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Transition metal-catalyzed C-H functionalization is a powerful strategy to upgrade simple hydrocarbons to versatile synthetic

building blocks and is a useful tool for the late-stage functionalization of complex molecules. In this study, we report an

intermolecular, non-directed amidation of benzylic C-H bonds via a nitrene transfer pathway. This operationally simple

method uses inexpensive silver-based catalysts, only a small excess of substrate and displays broad substrate scope that

includes arenes, biaryls, heteroarenes, and complex molecules. Changes to the AgNTf,:tert-butylterpyridine ligand ratio

furnish dimeric or trimeric Ag complexes as the proposed active catalysts; these show differing reactivity and selectivity

dependent on the nature of the substrate’s benzylic C—H bond.

Introduction

Transition metal-catalyzed C-H functionalization is a powerful
method to efficiently increase the molecular complexity of
abundant hydrocarbons.® Amines are found in pharmaceuticals,
agrochemicals, natural products, and in key ligands for catalysis;
thus, there is significant interest in methods for the selective
introduction of C—N bonds into readily available precursors.?
group
amination,* or alkene hydroaminations® often involve multiple

Traditional functional interconversions,® reductive
steps, require precious metal catalysts or are limited in scope.
In contrast, nitrene transfer (NT) enables direct conversions of
diverse C-H bonds to new C—N bonds® using metals that include
Rh,72¢ Ru,’df |r,78 Cu,’™ Fe,”i"™ Co,7°P Mn’d and Ag,”™¥ among
others. While recent reports from the Zhang,7°9 White,’™d
Chang,® Du Bois,”>8b Pérez,’~%¢ Dauban,® Arnold®sf and our
own group (among others),”t%:88 have driven progress in the
field, intermolecular NT into benzylic C-H bonds® via a nitrene
Cu,%® Mn,°f Fe%

catalysts can be challenging. Depending on the metal,

transfer process using Rh,8b9% Agsbc Co,2d

disadvantages include high cost,8>849 |ack of site- and chemo-
selectivity,’sh the need for pre-oxidized nitrene precursors,°f
difficult protein purification and aqueous conditions.® Other
drawbacks include long reaction times, modest yields and the
use of large excesses of the hydrocarbon substrate (>5 equiv.),
which limits application to late-stage functionalization. Thus,
simple methods for catalyst-controlled, selective amidations
under mild conditions and in high yield are in demand for

@ Department of Chemistry, University of Wisconsin-Madison, 1101 University
Avenue, Madison, WI 53706, USA.

substrates that contain multiple reactive C-H sites.10

Our group has developed a suite of methods for silver-
catalyzed NT with the capacity for catalyst-controlled, chemo-
and regiodivergent C-H amidations.”t%11-13The site-selectivity of
intramolecular NT is tunable via modifications to the nitrene
precursor, ligand, Ag:ligand ratio, or tether length between the
nitrogen and the targeted C-H bond. In contrast to NT catalysts
with fixed and/or bespoke ligand scaffolds, Ag(l) complexes
with simple N-donor ligands can adopt diverse geometries in
solution, including linear, tetrahedral, square planar, or
seesaw.'* This unusual feature enables control over the steric
environment of the reactive Ag-supported nitrenoid species
and precise tuning of chemo-, site-, and stereoselectivity,
typically aided by directing Ag:--t and arene-arene interactions
between the catalyst and the substrate.1113

