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ABSTRACT: We report a simple one-pot protocol that affords
functionalization of N-CH; groups in N-methyl-N,N-dialkyl-
amines with high selectivity over N-CH,R or N-CHR, groups.
The radical cation DABCO™®, prepared in situ by oxidation of
DABCO with 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,
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and recyclability of reagents are demonstrated, and a mechanistic proposal 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

pharmaceuticals, allowing rapid derivatization for investigation of structure—activity relationships.

B INTRODUCTION

Site-selective functionalization of tertiary amines that bear an
N-CH; group is of great importance to medicinal chemistry,
where alterations reveal dramatic changes in activity. For
example, transformation of the N-CH; group of oxymorphone
(a p-opioid agonist) into a cyclopropylmethyl group completely
inverts pharmacological activity to yield the clinically useful p-
opioid antagonist, naltrexone (Scheme 1A)."73

N-CH; 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.4_n Within opioid
chemistry, stepwise approaches have been developed with
mild reagents via iron-catalyzed N-demethylations of trialkyl-
amine N-oxides, but selectivity is still variable and both N-
oxidation and alkylation steps are required.">™"* Hence direct,
selective methods for functionalizing N-CH; groups of
trialkylamines are desirable.

Recently, transition metal catalysis has contributed to the
site-selective functionalization of tertiary amines.'”"" Gen-
erally, these methods have shown selectivity for C—H activation
remote from the nitrogen of a tertiary amine. Independently,
the application of radical hydrogen atom transfer (HAT) to
site-selective functionalization has made significant progress.
MacMillan recently 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 selectively engaged the most electron-rich
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N-CH, positions. Where different alkyl groups were present in
N-Bac-protected secondary amines, interesting selectivities
began to emerge via HAT.”

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-CH; group.
Following HAT, reactions yield metastable intermediates that
react with organometallic reagents to afford N-CHj;-homo-
logated products efficiently in a single pot (Scheme 1C).

B RESULTS AND DISCUSSION

Initially, our mechanistic plan for the formation of desired
products S was based on single electron oxidation of the
trialkylamine nitrogen atom of the substrate and subsequent
chemistry (Scheme 2A). Oxidation by single electron 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.>*~>*

Jahn reported the use of tris(p-bromophenyl)aminium
hexafluorophosphate (TBPA-PF) to oxidize trialkylamines 1
to N-radical cations 2.** We wondered whether our substrates,
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Scheme 1. (A) Opioids, (B) Stepwise vs Direct N-CH,
Functionalization Strategies, and (C) This Work
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Scheme 2. (A) Mechanistic Plan for Oxidation of
Trialkylamines and (B) Facile Synthesis of Stable
Triarylaminium Radical Cation Salts

A
1 @ 1 1 . 10 Re 1 @
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B
TPBA-PFg, Ar = p-bromophenyl (79%),
Ar NOPFg (1 eq.) Ar@ ©  10gscale
Ar—N —— Ar—NS PFs  TPBPA-PFg, Ar = p-biphenyl (80%)
Ar  dry DCM Ar 1gscale
Ny, 0 °C, <5 min TPTA-PFg, Ar = p-tolyl (90%),
stir, crystallize, filter 4 g scale

subjected to Jahn’s conditions, would follow the proposed
reaction pathway (Scheme 2A) to iminium salt 4. Our initial
studies used TBPA-PF; [E,,, (tris(4-bromophenyl)amine) =
+1.10 V vs saturated calomel electrode (SCE) in MeCN] as an
oxidant for dextromethorphan (6a) (E.? (6a) = +0.89 V vs
SCE in MeCN), selected as a chromophore-containing
trialkylamine substrate which possessed N-CHj;, 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 iminium salt. However, conversion was
hampered by competitive SyAr-type reaction by the chosen
base on the triarylaminium salt (see Supporting Information).*®
To overcome this, TBPA-PF4 analogues were synthesized that
do r§(7)t feature leaving groups at the para-positions (Scheme
2B).

Of these, TPTA-PF, (E,,, (tri-p-tolylamine) = +0.78 V vs
SCE in MeCN) effected smooth conversion of dextro-
methorphan (6a) to a reactive intermediate which was

Table 1. N-CH; Functionalization of Dextromethorphan
with a Variety of Organometallic Nucleophiles“

1) TPTA-PFg (3.4 eq.)

