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Abstract

A Brgnsted base activation mode for oxidative, Pd(l1)/sulfoxide catalyzed, intermolecular C—H
allylic amination is reported. N,N-diisopropylethylamine was found to promote amination of
unactivated terminal olefins, forming the corresponding linear allylic amine products with high levels
of stereo-, regio-, and chemoselectivity. The predictable and high selectivity of this C—H oxidation
method enables late-stage incorporation of nitrogen into advanced synthetic intermediates and natural
products.

Introduction

The ubiquitous C—H bond has emerged as a viable precursor to many functional groups
through several transition metal-catalyzed reactions.! The practical utility of such reactions for
complex molecule synthesis is governed by their ability to operate with predictable and high
levels of chemo-, stereo-, regio- and site selectivity. The strategic application of selective C—
H oxidation reactions at late stages of syntheses has been demonstrated to increase product
diversityld as well as eliminate functional group interconversions and/or oxidation state
changes, which are often required when working with oxidized intermediates.?
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The prevalence of nitrogen functionality in biologically important small molecules,
accompanied by the extensive functional group manipulations (FGM) commonly employed to
install nitrogen underscores the utility of direct C—H to C—N bond transformations.3 For
example, routine synthesis of linear allylic amines involves oxidative, nucleophilic, and often
reductive conditions to access the requisite allylic alcohol, which is generally converted into
a leaving group before displacement with nitrogen.*> We recently reported Pd(I1)/bis-
sulfoxide catalyzed allylic C—H amination reactions that furnish either branched® or linear’
allylic amines directly from terminal olefins with predictable and high regioselectivities.®
Moreover, we have demonstrated that direct installation of nitrogen functionality from C—H
bonds can have a powerful streamlining effect on synthetic routes. For example, the
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intermolecular C—H to C—N bond forming route to a rigidified (+)-deoxynegamycin
analogue proceeded with five fewer steps, five fewer FGM, and a higher overall yield than the
alternative C—O to C—N bond forming route.” Despite this, the intermolecular allylic C—H
amination reaction suffered from several limitations associated with the requirement for a
Lewis acid activator [Cr(salen)Cl 2] to effect functionalization. Incompatibilities with Lewis
basic functionality, and isomerization of terminal olefins on electron-deficient substrates could
limit the applicability of this otherwise useful and general method. With the goal of further
developing this significant transformation, herein we report a novel nucleophile activation
strategy for promoting intermolecular allylic C—H amination that operates via electrophilic
Pd(I1)-catalysis with acidic N-tosylcarbamate nucleophiles (pK, ~ 3.5).9 This strategy employs
exogenous catalytic amine base to elevate the concentration of anionic carbamate nucleophile
that is not associated with the Pd counterion, resulting in one of the most mild and selective C
—H oxidation reactions reported to date (Equation 1).

Results and Discussion

Design Principles

We previously introduced Pd(Il)/sulfoxide catalysts (e.g. 1) as electrophilic promoters of a
heterolytic, allylic C—H cleavage event to generate w-allylPd intermediates; this eliminates
the need for pre-oxidized allylic precursors, as required in Pd(0) substitution reactions (Figure
1, A).

Although both Pd(0) and Pd(Il) manifolds proceed through a common z-allylPd intermediate,
they require very different strategies for promoting functionalization (Figure 1, B). The basic,
reducing conditions of Pd(0)-mediated allylic substitution reactions are compatible with strong
nucleophiles (i.e. stoichiometric anionic nucleophiles) and o-donating ligands.1% However,
both of these strategies for promoting functionalization are incompatible with electrophilic Pd
(IN)-mediated allylic C—H oxidation reactions that proceed under acidic conditions. We have
alternatively delineated two general activation strategies for functionalization with acidic N-
tosylcarbamate pro-nucleophiles. The first involves the use of -acidic ligands [benzoquinone
(BQ)11] acting with a Lewis acid co-catalyst [Cr(I11)(salen)Cl, 2] to promote intermolecular
functionalization, possibly by activating electrophilic n-allylPd intermediates towards
nucleophilic attack.” The second strategy harnesses palladium carboxylate counterions as a
source of endogenous base to deprotonate and thereby activate tethered pro-nucleophiles
(Figure 1, B).5 Unfortunately, this mild strategy proved ineffective for promoting
intermolecular functionalization. We hypothesized that the addition of an exogenous base in
catalytic amounts would increase the concentration of deprotonated nitrogen nucleophile in
solution, thereby promoting functionalization without requiring a tether.12 In addition to
providing a novel Brgnsted base activation mode for intermolecular oxidative Pd(ll) systems,
this strategy has the potential to overcome several challenges faced by the Lewis acid/BQ
system, such as incompatibilities with Lewis basic functionality and isomerization of terminal
olefins on electron-deficient substrates.