Results and discussion

Our previous work on intramolecular NT reactions between two
competing C—H bonds showed that the site-selectivity could be
tuned through the ligand identity. For example, a silver salt
supported by 2 equivalents of a bidentate N-donor ligand, such
as tert-butylbipyridine (Bu-bpy), preferred reaction at a more
electron-rich C—H (Scheme 1a)!?@ over a benzylic C—H bond;
however, changing to a fluxional tris(2-pyridylmethyl)amine
(tpa) ligand favored benzylic C—H amidation. In another system,
altering the ligand on Ag from 'Bu-bpy to a terpyridine (tpy)
favored chemoselective C—H bond amidation over aziridination
in homoallenic carbamate precursors (not shown).13b
Terpyridines have low-lying LUMOs, provide tight chelation

with cationic Ag(l) in a stable co-planar conformation and
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increase the coordination number at the metal, all factors we
have observed to impact site-selectivity.15aP We were curious if
the selectivity observed with Ag salts supported by
multidentate terpyridine-based ligands might be extended to
intermolecular amidations of benzylic C-H bonds. In this work,
we present a mild, practical Ag-catalyzed method for amidation
of benzylic C(sp3)—H bonds in arenes, biaryls, heteroarenes, and
complex molecules (Scheme 1b). The protocol does not use
costly metals or ligands, proceeds quickly at room temperature,
and avoids the need for pre-oxidization of the nitrene
precursor. An intriguing effect on the geometry of the proposed
active Ag catalysts was noted when changing the ratios of
AgNTf, and L1 (Scheme 1c), with MLy and ML, displaying
differences in reactivity and selectivity, depending on the
substrate (Scheme 2, vide infra).

Scheme 1. Tunable silver-catalyzed amidation reactions.

Bu ‘Bu
7 N\

ve intr on

JACS 2014, Schomaker major L'[‘Bu-bpy]
b. This work: Sit lective inter 'l=rbenzylic
Bu
H HzN_o
e C)as (-
1
Bu i NN | N ‘Bu
benzylic selectivit fex molecul 2N Nz
enzylic selectivity complex molecules L1 [Bu-tpy]

Ag cial ligand 58 examples

c. Subtle changes to reaction conditions impact the Ag coordination environment

ML,

CeoH70Ag3F15N9012S¢
trinuclear species

[Ag2(C27H35N3)2(H20)0.669]
dinuclear species

Treatment of ethylbenzene 1a with 1,1,1,3,3,3-hexa-
fluoropropan-2-yl sulfamate (HfspNH;) as the nitrene precursor
using condition A afforded an 85% yield of 1b (Table 1, entry 1),
which was lowered to 45% in TFE (entry 2). AgOTf and AgTFA
proved less effective (entries 3-4), while lower and higher
catalyst loadings also decreased the yields of 1b (entries 5-6).
The identity of the ligand was key in controlling the efficiency
and selectivity of the NT event. Screening of a series of
bipyridine, phenanthroline, terpyridine, and other
bidentate/tridentate ligands (L2-L5, Table 1; see the SI, Table
S16 for additional ligands), showed that ‘Butpy (L1) was optimal.
The use of 4 A molecular sieves (MS) as an additive was best

2| J. Name., 2012, 00, 1-3

(entries 7-8). Changing the solvent to MeCN (entry 9) gave pQor
yield, while changing the reaction time d&ereaseéd¥ReSyEEIPof
1b (entries 10-11). Finally, control experiments confirmed that
both AgNTf, and the ligand are essential for product formation
(entries 12-13). For full optimization studies, see Tables S1-S17
in the Supplementary Information.

Table 1. Selected results from the optimization of inter-
molecular Ag-catalyzed NT.¢

/ll: N M ﬁi Condition A q\s,,O )C\Fa N JOL
Ph” “Me NS0 eF; (4 [Butpyy N7 07 TCFs - PhMe
1a, 2 equiv. HfpsNH, ML, Ph™ “Me 1p 1b'

Entry Change 1b 1b'

from Condition A % yield % yield

1 none 85 10
2 TFE 45 11
3 AgOTf instead of AgNTf, 38 20
4 AgTFA instead of AgNTf, 29 3
5 AgNTF, (5 mol%) 41 11
6 AgNTf; (25 mol%) 76 14
7 3AMs 63 4
8 5AMs 45
9 MeCN 20 5