DABCO (4.5eq.) p|:e
-5 °C, < 5 min, MeCN
H. N - MeN
~ 2) R-Metal
6a 0°C, <5 min, MeCN 814
N-CHj : N-CH,

10 : 1

product yield  recovered p-tol;N

entry R-metal product (%) (%
1 EtMgBr 8 81 99
2 allylI/In® 9 71 99
3 cyclopropyl-MgBr 10 74 99
4 vinyl-MgBr 11 75 99
S Ph-MgBr 12 83 99
6 4-pentenyl-MgBr 13 S7 99
7 3-butenyl-MgBr 14 48 ND

“Isolated yields (%) after chromatography. ND (not determined).
Aqueous workup instead of organometallic addition gave nor-
dextromethorphan 6b (83%) and 7 (8%), thus selectivity was 10:1
in the oxidation step. “Allyl iodide (3.0 equiv) premixed with In
powder (2.0 equiv).

intercepted by organometallic nucleophiles. Reaction optimi-
zation (see Supporting Information) identified conditions,
TPTA-PF; (3.4 equiv), DABCO (4.5 equiv), and organo-
metallic 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-CHj; regioselectivity
(10:1) (Table 1). Interestingly, N-CH, functionalization
operated as a minor pathway, giving rise ultimately to a
DABCO-enamine byproduct 7 (see Supporting Information for
proposed mechanism of formation), itself inert to the
organometallic addition reaction.

Substrate scope of the TPTA-PF;/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-methyl-
morpholine and benzyl-protected 1-methylpiperidin-4-ol gave
exclusive (>30:1)**N-CH, functionalization to afford 16 and 22
in 77 and 81% yield, respectively.

The secondary alcohol in tropine was tolerated in the
synthesis of 21, which contrasts with Ofial’s tBuOOH-mediated
a—cyanation of trialkylamines, which resulted in oxidation to the
ketone.”” Esters a and f3 to the trialkylamine were tolerated; in
the synthesis of 19, no N-CH, functionalization was observed
despite the stabilizing a-ester. Moving to substrates featuring
highly electron-rich arenes, PMB-protected 1-methylpiperidin-
4-0l gave exclusive selectivity (>30:1) at the trialkylamine for
N-CH,; 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 regio-
selectivity 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.

However, functionalization at the benzylic position is
expected and is readily achieved in these cores.”"***%?!
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Scheme 3. Regioselective C—H Functionalization of
Trialkylamines®
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30b, R = Me, 38% 32b, R =R' = H, 40%°>¢d¢
(ND)[N.D] (>30:1) [21%]°

31b, R = CO,Et, 34%° 33a, R=TBS, R'=Me
(ND)[N.D.]  33b,R=TBS, R =H, 31%"%¢

(>30:1) [51%]°

29a,R=H
29b, R = Ph, 33%¢
(7:1) [18%]°

Practical, rapid gram-scale N-CH; functionalization

O

1) TPTA-PFg (3.4 eq.) ~
DABCO (4.5 eq.)
-5°C, <5 min, MeCN + AN
—_—
HN 2) PhMgBr (5.0 eq.) PR N 539,99%
0°C, <5 min, MeCN
6,159 12,159, 78%
Inert examples: /L
| < SN"Ph 36, 0%
g N R 343 R=H
o 34b, R = Ph, 0%°
[68%]C Ph
l )\/\/\ /L
\M/\H/NVR 353, R=H Ph N"R 37a,R=H
78 35b, R = Ph, 0%P 37b, R = Ph, 0%
[94%]¢ [87%]

“Unless otherwise stated, isolated yields (%) after chromatography are
given. Selectivities represent the ratio of N-CH;/N-CH, functionalized

Scheme 3. continued

products as determined by 'H NMR. ND (not determined).
Phenylmagnesium bromide is used unless otherwise specified.
“Phenylzinc halide used due to sensitive functional groups. “Yield of
returned starting material, if detected, is given in square brackets. Yield
determined by 'H NMR. “An extra 1.0 equiv of sacrificial
organometallic reagent used due to the free alcohol. “N-Demethylation
was observed.

Subjecting the product 25a to the reaction conditions resulted
in N-CH functionalization to give an MeCN adduct 25b in
addition to the N-CHj-functionalized product (26) (N-CH,/
N-CH = 1:3). Sequential functionalization of N,N-dimethy-
loctylamine was achieved, giving initially N-methyldioctylamine
(27) in 72% vyield (60% isolated yield) when the heptyl
Grignard was employed. Functionalization of the remaining N-
CH; group of N-methyldioctylamine (27) with the phenyl
Grignard gave 28 in 48% yield. In this second reaction, the
selectivity was noteworthy at 6:1 in favor of N-CH,
functionalization, despite the statistical bias (1 X N-CH; vs 2
X N-CH, positions).

As examples of late-stage functionalization,”’ azelastine
(29a), thebaine (30a, featuring an N-CHj group), and its
carbonate derivative (31a, featuring an N-CH; group) were
subjected to the reaction conditions and underwent successful
N-CH; functionalization to 29b, 30b, and 31b, respectively,
albeit in diminished yields (33—38%). Interestingly, scopol-
amine (32a) and its protected analogue (33a) were also
activated at the N-CHj; group but gave N-demethylation
products 32b and 33b. The sulfonamide and amide N-CHj;
groups of 34a and 35a were untouched by the reaction
conditions, highlighting the selectivity of the reaction and its
tolerance to electronically deactivated N-CH; groups. What was
very striking was that trialkylamines containing only N-CH,R
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 nonvolatile N,N-diethyl
analogue 37a, which gave no reaction. This observation
markedly contrasts with previously reported trialkylamine
functionalizations, which offered scope to engage trialkylamine
N-CH,R positions.”**”*>%

