ACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by University of Otago Library

Contra-Thermodynamic Hydrogen Atom Abstraction in the
Selective C-H Functionalisation of Trialkylamine N-CH3 Groups.
Joshua P. Barham, Matthew P John, and John A. Murphy

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.6b09690 ¢ Publication Date (Web): 03 Nov 2016
Downloaded from http://pubs.acs.org on November 3, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or conseqguences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Journal of the American Chemical Society is published by the American Chemical

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 7

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of the American Chemical Society

Contra-Thermodynamic Hydrogen Atom Abstraction in the
Selective C-H Functionalization of Trialkylamine N-CH; groups

Joshua P. Barham,*® Matthew P. John” and John A. Murphy®*

*WestCHEM, Department of Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral Street, Glasgow G1
1XL, UK. GlaxoSmithKline Medicines Research Centre, Gunnels Wood Road, Stevenage SG1 2NY, UK.

Supporting Information Placeholder

ABSTRACT: We report a simple one-pot protocol that affords
functionalization of N-CH; groups in N-methyl-N,N-
dialkylamines with high selectivity over N-CH,R or N-CHR,
groups. The radical cation DABCO", prepared in situ by oxida-
tion of DABCO by a triarylaminium salt, effects highly selective
and contra-thermodynamic C-H abstraction from N-CHj groups.
The intermediates that result react in situ with organometallic
nucleophiles in a single pot, affording novel and highly selective
homologation of N-CHj; groups. Chemoselectivity, scalability and
recyclability of reagents are demonstrated and a mechanistic pro-
posal is corroborated by computational and experimental results.
The utility of the transformation is demonstrated in the late-stage
site-selective functionalization of natural products and pharma-
ceuticals, allowing rapid derivatization for investigation of struc-
ture-activity relationships.

Introduction: Site-selective functionalization of tertiary amines
that bear an N-CHs; group is of great importance to medicinal
chemistry, where alterations reveal dramatic changes in activi-
ty. For example, transformation of the N-CHs; group of oxy-
morphone, (a p-opioid agonist) into a cyclopropylmethyl group
completely inverts pharmacological activity to yield the clinically
useful p-opioid antagonist, naltrexone (Scheme 1A).'~

N-CHjs functionalization is typically accomplished by stepwise
N-demethylation followed by alkylation (Scheme 1B). These
transformations are generally complex and require multiple
chemical steps, and can suffer variable selectivity or require
toxic or expensive reagents.*"® Within opioid chemistry, step-
wise approaches have developed with mild reagents via iron-
catalyzed N-demethylations of trialkylamine N-oxides but selec-
tivity is still variable and both N-oxidation and alkylation steps
are required.”"® Hence direct, selective methods for function-
alizing N-CHs; groups of trialkylamines are desirable.

Recently, transition metal catalysis has contributed to the site-
selective functionalization of tertiary amines.'®" Generally,
these methods have shown selectivity for C-H activation remote
from the nitrogen of a tertiary amine. Independently, the appli-
cation of radical hydrogen atom transfer (HAT) to site-selective
functionalization has made significant progress. MacMillan re-
cently reported site-selective H-atom transfer activations of N-
Boc and N-Bac protected secondary amines and activations of
alcohols as part of an overall photoredox transformation.?%?’
The intrinsic electronic properties of C-H bonds were exploited
such that electrophilic (quinuclidinium-type) radical cations se-

lectively engaged the most electron-rich N-CH; positions.
Where different alkyl groups were present in N-Bac protected
secondary amines, interesting selectivities began to emerge via
HAT.?

Scheme 1. A. Opioids; B. Stepwise vs. direct N-CHj; functionaliza-
tion strategies; C. This work.
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In this paper, we announce that the radical cation DABCO™
achieves site-selective and contra-thermodynamic HAT reac-
tions with trialkylamines that feature an N-CHs; group. Following
HAT, reactions yield metastable intermediates that react with
organometallic reagents to afford N-CHs-homologated products
efficiently in a single pot (Scheme 1C).
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Results and discussion: Initially, our mechanistic plan for the
formation of desired products 5 was based on single electron
oxidation of the trialkylamine nitrogen atom of the substrate and
subsequent chemistry (Scheme 2A). Oxidation by single elec-
tron transfer (SET) gives rise to radical cation 2. Deprotonation
to afford a-amino radical 3 followed by further SET oxidation
affords iminium salt 4, primed for nucleophilic attack to yield
homologated product 5. This plan accords with expectations
from photoredox?*? (and non-photoredox®®) SET methods.
Indeed, our initial efforts used photoredox catalysis conditions
on dextromethorphan (6a) and led to unexpected results that
will be reported elsewhere. Although SET methods are widely
used, non-SET methods have also been used to functionalize
trialkylamines. 33

