is such that subsequent nucleophilic attack by
the aniline results in the release of the product molecule 40
and recovery of the catalyst t1. The formation of intermediate
t5 is thus key to the overall selectivity of the process.

A more detailed description of the reaction mechanism is
presented in the free energy profiles in Figure 8 ((Z) and (E)
pathways). Due to the irreversible CO, extrusion step, the key
kinetic barriers that determine the stereochemical course of the
reaction are t(4-5)* for the conversion of t4—t5 in the (Z)
pathway, and t(3-9)* for the conversion of t3—t9 in the (E)
pathway. In the (Z) pathway this barrier is 4.6 kcal/mol low-
er in energy, and therefore the formation of (2) allylic amine

40 at rt is favored.”’ Unlike the six-membered palladacycle t5
in the (Z) pathway, in the (E) pathway an epoxide intermedi-
ate t9 is formed and evolves into the (E)-configured product
t13. The formation of the palladacyclic intermediate t5 is
preceded by t(4-5) and the structure of this TS is shown in the
inset of Figure 8. The structural features of t(4-5)* emphasize
the importance of Pd—O chelation (its calculated bond length
is 2.154 A) to reduce the energy barrier and plays a key role
towards the kinetic differentiation between both pathways
leading to the (2) and (E) product, respectively. This Pd-O
chelation is not feasible going through t(3-9)I of the (E)
pathway, see Supporting Information for details (Figure S1).

The profile of the (Z) pathway in Figure 8 shows some sub-
tleties in the last part of the reaction, i.e., the nucleophilic
attack of the aniline on the catalyst-substrate complex. The
aniline makes a hydrogen bond to the anionic oxygen center of
t5 resulting in intermediate t6 which rearranges through pro-
ton transfer to intermediate t7. From t6 to the final product t8
there are two possible routes. The preferred one is stepwise,
with first formation of an O-H bond in intermediate t7 fol-
lowed by a nucleophilic attack of an amide nucleophile
through t(7-8)*. The concerted option has a higher transition
state, t(6-8)" at —6.0 kcal/mol, and is 3.3 kcal/mol above t(7-
8)* and must thus be discarded (Supporting Information; Fig-
ure S2).** The calculated formation of a branched allylic amine

ACS Paragon Plus Environment

Page 6 of 10



Page 7 of 10

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

t8" from intermediate t7 shows a transition state t(7-8 '):t with a
barrier at —0.6 kcal/mol which is much higher in energy than
the one (-9.3 keal/mol) computed for t(7-8)*. Therefore the
experimental observation of only linear allylic amine for-
mation for 1-40 corroborates with this computational analysis
(Supporting Information; Figure S3).

Other considerations are also important to discuss here
which relate to the possibility of syn/anti isomerization” of the
allyl-Pd species. First the isomerization between t3 and t4
was examined in more detail (Figure 9) through n-o-m inter-
conversion.” The highest point in this isomerization process,
t(15-16)*, has an energy of —7.7 kcal/mol, slightly below that
calculated for t(4-5)" in the formation of the (Z) allylic amine
40, and substantially below the value of t(3-9)I in the for-
mation of the (E) allylic amine. Thus, this means that syn/anti
interconversion before CO, extrusion is kinetically feasible.
More relevant towards a detailed understanding of the high
stereoselectivity in these allylic amine formation reactions is
the possible isomerizations (t5—>t9), (t6—t11) and (t7—>t12)
that takes place after CO, elimination (see Figure 10 and Fig-
ures S4 and S5). The formation of t12 from t7 also involves a
m-G-T interconversion process. As can be judged from Figures
8 and 10, the intermediate with the highest energy (t26; at —3.2
kcal/mol) is significantly higher than the highest transition
state (after CO, extrusion) of the pathway leading to (2£)-allylic
amine 40 with a t(7-8)* at —9.3 kcal/mol.

