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ABSTRACT: Pd(0)-systems modified with SPINOL-derived phos-
phoramidate ligands promote highly enantioselective aza-Heck cy-
clizations of alkenyl N-(tosyloxy)carbamates. The method pro-
vides versatile access to challenging N-heterocycles and represents
the broadest scope enantioselective aza-Heck protocol developed
so far.

There is a pressing demand for methods that provide modular and
stereocontrolled access to chiral N-heterocyclic systems.* To ad-
dress this, we described recently two-step protocols for the synthe-
sis of pyrrolidines and piperidines (4) that exploit bifunctional
amino reagents 2’ (Scheme 1A).23 Here, Mitsunobu alkylation of
2’ with alkenyl alcohols 1 precedes Pd(0)-catalyzed aza-Heck cy-
clization to the target 4 (Scheme 1A). In this latter step, N-O oxi-
dative addition* is followed by aza-palladation of the alkene,® a pro-
cess that requires access to cationic intermediate Int-1.2 “Class 17
aza-Heck cyclizations were pioneered by Narasaka and use pen-
tafluorobenzoyl oxime esters as the N-O donor (Scheme 1B).57:8
The “Class 2 processes shown in Scheme 1A,2 in combination
with Watson’s “Class 3" methods,® expand the range of N-O donors
available for aza-Heck chemistry. Importantly, these newer pro-
cesses offer significantly broader scope than complementary aza-
Wacker cyclizations of NH-nucleophiles, while at the same time
circumventing the use of an external oxidant; a method comparison
for carbamate-based processes is shown in Scheme 1C.610abe.gh;

In principle, the aza-Heck approach is much better suited to en-
antioselective cyclizations than aza-Wacker processes.’% This is
because (a) oxidatively sensitive and highly tunable chiral phos-
phine ligands can be used and (b) alkene aza-palladation occurs ex-
clusively via a syn-addition pathway (Scheme 1C).26789 However,
these benefits are offset by the prescriptive ligand requirements of
the aza-Heck processes developed so far. Indeed, only recently
have efficient chiral ligands been developed for certain subsets of
Class 1 processes,® and enantioselective Class 2 and 3 cyclizations
have not been achieved. Herein, we address this issue by outlining
highly efficient enantioselective 5- and 6-exo Class 2 cyclizations.
The new method provides a range of challenging ring systems, in-
cluding o-tetrasubstituted variants, with high levels of enantiocon-
trol. Two key advances underpin the work described here: (1) the
first examples of the use of N-(tosyloxy)carbamates as N-O donors
in aza-Heck cyclizations and (2) the identification of SPINOL-
derived phosphoramidates as effective ligand systems.*2 The result-
ing processes offer the most general enantioselective aza-Heck pro-
tocol developed so far,%8 and, as such, provide an important contri-
bution to this emerging and topical field.

Scheme 1. Introduction.
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o
O, OR
OH ROJLN,OFBZ cat. Pd(0) Y
=
i Me WMe m
1 f 3 4"
F
n=12 Ro)j\u’0 BZZ, o ®
F -
Bz = I N
pentafluorobenzoyl o kt\,;%
JJ\ eOFBz n
RO NO

Int-1

(B) N-O donors used in aza-Heck cyclizations: O = alkene containing unit

oFBz QL OPh )oL )oL
! § _ofB s _OFB _OT:
N0 Bz HN R10” "N° % Rlo” N°'®

S SR T GR ON

oxime N-acyloxy- O-phenyl N-acyloxy- N-tosyloxy-
esters sulfonamides hydroxamates carbamates carbamates
(class 1) | (class 2) (class 3) | (class 2) (class 2: this work)
| y72 T | |
77 | I 1
1999 2016 2017 2018

(C) Aza-Heck vs aza-Wacker cyclizations of alkenyl carbamates:
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Our studies commenced by evaluating a range of chiral ligands
for the enantioselective cyclization of OFBz system 3a’. As out-
lined Table 1 chelating P,N- and P,P-systems L1 and L2 were not
effective and afforded only traces of target 4a (Entries 1-2). Con-
versely, the use of monodentate phosphoramidate systems was
more promising, such that L3-L7 promoted chemically efficient
cyclizations (Entries 3-7). Of these, L7 was most effective and pro-
vided 4a in 74% vyield and 80.5:19.5 e.r. (Entry 7). At this stage,
the influence of the leaving group (LG) was explored leading to the
observation that OTs analogue 3a cyclizes with higher levels of en-
antioselectivity to form 4a in 96.5:3.5 e.r. (Entry 8). Further



optimization was achieved by variation of reaction temperature,
concentration and EtsN loading. Ultimately, this led to the condi-
tions outlined in Entry 10 which deliver 4a in 95% vyield and
97.5:2.5 e.r. The efficient use of OTs activated system 3a is signif-
icant because the tosylate unit is cheaper, less mass intensive and
easier to install than the pentafluorobenzoate leaving group used in
previous work. 2678

Table 1. Optimization of a 5-exo aza-Heck cyclization.