Jahn had reported the use of tris(p-bromophenyl)aminium hex-
afluorophosphate (TBPA-PFs) to oxidize trialkylamines 1 to N-
radical cations 2.3* We wondered whether our substrates, sub-
jected to Jahn’s conditions, would follow the proposed reaction
pathway (Scheme 2A) to iminium salt 4. Our initial studies used
TBPA-PFg [E1p (tris-(4-bromophenyl)amine) = +1.10 V vs.
saturated calomel electrode (SCE) in MeCN] as an oxidant for
dextromethorphan (6a) (E°ox (6a) = +0.89 V vs. SCE in MeCN),
selected as a chromophore-containing trialkylamine substrate
which possessed N-CHs;, N-CH.R and N-CHR'R” positions
(Table 1).% Nor-dextromethorphan 6b (shown in Scheme 1)
was detected by LCMS, supporting the intermediacy of an imin-
ium salt. However, conversion was hampered by competitive
SnAr-type reaction by the chosen base on the triarylaminium
salt (see Supporting Information).*® To overcome this, TBPA-
PFe analogues were synthesized that do not feature leaving
groups at the para-positions (Scheme 2B).%

Scheme 2. A. Mechanistic plan for oxidation of trialkylamines; B.
Facile synthesis of stable triarylaminium radical cation salts

A
@
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Rz SET Rz -H Rz SET Re R2
1 2 3 4 5
B
TPBA-PFg, Ar = p-bromophenyl (79%),
Ar NOPFg (1 €q.) /§r® o 10 g scale
Ar=N  ——> Ar—N¢ PFs  TPBPA-PFg, Ar = p-biphenyl (80%)
Ar dry DCM Ar 1 g scale
Na, 0°C, <5 min TPTA-PFg, Ar = p-tolyl (90%),
stir, crystallize, filter 4 g scale

Of these, TPTA-PFs (Ei (tri-p-tolylamine) = +0.78 V vs. SCE in
MeCN) effected smooth conversion of dextromethorphan (6a)
to a reactive intermediate which was intercepted by organome-
tallic nucleophiles. Reaction optimization (see Supporting In-
formation) identified conditions: TPTA-PF¢ (3.4 equiv.), DABCO
(4.5 equiv.) and organometallic nucleophiles (5.0 equiv.) to
successfully transform 6a into N-alkyl-functionalized products
(8-14) in good to excellent (48-83%) yields and high N-CH3
regioselectivity (10:1) (Table 1). Interestingly, N-CH, functional-
ization operated as a minor pathway giving rise ultimately to a
DABCO-enamine by-product 7 (see Supporting Information for
proposed mechanism of formation), itself inert to the organome-
tallic addition reaction.

Substrate scope of the TPTA-PFs/DABCO mediated C-H
functionalization of trialkylamines is demonstrated in Scheme 3.
In the syntheses of 15-28, chemo- and highly regioselective
functionalization was observed in fair to high yields (48-81%)
with the exception of 23 and 26. Remarkably, N-
methylmorpholine and benzyl-protected 1-methylpiperidin-4-ol
gave exclusive (>30:1)*® N-CH; functionalization to afford 16
and 22 in 77% and 81% yield.

Table 1. N-CH; functionalization of dextromethorphan with a
variety of organometallic nucleophiles

1) TPTA-PFs (3.4 eq)

DABCO (4.5eq.)
-5 °C <5 min, MeCN
2) R-Metal MeN NxN
0°C, <5 min, MeCN 814
N-CH, : N-CH,
10 : 1
Product | Recovered
Ent R-Metal Product
i Yield % | p-tol:N %
1 Et-MgBr 8 81 99
2 allyl-I/In° 9 71 99
3 cyclopropyl-MgBr 10 74 99
4 vinyl-MgBr 11 75 99
5 Ph-MgBr 12 83 99
6 4-pentenyl-MgBr 13 57 99
7 3-butenyl-MgBr 14 48 ND

dIsolated yields (%) after chromatography. ND (not determined).
Aqueous work-up instead of organometallic addition gave nor-
dextromethorphan 6b (83%) and 7 (8%); thus selectivity was 10:1
in the oxidation step; baIIyI iodide (3.0 equiv.) premixed with In pow-
der (2.0 equiv.).