Reaction Optimization

Two features of the catalytic base additive were predicted to be critical to the success of this
activation mode: (1) sufficiently high basicity to generate an elevated concentration of
deprotonated nucleophile in solution, (2) a weak binding affinity for the highly electrophilic
Pd(1l) catalyst.

Table 1 provides a summary of the experiments exploring these criteria. As previously

demonstrated, only a trace amount (ca. 1%) of intermolecular allylic C—H amination product
was detected under the endogenous catalytic base conditions that promote intramolecular C—
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H amination with this type of nucleophile (Table 1, entry 1). In the presence of Lewis acid
activator and quinone [i.e. Cr(salen)CI 2 (6 mol%) and 1,4-benzoquinone (BQ, 2 equiv.)], Pd/
sulfoxide catalyst 1 (10 mol%) furnished intermolecular allylic C—H amination product 4 with
good yields and selectivities (Table 1, entry 2). To test the hypothesis that an external base
could replace Lewis acid activation and alternatively promote functionalization by direct
deprotonation of the nitrogen pro-nucleophile, we surveyed a series of common organic
Brgnsted bases as catalytic additives. Pyridine (6 mol%) exhibited low reactivity, potentially
due to its ability to serve as a ligand for Pd (Table 1, entry 3). In an effort to prevent a possible
binding event, sterically congested 2,6-di-tert-butylpyridine was screened; even this additive
failed to promote the reaction (Table 1, entry 4), supporting the hypothesis that a minimum
level of basicity may also be needed for this activation strategy. Coordinating, primary amines
with an increased level of basicity such as N-isopropylamine gave similarly poor results (Table
1, entry 5). Significantly, however, strongly basic yet sterically encumbered amines such as
N,N-diisopropylamine, triethylamine, and N,N-diisopropylethylamine (DIPEA) generated 4 in
good yields (Table 1, entries 6-8) and selectivities for the linear (E)-amine product. Although
a certain concentration of deprotonated nucleophile is clearly needed for reactivity, addition
of stoichiometric amounts of pre-formed anionic nucleophile, MeOC(O)NTs-HDIPEA,
generated only small amounts of product (Table 1, entry 9). This suggests that one or more
steps in the catalytic cycle are incompatible with high concentrations of even a weakly
coordinating anionic nucleophile. Accordingly, the concentration of Brgnsted base additive
was found to have a dramatic effect on reaction yields (Figure 2). Adding between 3 and 10
mol% DIPEA dramatically increases the yield of 4, whereas increasing the amount of DIPEA
to 25 mol% or higher was deleterious to product formation. The observed trend is most likely
due to attenuation of the electrophilicity of the Pd/bis-sulfoxide catalyst 1 at high
concentrations of base, although inhibition of acid-mediated catalyst reoxidation cannot be
ruled out.!3

Reaction Scope

These newly discovered DIPEA-base amination conditions provide an improvement in product
yield and chemoselectivity with N-tosylcarbamate nucleophiles, which enabled a substantial
broadening in substrate scope (Table 2). Generally, we found that the Cr conditions led to low
yields of product for substrates possessing isomerization-prone olefins. In contrast, aliphatic
and aromatic substrates containing these types of olefins worked well under the DIPEA
conditions (Table 2, entries 1 and 5). Gratifyingly, aromatic substrates containing widely used
synthetic handles such as esters, aldehydes, nitriles, and phenols all underwent efficient
reaction to their corresponding allylic amine products under the DIPEA conditions (Table 2,
entries 2-6). Products 6-10 represent powerful bifunctional aryl building blocks, with the
potential for subsequent manipulation. Aryl triflates are also well tolerated, displaying the
orthogonality of this Pd(I1) reaction to traditional Pd(0) methodologies (Table 2, entry 5).