Boc. LG Pda(dba); (5 mol%) Boc
N Chiral Ligand (X mol%) @/\Ph
> fn
A Me THF (0.4 M), Y °C \
Mitsunobu Bn Et3N (Z mol%)
3a' (LG = 0"Bz) 4a
3a (LG =0OTs)
Entry Ligand (X) Y z LG Yield? erb
1 L1 (20%) 130 100 ofBz trace nd.
2 L2 (10%) 130 100 ofBz trace nd.
3 L3 (20%) 130 100 0Bz 62% 50:50
4 L4 (20%) 130 100 ofBz 65% 55:45
5 L5 (20%) 130 100 ofBz 59% 39:61
6 L6 (20%) 130 100 ofBz 60% 39:61
7 L7 (20%) 130 100 ofBz 74% 80:5:19.5
8 L7 (20%) 130 100 OTs 75% 96.5:3.5
9 L7 (12%) 130 100 OTs 72% 96:4
10° L7 (12%) 110 300 OTs 95% 97.5:25
() o ) ph PP [
() P(Ph); pe_ 0~ 20
In e, O.
N ™ X P-NMe, f o P~NMe;
Q PPh, Bn P(Ph);Me” 0~ 0 .
O b O
L1 L2 L3 L4
0L O v L
e
o. o. )—=Me . Osp_n
o PNMe; o™ . 0" Num
>.||Me > e
PH R
L5 L6 L7 (R =Ph)
L8 (R = Me)

a Isolated yield; ® Determined by chiral SFC analysis; ¢ A concen-
tration of 0.07 M was used; n.d. = not determined.

The scope of the process for the construction of pyrrolidines is
outlined in Table 2. Both N-Boc and N-Cbz protected systems can
be used with the latter offering marginally lower enantioselectivi-
ties; for example, cyclization of 3b provided 4b in 955 e.r. vs
97.5:2.5 e.r. for 3a to 4a. Note that 3a and 3b were readily prepared
by Mitsunobu alkylation of BocNHOTS (2a) and CbzNHOTS (2b),
respectively (see the Sl). Using N-Boc protected systems 3c-l, we
have found that high levels of enantioinduction are maintained for
cyclizations involving a range of sterically diverse trisubstituted al-
kenes.'® Even system 3e, which has a bulky isopropyl substituent
at RY, cyclized efficiently to provide 4e in 97.5:2.5 e.r. The gener-
ality of the method for the construction of pyrrolidines bearing
tetrasubstituted a-stereocenters is significant; prior methodologies
for accessing ring systems of this type do not offer the same level
of scope and versatility.'4

The protocol also extends to 1,2-disubstituted alkenes, such that
cyclization of N-Boc protected substrates 3m-p generated 4m-p in
good to excellent yield and high enantioselectivity. Conversely, cy-
clization of N-Chz system 3q provided 4q in only 91:9 e.r. To im-
prove the enantioselectivity of this process we evaluated

replacement of the -OTs leaving group of 3q with other variants.
These studies revealed that more electron poor aryl sulfonates im-
prove reaction efficiency, such that p-nitro system 3qd generated
4q in 93% vyield and 94:6 e.r.*> Accordingly, where required, fine
tuning of enantioselectivity can be achieved by variation of the
leaving group (vide infra). Absolute stereochemical assignments of
the products in Table 2 were made by comparison of specific rota-
tion values of 4p and 4q to literature data and by single crystal X-
ray diffraction analysis of the p-bromophenylsulfonamide deriva-
tive of 4a (see the SI).

Table 2. Enantioselective 5-exo aza-Heck cyclizations.

Pd,(dba); (5 mol%) PG

PG.\-OTs (S)-SIPHOS-PE (L7, 12 mol%) n R
- - ,12 mo
t R2 0 ( 7.\\\\/R2
z THF (0.07 M), 110 °C
Mitsunobu R! Et3N (300 mol%)
3a-n 4a-n
FI’G ?oc ?oc
OR™ i RO
" " dil}
\\ \LPh \\
4a, PG = Boc 4c, 79% Yield 4d, 80% Yield
95% Yield, 97.5:2.5 e.r. 94.5:5.5e.r. 97:3 e.r.
4b, PG = Cbz
93% Yield, 95:5 e.r.
I?oc Me Boc Boc