The secondary alcohol in tropine was tolerated in the synthesis
of 21, which contrasts with Ofial's BuOOH-mediated o-
cyanation of trialkylamines which resulted in oxidation to the
ketone.® Esters a- and p- to the trialkylamine were tolerated; in
the synthesis of 19, no N-CH; functionalization was observed
despite the stabilising a-ester. Moving to substrates featuring
highly electron-rich arenes, PMB-protected 1-methylpiperidin-4-
ol gave exclusive selectivity (>30:1) at the trialkylamine for N-
CHs; functionalization, but competing para-methoxybenzyl
cleavage resulted in an 18% yield of para-methoxybenzyl
alcohol, in addition to 23% of the desired product (23) (starting
material was recovered in 37% yield). This indicates competing
SET oxidation of the PMB group. Interestingly, for N-methyl
tetrahydroisoquinolines, complete reversal of regioselectivity
occurred, resulting in functionalization of the benzylic N-CH; to
afford 24 and 25a in 59% and 72% yield respectively,
contrasting with the other trialkylamines.
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Scheme 3.° Regioselective C-H functionalization of trialkylamines
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Late-stage functionalizations of pharmaceuticals and natural products:
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Practical, rapid gram-scale N-CH; functionalization
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®Unless otherwise stated, isolated yields (%) after chromatography are given.
Selectivities represent the ratio of N-CH3:N-CH; functionalized products as
determined by H NMR. ND (not determlned) Phenylmagnesium bromide is
used unless otherW|se specified. Phenylzmc halide used due to sensitive
functional groups. © Yield of returned stamng materlal if detected, is given in
square brackets. Yield determined by "H NMR. “An extra 1.0 eq. of sacrificial
organometallic reagent used due to the free alcohol. °N-demethylation was
observed

However, functionalization at the benzylic position is expected
and is readily achieved in these cores.?#%%3! gypjecting the
product 25a to the reaction conditions resulted in N-CH
functionalization to give an MeCN-adduct 25b, in addition to the
N-CH3; functionalized product (26) (N-CHs:N-CH = 1:3).
Sequential functionalization of N,N-dimethyloctylamine was
achieved, giving initially N-methyldioctylamine (27) in 71% yield
(60% isolated yield) when the heptyl Grignard was employed.
Functionalization of the remaining N-CHs; group of N-
methyldioctylamine (27) with the phenyl Grignard gave 28 in
48% vyield. In this second reaction, the selectivity was
noteworthy at 6:1 in favour of N-CH; functionalization, despite
the statistical bias (1 x N-CH3; vs. 2 x N-CH;, positions).

As examples of late-stage functionalization,?” azelastine (29a),
thebaine (30a, featuring an N-CHs group), and its carbonate
derivative (31a, featuring an N-CHs3 group), were subjected to
the reaction conditions and underwent successful N-CHs
functionalization to 29b, 30b and 31b respectively, albeit in
diminished yields (33-38%). Interestingly, scopolamine (32a)
and its protected analogue (33a) were also activated at the N-
CHs; group, but gave N-demethylation products 32b and 33b.
The sulfonamide and amide N-CHs groups of 34a and 35a
were untouched by the reaction conditions, highlighting the
selectivity of the reaction and its tolerance to electronically
deactivated N-CHs; groups. What was very striking was that
trialkylamines containing only N-CHzR positions gave no
reaction under the conditions employed. Triethylamine gave no
successful reaction to product 36, but recovery and
quantification of starting material was not possible. Therefore,
we employed non-volatile N,N-diethyl analogue 37a, which
gave no reaction. This observation markedly contrasts with
previously reported trialkylamine functionalizations, which of-
fered scope to engage trialkylamine N-CH3R positions.26273332

A second observation is that in general, excellent to exclusive
selectivity (6:1 to >30:1) was observed for the N-CH3 position
over N-CH2R or N-CHR; positions, with the highest levels of N-
CH3:N-CH. selectivity reported here competing with or
exceeding those reported elsewhere. Even for non-cyclic
trialkylamines such as N,N-dimethyloctylamine and the most
testing N-methyldioctylamine, 27; selectivities were 13:1 and
6:1 in favour of N-CHjs functionalization.