Epoxides are valuable intermediates in complex molecule synthesis, because they can be
readily elaborated. For example, chiral (S,S)-Cr(salen) complex 2 is known to catalyze
asymmetric epoxide ring opening reactions.4 Expectedly, terminal epoxide substrates exposed
to 2 led to complex mixtures, providing none of the desired products (Table 2, entries 6-8). In
contrast, DIPEA conditions yielded allylic amination products with high selectivities and good
yields (Table 2, entries 6-9). Even highly reactive glycidol moieties are preserved under these
reaction conditions (Table 2, entry 6). Products such as (-)-10 can be ring-opened to generate
several important structural motifs, such as those found in beta-blocker® and cystic fibrosis
drugs.16 Di- and trisubstituted epoxides have the advantage of being capable of regioselective
ring opening as a means of generating structural diversity (Table 2, entries 8 and 9).17 Site-
selective olefin epoxidations of di- and trisubstituted olefins followed by allylic C—H
amination of terminal olefins enables the streamlined construction of bifunctional building
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blocks as exemplified by (-)-12 and (+)-13. As previously shown with the Cr/BQ system, amino
sugar precursor (+)-14 under the DIPEA conditions was isolated as a single diastereomer,
indicating no change in configuration at the adjacent stereocenter (Table 2, entry 10).”

Additionally, a variety of different N-tosylcarbamate esters were examined to evaluate
nucleophile scope. Using allyl cyclohexane as a substrate, substantial increases in yield were
found for both the methyl- and benzyl N-tosylcarbamate under the DIPEA conditions relative
to the Cr/BQ system (Table 2, entries 11 and 12). Yields with tert-butyl- and 9-fluorenylmethyl
N-tosylcarbamates could also be increased to above 50%, however, at this time optimal
conditions utilize 10 mol% DIPEA and carbon tetrachloride solvent to achieve good yields
with these nucleophiles (Table 2, entries 13 and 14).18 Overall, product yields under the DIPEA
conditions were consistently higher than conditions employing Cr/BQ.

As a final point, the intermolecular linear allylic amination presents a convenient method for
rapidly accessing a variety of valuable, nitrogen-containing compounds. N-Tosylcarbamate
nucleophiles can be easily synthesized on a multi-gram scale by reacting commercially
available N-tosylisocyanate with the desired alcohol to afford crystalline, bench stable reagents
(Figure 3, A). Moreover, the allylic N-tosyl carbamate moiety can be transformed into a variety
of diverse compounds in high yields (Figure 3, B). For example, both the carbamate and the
tosyl groups can be selectively removed by employing either mild base or a one-electron
reductant, respectively. Upon removal of the tosyl moiety, the carbamate can either be
hydrolyzed to yield the free allylic amine, or reduced to the corresponding methylamine. It is
significant to note that all of these transformations can be performed on densely functionalized
molecules while preserving the valuable internal olefin.

Late-stage C—H Amination of Natural Product Derivatives

Late stage C—H activation approaches can be particularly powerful when applied to the
diversification of complex natural products or the functionalization of late-stage intermediates
in a total synthesis. We targeted estrone derivatives'9 (+)-24/(+)-26 for the amination reaction,
as linear amines have been used to generate steroid-antibiotic hybrid compounds capable of
selectively destroying estrogen receptor-rich cancer cells (Figure 4, A).20

Protected (+)-23 underwent smooth conversion to the corresponding linear allylic amine
product with outstanding selectivity (Figure 4, A, >20:1 E/Z, L/B). Remarkably, the
unprotected diol (+)-25 was also an excellent substrate for the Brgnsted base-promoted
amination reaction.?! a-Cedrene derived (-)-27, also containing an unprotected secondary
alcohol moiety as well as a sterically hindered all-carbon quaternary center in the homoallylic
position, underwent efficient amination to give product (-)-28 in high yield with exceptional
selectivity (Figure 4, B). Tolerance of unprotected alcohol moieties on substrates (+)-25 and
(-)-27 further distinguishes this versatile amination method, since most C—H amination
systems face chemoselectivity issues with free alcohols.8? These examples highlight the
potential of highly chemoselective C—H oxidation reactions to directly diversify natural
products, without the need for functional group manipulations characteristic of traditional
carbon-heteroatom bond forming processes.