’ =
P 15 /77 "~ _t16 p-Pd.
v’ S——
3 t14 32.3 -12.0 : ta
6.8 -15.1 M7 -7 165
-19.4
0.0 5{4 o]
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Pd P [of
= —
Ph e
Pd-p
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Figure 9. Energy profile of syn/anti isomerization process from
t3—t4 through n—c—m interconversion.
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Figure 10. Energy profile of syn/anti isomerization process from
t7—t12 through n—c—n interconversion.
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For the other possible isomerizations t5—t9 and t6—tl1
similar/larger differences between the highest energies of the
involved intermediates (t20 at —0.7 kcal/mol, and t24 at —3.0
kcal/mol; see Figure S4 and S5 in Supporting Information)
were calculated. Thus, with an additional energy requirement
of at least 6.1 kcal/mol, these isomerization reactions beyond
selectivity determining t(4-5)I are clearly disfavored under the
experimental conditions.

One of the key points of the mechanism is thus that syn-anti
isomerization before decarboxylation is facile, but is relatively
slow after decarboxylation. It seems to be intrinsically more
facile going from a n° to n' coordination before decarboxyla-
tion (i.e., from t3 to t15; 4.5 kcal/mol uphill, Figure 9). This
isomerization feature is not as facile after decarboxylation
going from t7 to 25 (8.5 kcal/mol uphill, Figure 10). This is
likely associated to the superior electron-delocalization capa-
bility of the carbonate group with respect to the Ph-NH---OH-
fragment present after decarboxylation. This hypothesis is
further supported by the other computed n-c interconversion
steps t19—120 (9.2 kcal/mol uphill) and t6—>t23 (7.6 kcal/mol
uphill), see Supporting Information. The latter n-c intercon-
versions thus also require significantly higher energies than
noted for t3—t15 occurring before CO, extrusion.

Overall, the computed mechanism is in line with several ex-
perimental observations. The initial coordination of the vinyl
group to the palladium species t1 shows some steric restraints.
In this respect, the deterioration of the stereo-selectivity upon
changing the aryl substitution from “para” to “meta” or “or-
tho” in the cyclic carbonate precursor (cf., formation of 18-20,
Figure 2), and the lack of reactivity for the sterically crowded
carbonate substrates B (Figure 5) can be justified. For the (2)
allylic amines 1-40 we did not detect branched products in
accord with the computational results. The observation of
branched allylic amine formation when using non-substituted
vinyl carbonate C as starting material (Figure 6) suggested a
different intrinsic reactivity of non-substituted versus substi-
tuted vinyl carbonates (cf., Figure 1-4).*' The fact that a ste-
reoisomeric mixture of a vinyl carbonate converges to the
allylic amine (Z)-39 supports isomerization of the Pd-allyl
intermediate before CO, extrusion.

CONCLUSION

In summary, the new methodology presented herein delivers
a general, practical and mild route for the stercoselective for-
mation of highly substituted (Z)-configured allylic amine
compounds. Further to this, results presented herein demon-
strate wide scope in reaction partners allowing for the easy
introduction of substituents in the o-, - and y-position of the
alyllic unit. Most of these (Z)-configured allylic amines can be
prepared under ambient conditions with CO, as the sole waste,
avoiding special precautions with respect to air/moisture sensi-
tivity. This protocol does not require any additive while dis-
playing wide scope in functional groups and substitution pat-
terns. Further to this, the starting materials (cyclic vinyl car-
bonates and amines) are readily accessible and modular ena-
bling the construction of pre-designed allylic amine scaffolds.
The synthetic utility of these allylic amines was demonstrated
as exemplified by the synthesis of (Z)-but-2-ene-1,4-diamines
potentially useful in biological applications.
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Importantly, DFT calculations have revealed the rationale of
the excellent stereocontrol in these transformations and the
transition state t(4-5)1, with a lower barrier, leading to a (2)-
configured six-membered palladacycle t5 was computed as a
crucial intermediate towards a kinetic differentiation between
the pathways leading to either the (£) or (Z) product, with
Pd-O chelation as a stabilizing structural feature. This latter
feature guides the process towards the formation of a (Z)-
configured allylic amine. The DFT studies reported here add
crucial information with respect to the mechanistic under-
standing in decarboxylative functionalization of vinyl car-
bonates, and differentiates from a previously postulated zwit-
terionic species.” This new mode of stereocontrol provides
further synthetic potential for the functionalization of allylic
surrogates, giving prospectively access to various types of
stereopure and functionalized olefin building blocks being of
general synthetic interest.
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