Scheme 4.Proposed mechanistic pathway

H-atom Radical [8] @
i @
RL abstraction RL _* COUP"“Q J Sn2 RL

Sy a
1 ﬁ_\3 [5] 38@ [8]

@

Ar3N Ar;3N (Ar = p-tol) N

EP,y (triethylamine) = +1.10 V vs. SCE
E 5 (tri-p-tolylamine) = +0.78 V vs. SCE
EPo (DABCO) = +0.69 V vs. SCE
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These two observations indicated that the transformation
proceeds through a different mechanism to that shown in
Scheme 2A. This led us to propose that successful reactivity
and N-CHs; selectivity derives from DABCO radical cation
engaging in direct H-atom transfer (HAT) with the trialkylamine
substrate (Scheme 4). Consistent with polarity matching expec-
tations, the electron-poor DABCO radical cation engages with
the electron-rich a—amino C-H bonds.?’ Following HAT, we
propose that the intermediate a-amino radical undergoes rapid
trapping by a second molecule of DABCO radical cation to yield
intermediate 38.%° We propose that metastable intermediate 38
undergoes an Sn2 reaction with an organometallic nucleophile
to afford the N-CHj; functionalized product. The non-reaction of
soft nucleophiles (nitronates, silyl enol ethers, Cu-acetylides
and potassium trifluoroborates) ruled out a formal iminium salt
as an intermediate, and 'H NMR studies of the reaction in
MeCN-ds; were consistent with 38 as the likely intermediate
(see Supporting Information). We now outline experimental and
computational evidence supporting a direct HAT mechanism.

First, we turned to Jahn’s oxidative cyclization chemistry where
the intermediacy of N-radical cations is demonstrated via their
rapid 5-exo-trig radical cyclizations.** Using TPTA-PF; as oxi-
dant under Jahn's conditions,** cyclization of 37a occurred to
afford 39 in 80% yield (Scheme 5). This confirms that TPTA-
PFe [E1j2 (tri-p-tolylamine) = +0.78 V vs. SCE] is capable of
oxidizing trialkylamines (EPo (triethylamine) = +1.10 V vs. SCE,
EPox (N-methylmorpholine) = +1.10 V vs. SCE) to N-radical
cations, which accords with the closeness of redox potentials
found by cyclic voltammetry.*® However, under our N-CH; func-
tionalization conditions where DABCO was present, substrate
37a gave no reaction and an 87% recovery of starting material
was observed.*'

Scheme 5. Reactions of radical cation reporter substrates

Jahn's protocol:
3.4 equiv. TPTA-PFg, KoCO3 (12 equiv.)

Ph NEt, 10 equiv. H,0, MeCN, -20°C Ph

?

Ph cyclization Ph
37a 39, 80%

Our protocol:
3.4 equiv. TPTA-PFg, DABCO (4.5 equiv.)

NEt, 10 equiv. H,O, MeCN, -5°C Ph%\/\/NEtQ
Ph no reaction Ph

37a 37a, 87%

Ph

?

Jahn's protocol:

3.4 equiv. TPTA-PFg, K;CO3 (12 equiv.) OH
Ph NMe, 10 equiv. H,0, MeCN, -20 °C
\(\/\/ €2 q 2 Ph\{/q%
Ph cyclization ph Mez
4,62%
Our protocol:
Ph

(i) 3.4 equiv. TPTA-PFg, DABCO (4.5 equiv.)

Ph NMe, dry MeCN, -5°C

[

Phw/ NMe
0 (iiy PhMgBr (5 equiv.), 0 °C Ph 42, 38%
exo-functionalization

Ph

Therefore, DABCO must be oxidized faster than 37a. This ac-
cords with cyclic voltammetry measurements (see Supporting
Information), which show that DABCO (EPx = +0.69 V vs. SCE)
undergoes easier oxidation than triethylamine (E’ox = +1.10 V
vs. SCE). Interestingly, when the analogous N,N-dimethyl-
containing substrate 40 (shown to cyclize to give 41 under
Jahn’s conditions) was employed, N-CHs functionalization oc-

curred to give 42 in 38% yield; no 5-exo (N-radical cation) or 6-
exo (a-amino radical) cyclization was observed.*?> These results
show that our reactions do not proceed via the radical cations
of our substrates.