Mechanistic Considerations

On the basis of the data described above and our previous work, we favor a catalytic cycle for
Brensted base promoted intermolecular allylic C—H amination as illustrated in Figure 5, A.

The DIPEA base initially deprotonates the N-tosylcarbamate to generate nucleophilic species
A that participates in w-allylPd functionalization to afford product and trialkylammonium
acetate species B (Figure 5, A). Under these acidic conditions, it is unlikely that DIPEA base
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is regenerated during the course of the catalytic cycle. Accordingly, we suggest that after the
first turnover, species B serves as the base for subsequent deprotonations.22 Consistent with
this proposal, increasing the concentration of acetate anion in solution by addition of (n-
Bu)4NOAc or [(i-Pr),EtH]NOAC afforded the product in comparable yield to that obtained
with addition of DIPEA (Figure 5, B).23

These results clearly establish that intermolecular allylic C—H amination can be promoted
via nucleophile activation. Regarding the Cr system, however, two modes of Lewis acid-
promoted functionalization could still be operating: activation of the electrophilic w-allyl
intermediate towards nucleophilic attack, or activation of the N-tosylcarbamate nucleophile
towards deprotonation. Seminal studies performed in our labs on an asymmetric allylic
oxidation reaction indicated that Cr(I11)(salen) complexes increase the rate of BQ-mediated
n-allylPd functionalization by binding to a proposed n-allylPd(BQ) complex and increasing
its electrophilicity (Equation 2).24

L —_—
9.7X rale increase H"J\:':'f‘

ref. 24 o 55% ea
- - catalytic: 54% ee

(2)

Based on this model, we hypothesized that if a promoter is acting via an electrophile activation
mode that is mediated by BQ, the use of more sterically encumbered quinones (which do not
bind well to the z-allylPd intermediate) should impede product formation.24:2> Alternatively,
a promoter that proceeds by activating the nucleophile through deprotonation should show
little or no dependence on the quinone's steric environment. To investigate the role of a Pd-
quinone interaction for promoting amination, we subjected both sets of reaction conditions (Cr
& DIPEA) to a variety of methyl substituted benzoquinones and evaluated the trends in
reactivity. As expected, the Bransted base-promoted system shows no dependence on the
nature of the quinone for reactivity; even when methyl groups shield both olefins of the
quinone, high yields for the linear allylic amine product are observed (Table 3, entries 1-6).
This data is consistent with our proposed mechanism in which Brgnsted base-promoted
intermolecular allylic C—H amination proceeds by nucleophile activation. In stark contrast,
the Lewis acid system [Cr(salen)CI 2] requires unhindered quinones for promoting product
formation (Table 3, entries 1-4). Even quinones with only a single olefin blocked (such as 2-
methylbenzoquinone and 2,3-dimethylbenzoquinone) lead to diminished product yields under
Lewis acid conditions. When both olefins of the quinone are sterically blocked from binding
to the m-allylPd complex, very low reactivity corresponding to low conversion is observed
(Table 3, entries 5 and 6). Additionally, while both systems use quinone as a terminal oxidant,
suprastoichiometric loadings of BQ (2 equiv.) are needed for optimal reactivity with the Cr
system, whereas the DIPEA system operates equally well with no excess quinone (Table 3,
entry 2). All of this data is consistent with the Lewis acid working with a w-allylPd(BQ)
complex to promote functionalization and suggests that Lewis acid/BQ and Brgnsted base
activation proceed via distinct pathways for promoting allylic amination.24 Mechanistic studies
are ongoing to elucidate the details of the Lewis acid/BQ activation mode.
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Conclusion

In summary, we report the first catalytic Brgnsted base strategy for nucleophile activation under
the acidic, electrophilic conditions of oxidative Pd(I1) catalysis. This discovery provides a
novel way to activate acidic pro-nucleophiles for intermolecular n-allylPd functionalization
without attenuating the electrophilicity of the catalyst (1) required for C—H cleavage.
Significantly, this mild activation mode affords one of the most chemoselective C—H
oxidations reported to date, enabling sensitive moieties such as terminal epoxides and
unprotected alcohols to be present in the allylated starting materials. This advance should
further the use of the direct C—H allylic amination reaction towards the streamlined synthesis
and diversification of complex molecules. Moreover, we anticipate that this novel catalytic
base strategy will find general use for promoting functionalization via pro-nucleophile
activation in electrophilic transition metal-catalyzed processes that are not tolerant of strongly
basic conditions.