10 2 h reaction time 29 <1

11 8 h reaction time 60 8

12 no Ag catalyst 0 2

13 no ligand
@_@ /\_>—<\ />—<_/\ HZN&NHZ 0\’><r\>

L2, 3% L3, 0% L4, 11% L5, 0%

9Standard conditions: Condition A: arene (2 equiv.), HfpsNH,
(0.05 mmol), AgNTf; (20 mol%), ‘Bu-tpy (12 mol%), PhIO, (3
equiv.), 4 A molecular sieves (50 mg), o-DCB (0.05 M), 4 h, rt,
under air. ®Yields determined by crude NMR of the reaction
mixture using 1,3,5-(MeQ)3CgH3 as an internal standard. ML; =
[Ags('Bu-tpy)2(NTf2)s].

The Ag complex formed under reaction condition A was
subjected to SC-XRD; the resulting ML; shows an unexpected
linear arrangement of three Ag atoms (Scheme 1c).
Resubjecting ML; to condition A for the reaction of 1a to 1b,
minus the addition of AgNTf, and L1 (see details in S4.6.2 of the
Sl), gave results that were similar to condition A only. However,
biased substrates with competing benzylic and tertiary C(sp3)—
H bonds gave poor yield with ML; (see SI, Tables S18-S33); thus,
a second set of conditions was developed (condition B, Scheme
2). The solvent was switched to PhH using AgNTf, (10 mol%), L1
(12 mol%), PFIOB (2 equiv.), and 4 A MS at rt for 4 h to form ML,
(Scheme 1c) as the proposed active catalyst (see Section 4.6.2
in the Sl for further details).

This journal is © The Royal Society of Chemistry 20xx
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complex molecule scope

Me (o] PG

Me Me Me
44b, 78%7 45b, 67%" 46b, 60%" 47b, 96%°, dr>19:1 48b, 32%°?, dr6:1
from celestolide from fluorene from from from vitamin C

2-bromo-9H-fluorene methyl O-methylpodocarpate

aCondition A: arene (2 equiv.), HfpsNH; (0.05 mmol), AgNTf, (20 mol%), ‘Bu-tpy (12 mol%), PhIO, (3 equiv.), 4 A MS (50 mg), 6-DCB (0.05 M),
4 h, rt, under air. Yields determined from crude NMR of the reaction mixture using 1,3,5-(MeOQ)s:CsHs as internal standard. ? Condition B:
arene (5 equiv.), HfpsNH; (0.025 mmol), AgNTf, (10 mol%), Bu-tpy (12 mol%), pentafluoroiodosobenzene (PFIOB, 2 equiv.), 4 A MS (25 mg),
PhH (0.1 M), 4 h, rt, under air. Yields and selectivity are determined from the crude NMR of the reaction mixture using 1,3,5-(Me0Q)3CsH3 as
internal standard. ¢ Rh-catalyzed conditions from Ref. 16. 9 Aziridination product.

With conditions A and B in hand, the scope of the amidation 6a gave an excellent 85% yield of 6b, while a Me group resulted
was explored (Scheme 2). An electron-rich MeO- substituted in a 71% vyield of 7b due to stereoelectronic factors.
arene gave excellent yields (2b), while halogenated arenes were  Diphenylmethane 8a afforded a 91% yield of 8b. The scope was
also well-tolerated (3a-5a), offering valuable opportunities for extended to bicyclic arenes and biaryl derivatives, including 1-
subsequent functionalizations. Installing an ortho-OMe group in  ethyl naphthalene 9a, 2-ethyl naphthalene 10a, and 4-phenyl

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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ethylbenzene 11a, which delivered good-to-excellent yields of
9b-11b. Polycyclic arenes 1,2,3,4-tetrahydronaphthalene 12a,
2,3-dihydro-1H-indene 13a, and electron-poor 6,7-dimethoxy-
3,4-dihydronaphthalen-1(2H)-one 14a
performed well under this amidation strategy (12b-14b). An N-
protected amine derivative reacts smoothly (15a), while free

derivative also

amine inhibits the reaction (see the Sl for details). Phenolic —OH
groups were also tractable under the reaction conditions (16b-
17b). Arenes 18a-21a bearing longer side chains gave good
yields of 18b-21b; notably, aliphatic -OH and -Br groups were
well-tolerated under the reaction conditions. Tertiary benzylic
C—H bonds in 22a-25a were amidated to furnish 22b-25b in
excellent vyields, suggesting that the ML, catalytic species
proposed to form under condition B is better able to tolerate
steric congestion as compared to ML;.