Computation was used to probe selectivity (N-CH3:N-CHy) in
the H-atom abstraction step, and the overall thermodynamic
reaction profile (see Supporting Information and a previous
computational study on H-atom abstraction from amines*®). For
N-methylmorpholine (Figure 1), the product radical of HAT from
N-CH; (secondary radical) was more stable than that of HAT
from N-CH3 (primary radical) by 2.6 kcal mol™, as expected for
the difference in energy between primary and secondary radi-
cals (see Table 2). Interestingly, however, the transition state
for HAT from N-CH3; by DABCO radical cation is a noteworthy
12.1 kcal mol™ lower in energy than the corresponding transi-
tion state for HAT from N-CH,, in line with the experimental
selectivity observed (>30:1). The resulting primary radical then
follows a barrierless pathway to the N-methylmorpholine N-CH3
DABCO-adduct. Overall, N-CH; functionalization of N-
methylmorpholine is exergonic (AG = —54.4 kcal mol™) with a
17.4 kcal mol™ barrier.** For amide 35a, the barrier for HAT
was 26.7 kcal mol™, consistent with the lack of reactivity ob-
served experimentally (see Supporting Information).

N-methylmorpholine/DABCO radical cation
60.00
50.00
40.00
30.00
20.00
10.00

— N-CH, abstraction
— N-CH, abstraction

0.00

-10.00

AG (kcal mol™)

-20.00
-30.00
-40.00
-50.00
-60.00

Reaction coordinate

Figure 1. Reaction free energy (AG) profile for N-CH3 vs. N-CH, H-
atom abstraction from N-methylmorpholine, formation of DABCO-
adduct intermediates and functionalized products. Key structures
on the N-CH; functionalization reaction pathway are displayed

Computation of the trimethylammonium radical cation as an H-
atom abstractor from N-methylmorpholine gave similar barriers
and selectivity to the DABCO radical cation, whereas methyl
radical (a smaller HAT agent) behaved differently, giving much
smaller activation energy differences for abstraction from N-
CH; and N-CH. groups (Table 2). Computation of the open
chain N-methyldioctylamine gave diminished selectivity, whilst
computation of N-methyl tetrahydroisoquinolines (THIQs) pre-
dicted that the T.S. for N-CH, HAT would be lowest in energy.
Overall there is a strong relative correlation between the calcu-
lated AAG (T.S.) and the experimental selectivity. Computa-
tional results and experimental observations suggest that steric
factors are heavily implicated in the selectivity of the transfor-
mation. One steric factor is the hindrance around the the trial-
kylamine substrate N-CH3; and N-CH; positions.
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Table 2. Difference in AG (T.S.) for a range of trialkylamine sub-
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strates with different HAT agents and experimental selectivity
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HAT reaction AAG (T.S.) | N-CHs: N-CH;
N-methylmorpholine/DABCO™ 121 >30:1
N-methylmorpholine/Me;N™ 12.7 -
N-methylmorpholine/Me* 1.3 -
dextromethorphan (6a)/DABCO™ 2.7 10:1
N-methyldioctylamine/DABCO™ 3.3 6:1
N-methyldioctylamine/Me*® 1.8 -
N-methyl THIQ/DABCO™ 2.6 1:10
6,7-dimethoxy-N-methyl b
THIQ/DABCO™ 3.8 <1:30

All starting materials, products and transition state energies calcu-
lated using density functional theory (DFT) calculations in Gaussi-
an09 using an unrestricted B3LYP functional with a 6-31+G(d,p)
basis set and C-PCM implicit solvent model.** ®All energies are in
kcal mol™. "The transition state for N-CH,R HAT is lower energy
than N-CH; HAT.

An important steric factor is the structure of DABCO™"*,*® which

sees the radical cation delocalized between the two nitrogen p-
orbitals. As well as imparting stability to enhance lifetime,*’
this results in a steric ‘cage’ around the radical cation element,
allowing DABCO™ to be uniquely selective in its reactions.

Conclusion: DABCO radical cation, generated in situ through
the use of stable, rechargeable radical cation salts, engages in
contra-thermodynamic HAT reactions with trialkylamines with
exquisite regioselectivity for N-CHs groups. The least stable,
primary a-amino radicals are captured as metastable DABCO-
adduct intermediates which can be readily intercepted with hard
nucleophiles (organometallics or water), facilitating N-
functionalization in a single pot. The transformation is rapid,
scalable and benefits from recyclable TPTA-PFs. We foresee
applications of this direct N-functionalization methodology in
medicinal chemistry; in the late-stage functionalization of mole-
cules or the investigation of structure-activity relationships.
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