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

These two observations indicated that the transformation
proceeds through a mechanism different from that shown in
Scheme 2A. This led us to propose that successful reactivity and
N-CH; selectivity are derived from the DABCO radical cation
engaging in direct H atom transfer with the trialkylamine
substrate (Scheme 4). Consistent with polarity-matching
expectations, the electron-poor DABCO radical cation engages
with the electron-rich @-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 Sy2 reaction with an organo-
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Scheme 4. Proposed Mechanistic Pathway
N
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metallic nucleophile to afford the N-CHj-functionalized
product. The nonreaction 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-d; 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 $-exo-trig radical cyclizations.”* Using TPTA-PFy as
an oxidant under Jahn’s conditions,”* cyclization of 37a
occurred to afford 39 in 80% yield (Scheme S). This confirms

Scheme 5. Reactions of Radical Cation Reporter Substrates

Jahn's protocol:
3.4 equiv. TPTA-PFg, K,CO3 (12 equiv.)
Ph NEt, 10 equiv. H,0, MeCN, -20°C ph M o
Ph cyclization Ph Et;
37a 39, 80%

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

?

Phw\/NEtz 10 equiv. H,O, MeCN, -5°C Ph\(\/\/NEtz
Ph no reaction Ph
37a 37a, 87%
Jahn's protocol:
3.4 equiv. TPTA-PFg, K,COj3 (12 equiv.) on
i 20 ©
Pho A, 10 equiv. H,0, MeCN, 20 °C ph\k(N%
Ph cyclization Ph Me,

40 41, 62%
Our protocol:
(i) 3.4 equiv. TPTA-PFg, DABCO (4.5 equiv.)

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

Ph
Ph

?

Ph

that TPTA-PF, [E,, (tri-p-tolylamine) = +0.78 V vs SCE] is
capable of oxidizing trialkylamines (E.F (triethylamine) =
+1.10 V vs SCE, E_? (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-CHj; functionalization conditions where DABCO
was present, substrate 37a gave no reaction and an 87%
recovery of starting material was observed."'

Therefore, DABCO must be oxidized faster than 37a. This
accords with cyclic voltammetry measurements (see Supporting
Information), which show that DABCO (E,? = +0.69 V vs
SCE) undergoes easier oxidation than triethylamine (E. =
+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-CH; functionaliza-
tion occurred to give 42 in 38% yield; no S-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-CH;/N-CH,)
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

N-methylmorpholine/DABCO radical cation

60.00

50.00 — N-CH, abstraction

40.00 — N-CH, abstraction

30.00

)
N
©
o
S
1

10.00
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-CH; 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.

HAT from N-CH, (secondary radical) was more stable than
that of HAT from N-CH; (primary radical) by 2.6 kcal mol™/,
as expected for the difference in energy between primary and
secondary radicals (see Table 2). Interestingly, however, the

Table 2. Difference in AG (TS) for a Range of Trialkylamine
Substrates with Different HAT Agents and Experimental
Selectivity”

HAT reaction AAG (TS) N-CH,/N-CH,

N-methylmorpholine/DABCO** 12.1 >30:1
N-methylmorpholine/Me;N** 12.7
N-methylmorpholine/Me* 1.3

dextromethorphan (6a)/DABCO** 2.7 10:1
N-methyldioctylamine/DABCO** 33 6:1
N-methyldioctylamine/Me*® 1.8

N-methyl THIQ/DABCO** —2.6" 1:10
6,7-dimethoxy-N-methyl THIQ/DABCO™** -38° <1:30

“All starting materials, products, and transition state energies
calculated using density functional theory calculations in Gaussian09
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-CHj
HAT.

transition state for HAT from N-CH; by a DABCO radical
cation is a noteworthy 12.1 kcal mol™" lower in energy than the
corresponding transition 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-CH; 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 observed experimentally (see
Supporting Information).
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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
the 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, while computation of N-methyl
tetrahydroisoquinolines (THIQs) predicted that the TS for
N-CH, HAT would be lowest in energy. Overall, there is a
strong relative correlation between the calculated AAG (TS)
and the experimental selectivity. Computational results and
experimental observations suggest that steric factors are heavily
implicated in the selectivity of the transformation. One steric
factor is the hindrance around the trialkylamine substrate N-
CH,; and N-CH, positions.

An important steric factor is the structure of DABCO*®,*
which sees the radical cation delocalized between the two
nitrogen E-orbitals. As well as imparting stability to enhance the
lifetime,*””*® this results in a steric “cage” around the radical
cation element, allowing DABCO™ to be uniquely selective in
its reactions.

B 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-CH; 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
and scalable and benefits from recyclable TPTA-PF, We
foresee applications of this direct N-functionalization method-
ology in medicinal chemistry: in the late-stage functionalization
of molecules or the investigation of structure—activity relation-
ships.
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