To further challenge our NT protocol, substrates bearing
both benzylic and tertiary alkyl C—H bonds (26a-28a), as well as
those containing competing C—H sites (3° vs. 1° in 29a, 3° vs. 2°
in 30a, 2° vs 2°in 31a, 2° vs 1°in 32a and 1° vs 1° in 33a), were
evaluated. For the purposes of comparison, results are also
shown for reported Rh-catalyzed NT.2® Precursors 26a-30a
afforded good site-selectivity, although as previously
mentioned, it was necessary to employ a second set of reaction
conditions (condition B, see Section 3.2 in the S| for further
details) to achieve good results. The less bulky MLz that is
proposed to form under these conditions appears to better
tolerate steric congestion than the complex ML;. Competing 2°
vs 2° benzylic C—H bonds in 31a gave no selectivity in 31b, while
a 2° benzylic C—H was heavily favored over the primary C-H
bond in 32a.

As expected, the doubly activated C—H bond in 34a
preferentially delivers 34b, while blocking this site shifts the
product to 35b, albeit in lower yield. Thiophene derivatives 36a-
38a were tolerated, giving modest yields of 36b-38b. Amidation
at the a-oxygenated carbon of tetrahydrofuran derivatives 39a-
41a furnished excellent yields of 39b-41b, representing a facile
way to activate this position towards further substitution via an
oxonium ion.?

In addition to benzylic C—H amidation, allylic C—H bonds in
42a-43a could be functionalized to deliver 42b-43b, albeit with
minor amounts of the aziridination byproduct. The identity of
the nitrene precursor was briefly explored, with aliphatic and
aromatic side chains on the sulfamate giving the products in
good to excellent yields (1ba-1bi). Finally, to demonstrate the
of this
intermolecular NT in complex molecules, several biorelevant
scaffolds including celestolide, fluorene derivatives, methyl o-

potential chemistry as a tool for late-stage

methylpodocarpate and vitamin C were examined (44a-48a).
The experimental results showed that the trinuclear metal-
ligand complex (ML;) prefers unhindered benzylic C—H bonds,
while the dinuclear complex ML, performs better for NT into
more sterically crowded C—H sites (see Section 4.8 in the Sl for
more details).

4| J. Name., 2012, 00, 1-3

The nitrogen protecting group of 1b was easily remeoyved
through a mild hydrolysis to deliver 1bjP(Scheiéd3:dSi087%
yield. The intermolecular NT chemistry was readily scalable and
demonstrated excellent yields using condition A (Scheme 3b
and Section 4.2 in the SI).

Scheme 3. Deprotection to the free amine and scale-up of the
intermolecular Ag-catalyzed NT.

a. Deprotection to the free amine

.PG
HN NH,
Q //o CF;
Me 2:1 MeCN:H,0, pyridine Me ﬂk/\s\o)\(_;l:3
75°C, 4 h PG
1b, 0.37 mmole 1bj, 87%
b. Scale-up experiment PG

HN”

Me Condition A
O/\ + HipsNH, ——onditionA _ ©)\Me

1a(0.43 g), 2 equiv.  0.50 g, 1 equiv. 1b, 82%

We conducted additional studies to better understand the
behavior of this unusual intermolecular Ag-catalyzed NT
reaction. First, the reaction was performed in the presence of
various radical quenchers (Figure 4a). A TEMPO ((2,2,6,6-
tetramethylpiperidin-1-yl)oxyl) adduct was detected in the
reaction of 1a to 1b (HRMS: m/z for [M+H]* calc 262.2165;
found, 262.1340), formed by the interaction of TEMPO and
benzyl radical (Scheme 4a). Coupling this result with the
observed Isomerization of the double bond of 49a (Scheme 4b)
and a stereochemical probe experiment of 50a (Scheme 4c)
suggested the potential for a relatively long-lived radical species
under these reaction conditions.