M\\ihMe

49, 63% Yield

4e, 78% Yield 4f, 71% Yield

97.5:2.5e.r. 98:2 e.r. 96:4 e.r.
Boc ‘ Boc Boc
| | |
N O N_ Me (D/\Ph
dil} " dil]
\ (AN \,,
4h, 62% Yield 4i, 81% Yield 4j, 68% Yield
96:4 e.r. 96:4 e.r. 97.5:25eur.
Boc Boc Boc
h g N 0
"\ 7 N
OAU O
4k, 54% Yield? 41, 75% Yield 4m, 86% Yield
96.5:3.5e.r. 97.5:25e.r. 94:6 e.r.
I?oc ?oc FI’G
N N N
W\ W\ ‘\\\\
(_7 s Y- Q Mo <_7 A
4n, 70% Yield 40, 80% Yield 4p, PG = Boc
94:6 e.r. 93:7 e.r. 69% Yield, 94:6 e.r.
4q, PG = Cbz

93% Yield, 91:9 e.r.

Effects of varying the leaving group of 3q (-OSO,R) on the formation of 4q:

R of -OSO,R = Me- (3qa) p-MeOCgH;- (3gb) p-FCgHy- (3qc) p-NO,CgHy- (3qd)

Yield and 78% Yield 85% Yield 76% Yield 93% Yield
er. of 4q 90:10 e.r. 91:9er 92.5:7.5e.r. 94:6 e.r.
@Run at0.2 M.

Extension of the enantioselective aza-Heck protocol to the provi-
sion of piperidines via 6-exo cyclization proved to be challenging.
Exposure of 3r to the conditions outlined in Table 1, Entry 10 pro-
vided 4r in 94.5:5.5 e.r., but in only 55% yield. Extensive efforts to
improve reaction efficiency by variation of solvent, concentration
or base were not fruitful (see the SI). Ultimately, we found that this
more demanding cyclization could be achieved efficiently by re-
placement of L7 with the less sterically demanding ligand (S)-



SIPHOS-IP (L8, see Table 1 footnotes). Under these conditions,
cyclization of 3r provided 4r in 81% yield and 95.5:4.5 e.r. (Table
3). N-Boc system 3s also participated smoothly to generate 4s in
98:2 e.r. and 84% yield. The protocol appears to be general for cy-
clizations involving trans-1,2-disubstituted alkenes such that 4t-x
were all formed with acceptable levels of efficiency.'® Interest-
ingly, L8 is not especially effective for 5-exo cyclizations; for ex-
ample, exposure of 3a to the (S)-SIPHOS-IP system (L8) provided
4a in only 34% yield (vs 95% yield with L7). At the current level
of development, 6-exo cyclizations involving trisubstituted alkenes
are demanding. We have so far been unable to devise acceptable
conditions for conformationally flexible systems; however, pro-
cesses of this type can be realized for the construction of challeng-
ing tetrahydroisoquinolines such as 4y, which was accessed in 48%
yield and 96:4 e.r. using L7. Here, the use of L8 provided low lev-
els of efficiency.

Table 3. Enantioselective 6-exo aza-Heck cyclizations.

Mitsunobu

PG PG

r!l Pdy(dba)s (5 mol%) | R! 2
“NNOTs (S)-SIPHOS-IP (L8, 12 mol%) N R

Y R? THF (0.07-0.1 M), 110 °C o
Et3N (300 mol%)
R
3ry 4r-y
PG Cbz Cbz

OO

4r, PG = Cbz 4t, 64% Yield 4u, 73% Yield
81% Yield, 95.5:4.5 e.r. 95.5:4.5e.r. 91.5:8.5e.r.
4s, PG = Boc
84% Yield, 98:2 e.r.
II’G ?oc ?OCM
e
N_ o N_ . N
O O O
4v, PG = Cbz 4x, 60% Yield 4y, 48% Yield?
50% Yield, 95.5:4.5 e.r. 97.5:2.5e.r. 96:4 e.r.
4w, PG = Boc

73% Yield; 93:7 e.r.

a EtsN (500 mol%) was added and L7 was used in place of L8.

A key feature of the processes described here is that they are re-
dox neutral. This contrasts related Wacker-type processes, where
the requirement for an external oxidant limits the potential for using
highly tunable (but oxidatively sensitive) phosphine ligands to in-
duce asymmetry.1%! Further, as noted in our earlier studies, non-
enantioselective processes of this type do not offer high levels of
scope for carbamate-based processes, especially with respect to
ring size and alkene substitution.?01%ghi A further benefit of op-
erating in a redox neutral manifold is that the catalytic cycle is
closed by release of a Pd(0)-catalyst and this offers opportunities
for the design of powerful tandem processes. To demonstrate this,
we prepared 3z in 81% vyield by Mitsunobu alkylation of bifunc-
tional amino-reagent 2a with (E)-hept-5-en-1-ol 1z (Scheme 2).
Note that the N-O bond of 2a facilitates the Mitsunobu reaction.”
Enantioselective cyclization of 3z under optimized aza-Heck con-
ditions provided piperidine 4z. This product was not isolated and
instead the Pd(0)-catalyst was harnessed for a subsequent Heck re-
action, wherein addition of aryl iodide 5 effected C-H arylation to
provide 6 in 96.5:3.5 e.r. and 55% vyield for the one-pot two-step
process. Conversion of 6 to the natural product (+)-caulophyllu-
mine B has been achieved previously in one step.!® The absolute
stereochemical assignment of 6 was made by comparison of its

specific rotation value to literature data. Similar analyses for 4u and
4z support the stereochemical assignments in Table 3.1°

Scheme 2. (+)-Caulophyllumine B via a tandem aza-
Heck/Heck strategy.