Experimental Procedures

Synthesis of Methyl N-tosylcarbamate

To a1 L flame-dried round bottom flask (under nitrogen) was added dry methanol (500 mL)
and a stir bar. The flask was cooled in an ice bath cooled at 0°C, and p-
toluenesulfonylisocyanate (100 mL, 0.657 mol, 1.0 equiv.) was added dropwise via syringe.
The reaction was then allowed to warm to room temperature. After stirring 2 h, removal of the
solvent in vacuo produced a colorless syrup that crystallized spontaneously. The solids were
then triturated with pentane (2 x 50 mL) and ether (1 x 50 mL), followed by drying under high
vacuum (0.5 torr) to yield white plates (141 g, 615 mmol, 94% vyield).

General Procedure for the Allylic C—H Amination

A 1 dram, screw-top vial under air atmosphere was charged with terminal olefin (0.3 mmol,
1.0 equiv.), followed by tert-butylmethyl ether (0.450 mL). Catalyst 1 (15.1 mg, 0.03 mmol,
0.10 equiv.), 1,4-benzoquinone (64.9 mg, 0.6 mmol, 2.0 equiv.), N-methyl-tosylcarbamate
(137.6 mg, 0.6 mmol, 2.0 equiv.), and a magnetic stir bar were then sequentially added. N,N-
Diisopropylethylamine (3.14 «L, 0.018 mmol, 0.06 equiv.) was added last via syringe. The
vial was fitted with a Teflon cap, magnetically stirred, and placed in a 45 °C oil bath. After 72
h, the vial was removed, allowed to cool to room temperature, and thoroughly rinsed into a
125 mL separatory funnel with ether (ca. 30 mL). The organic phase was washed with 5% aq.
K,CO3 (6 x 10 mL), and the combined aqueous rinses were back-extracted with ether (2 x 30
mL). The combined organic extracts were dried over MgSQO,4 or Na,SO4 (epoxides &
aldehydes), filtered through a 1:1 mixture of Celite/silica gel, and evaporated to dryness (30-40
°C, 30 torr). The crude mixture was purified by flash chromatography on silica gel (ethyl
acetate/hexanes), and evaporated to dryness to afford the aminated product.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B. Nucleophilic Functionalization
Bronsted Base Activation

R
S M(OAC),, or DIPEA
LPd(OAc)
+
NuH . Lewis Acid Activation X
pK, ~3.5 BQ, Cr(salen)X

Figure 1.

or

R\/\/Nu

Activation Strategies for Catalytic, Allylic C—H Oxidation Reactions
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0,0
;S . S\ 1
Ph'Pd(0Ac)Fh Te
n-C-H (10 mol%)
TN pipeA(Xmol%)  N-CrHis AN N\H/OME
.
H MeOC{O)NHTs (2 equiv.) 0
3 BQ (2 equiv.), TBME (0.66M) 4
45°C,72h

100%

90%

80%

70% 66%
o 65%
E 60% 57%
E s0%
g aox
®

30%

21%
20%
11%
10% %
. N
0% - — — . .
0 1 3 6 10 25 50 100 200
DIPEA (mol%)
Figure 2.

Effect of DIPEA Concentration on Reactivity for Linear Allylic C—H Amination
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A. Large Scale, Facile Synthesis

o) bench-stable
Ts-N=C:=0 + ROH CH,Cl, )J\ R crystalline solids
=C= _ere )
(commercial) R=Me, Bn, orMeOH TsN™ O R =Me 94%
t-Bu, Fm if R = Me H (141 g scale)

B. Useful Transformations of Allylic N-Tosylcarbamate Products

a o]

>99% O\W N’ H (+)-19

o o  Fb. 4 _

g - 1 82% \)YVNJ\OMe (+)-20
¥ OMe —] H

Figure 3.