Interestingly, treatment of 1a with PhI=NTces (Scheme 4d) did
not give the desired 1b; rather, only a mixture of acetophenone
and TcesNH, was observed (see Section 4.9 in the Sl for further
details). We found that the addition of either TcesNH; or 3
equiv. PhlO partially restored the desired reactivity; however,
efforts to establish a causal relationship between the rates of
formation of PhI=NTces and 1b were unsuccessful due to the
heterogeneity of the reaction mixture and our inability to detect
an iminoiodinane intermediate by NMR. It is possible that an
equilibrium exists between TcesNH; and Phl=NTces that heavily
favors the former, where excess oxidant helps drive the
equilibrium toward the desired reactivity and ‘recycle’ TcesNH..
However, if the reaction proceeds through a typical metal—
nitrene species derived from an intermediate iminoiodinane, a
preformed iminoiodinane should also perform the desired
nitrene transfer. These unexpected observations suggest that
the reaction mechanism may involve additional processes
beyond the simple generation and transfer of an iminoiodinane
species, which is the generally accepted mechanistic pathway
Further
the

reactions.
establish

for these types of nitrene transfer

investigation is needed to conclusively

mechanism.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 4. Insights into the behavior of benzylic-selective

intermolecular Ag-catalyzed NT.

a. Radical quenching experiment with TEMPO Me
H,N-PG ﬁ
1a, 2 equiv. TEMPO (4 equiv.) 1b, 14% ©)\

Condition A TEMPO adduct

b. Radical isomerization expenment

O e @N oo

Condition A
49a, 2 equiv. 49a
mixture of products
c. Stereochemical probe experiment
Me, H Me, NHPG Fs

% H,N-PG : A 0P
P g CF
. 3
CO,Et Condition A CO,Et PG

50b, 45%, 68% ee

(2]

//
/\\

50a, >99% ee, 2 equiv.

d. Control experiments

H o
©)\Me NHTces ©)k|v|e
1a Condition A
+ or Me
P
1b
Q9.0 Condition B L ob g Q\S/P
PhI=N">~0"cel,  see Scheme 2 notobserved  yN"T~0"cely
Phl=NTces observed products
TcesNH,
H > 22% 1b
Me Condition A
+ PhlI=NTces ——
1a
PhIO (3 equiv.)
58% 1b
Conclusions

In summary, we have demonstrated a benzylic-selective, non-
directed Ag-catalyzed intermolecular benzylic amidation of
arenes, biaryls, heteroarenes and complex molecules
containing these motifs. Three main design principles in this
strategy include: i) targeting the weakest C—H bond via a
stepwise HAA, ii) using bulky ligands to favor 2° benzylic sites,
and iii) leveraging the steric differences between di- and
trinuclear Ag complexes to further fine-tune the site-selectivity.
The method uses inexpensive silver salts, commercially
available ligands and proceeds at rt. Ongoing efforts are
directed toward exploring the role of non-covalent interactions
between the catalyst and substrate, including m---t and Ag:--1t
interactions, that may aid in directing the selectivity of the NT
event and stabilize the transition state.’*
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The data that support the findings in this work are available within the paper and have been included as
part of the Supporting information. The Supporting Information is available free of charge. Experimental
procedures, full optimization of the methodology, characterization data and spectra for the synthesis of
the precursors and products of the silver-catalyzed nitrene transfer reactions. Full SC-XRD information is
provided for ML; (CCDC 2492278) and ML, (CCDC 2492279). Copies of NMR and HPLC spectra are also
included.
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