Boc
oH BocNHOTs n Pd,(dba)s (5 mol%)
L/\/\ (2a) “oTs (S)-SIPHOS-IP (12 mol%)
_ @
e DIAD, PPhg P we  THE (0.1M), 110°C
12 32z, 81% Yield EtsN (300 mol%)

~ -one [ 5\}

4z

5

H A

Me o] Boc OAc

N o\ Ref. 18 N o then add

R 1S R

O O 5 (200 mol%)

EtsN (200 mol%)
(+)-caulophyllumine B 6, 55% Yield 3 >

96.5:3.5e.r.
(2 steps, one pot)

We have also evaluated the protocols described here in the dia-
stereodivergent assembly of more heavily substituted pyrrolidines
(Scheme 3). Exposure of stereodefined 3aa (>98:2 e.r.), which is
substituted at C-2, to optimized aza-Heck conditions using L7 as
ligand provided 4aa in 73% yield and 5:1 d.r. Conversely, use of
the same conditions for the cyclization of ent-3aa generated dia-
stereomeric product 4aa’ in 6:1 d.r. Thus, the chiral Pd-catalyst can
be used to enforce diastereocontrol during the assembly of these
challenging pyrrolidine systems.?® Further investigations into the
scope of this approach are ongoing.

Scheme 3. Diastereoselective cyclizations under catalyst
control.

Boc.  .OTs ?oc
N Pd,(dba)s (5 mol%) N Me

WMe (S)-SIPHOS-PE (L7, 12 mol%)= 5 74.,,\\
Et Me THF (0.2 M), 110 °C

EtsN (300 mol%) Et

3aa 4aa, 73% Yield, 5:1 d.r.
Boc. .OTs ?oc
N N. Me
As above ( 7/,,”
Y Z “Me R \\
Et Me Et
ent-3aa 4aa’, 65% Yield, 6:1 d.r.

The mechanistic detail of the alkene aza-palladation step (cf. Int-
| to 4, Scheme 1A) that underpins the processes outlined here mer-
its comment. Our collective studies indicate that alkene aza-pal-
ladation proceeds via a cationic pathway (e.g. via Int-1) for previ-
ous Class 1 and 2 processes that use pentafluorobenzoate as the
leaving group.27" In these processes the equivalent of acid gener-
ated via the B-hydride elimination step triggers protodecarboxyla-
tion of the pentafluorobenzoate leaving group, thereby maintaining
access to a cationic cycle.”t Cationic Heck-like manifolds accom-
modate bidentate chiral ligands and this renders them ideal for en-
antioselective reaction development.?* By contrast, optimal effi-
ciencies are achieved in the current processes with only a 1:1.2 ratio
of Pd:PRs (see Table 1). This observation is consistent with cycliza-
tion occurring via a neutral pathway, where the sulfonate leaving
group is ligated to the Pd-center during alkene aza-palladation.?? In
this scenario, the increased enantioselectivity observed in the



cyclizations of 3qd vs 3q can be attributed to an electronic effect
(see Table 2). This interpretation must be treated with caution and
alternative rationalizations cannot be discounted on the basis of
available data.

In summary, we show that Pd(0)-systems modified with
SPINOL-derived phosphoramidate ligands promote highly enanti-
oselective 5- and 6-exo aza-Heck cyclizations of alkenyl N-(to-
syloxy)carbamates. The substrates are easily accessed by
Mitsunobu alkylation of bifunctional amino reagents BocNHOTSs
(2a) or CbzNHOTSs (2b), and this underpins a direct route to enan-
tioenriched pyrrolidines and piperidines that are challenging or in-
accessible using conventional approaches. In particular, this new
aza-Heck method is complementary to related oxidative aza-
Wacker cyclizations (see Scheme 1C); enantioselective variants of
the latter are rare and, to our knowledge, have not been achieved
for carbamate-based nucleophiles.’%! Ultimately, the aza-Heck
method described here is able to provide high enantioselectivity be-
cause external oxidants are avoided, and this allows the use of
highly tunable chiral P-based ligands. These considerations are one
of several key benefits of the aza-Heck approach® and the contin-
ued development of this manifold is ongoing in our laboratory.
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