Versatility of the N-Tosyl carbamate Functional Group

a) K,CO3, MeOH, 25°C, 3.5 h; (b) Na-C1gHg, -78°C, DME, 10 min; (c) NaOH, H,O/EtOH,
110°C, 4 h; (d) LiAlH4, THF, reflux, 5 h.
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A. Estrone Derivative

OMe
R;0
Ry =TBS; R, =Ac (+)-23 (+)-24 72% >20:1 E:Z
R, =H; R, =H (+)-25 (+)-26 55% >20:1 L:B
B. Cedrene Derivative Ts
N\H/OMe
@)
a OH
(R . /, IH
H :
>20:1 E:Z
(-)-27 (-)-28 80% >20:1L:B

Figure 4.

Late-Stage Oxidation of Natural Product Derivatives via Direct Allylic C—H Amination

(@) 1 (10 mol%), DIPEA (6 mol%), TSNHCO,Me (2.0 equiv.), BQ (2.0 equiv.), 0.66 M TBME,
45°C, 72 h.
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A. Proposed Catalytic Cycle for Base-Catalyzed Allylic
C—H Amination

Oxidation C-H Cleavage
O/ \ R
HO—< >—OH Ph/s * O~
Pd( OA )zph
AcOH
2ACOH

Functionalization ~ LPd"OAc

+ — DIPEA
DIPEAH OAc DIPEAH Nu <— +
B A NuH
NuH 0 NuH
u = u
MeOJ\I}I/TS AcOH
pKy~3.5 H

B. Reaction Promotion by exogenous Acetate Source
O“sl_\s"o
PhPd(0Ac)Ph 1
n-C-H (10 mol%)
TS NN ROAc (6 mol%) s

> n'C7H15 \/\/ N OMe
1.0 equiv. MeOC(O)NHTS (2 equiv.) hig

BQ (2 equiv.), TBME (0.66M) 0
45°C, 72 h

R = (n-Bu)4N 63%, 13:1 L/B, 20:1 E/Z
R = DIPEAH 65%, 11:1 L/B, 15:1 E/Z

Figure 5.
Proposed Catalytic Cycle for Brgnsted Base-Catalyzed, Linear Allylic C—H Amination
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Table 1
Exogenous, Catalytic Brgnsted Base Additives for Direct Allylic C—H Amination
o\\S/—\ ,0
PhPd(0Ac)Eh 1 s
n-C7H1 5 (1 0 mol%) n-C7H1 5P N OMe
Y aditive (6 moi%) NN
o O
H MeOC(O)NHTs (2 equiv.)
3 BQ (2 equiv.), TBME (0.66M) 4
45°C,72h

entry additive yield(%)2 L:BP E:ZC
1 none 1d - -
2 (S,S)-Cr(salen)Cl 2 50 11:1 19:1
3 pyridine 9 12:1 14:1
4 2,6-di-tert-butylpyridine - - -
5 N-isopropylamine - - -
6 N,N-diisopropylamine 66 12:1 15:1
7 triethylamine 60 14:1 15:1
8 N,N-diisopropylethylamine 66 11:1 17:1
9 MeOC(O)NTsH-DIPEA® 9 6:1 10:1

alisolalted yield of linear product.

bIinear/branched ratio determined by HPLC of crude reaction mixture.
cdetermined by 1H NMR after chromatography.

le NMR yield by comparison with internal standard.

e2.0 equiv. of the pre-formed salt was used instead of MeOC(O)NHTSs.
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Table 3
Effect of Quinone Sterics on Lewis Acid vs. Bransted Base C—H Amination Systems

O‘\S/_\S"O
PhPd(0AGPh ! T
n-C7H15 (10 mol%) n-C-H P N OMe
Y additive (6 moi%) TN
H MeOC(O)NHTSs (2 equiv.) ©
3 Quinone (2 equiv.), TBME (0.66M) 4
45°C,72h
DIPEA
Entry Quinone Yield(%6
1 66
o) o) b
2 67
O @)
3 71
O O
4 60
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O, /_\S"O
PhBd(0APh 1 Te
n'C7H15 (10 mOIO/O) n-C7H15 = N OMe
Y dditive (6 moi%) NN
H MeOC(O)NHTs (2 equiv.) ©
3 Quinone (2 equiv.), TBME (0.66M) 4
45°C,72h
DIPEA
Entry Quinone Yield(%
5 60
6 (0] @) 75

a . . .
Average isolated yield of linear product after at least two runs at 0.3 mmol.

bBQ (1.0 equiv.) was used.
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