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Abstract

Nitrogen-centered radicals are powerful reaction intermediates owing in part to their ability to
guide position-selective C(sp3)-H functionalization reactions. Typically, these reactive species
dictate the site of functionalization by preferentially engaging in 1,5-hydrogen-atom transfer (1,5-
HAT) processes. Broadly relevant approaches to alter the site-selectivity of HAT pathways would
be valuable because they could be paired with a variety of tactics to install diverse functional
groups. Yet, until recently, there have been no generalizable strategies to modify the position-
selectivity observed in these HAT processes. This Synpacts article reviews transformations in
which nitrogen-centered radicals preferentially react through 1,6-HAT pathways. Specific attention
will be focused on strategies that employ alcohol- and amine-anchored sulfamate esters and
sulfamides as templates to achieve otherwise rare y-selective functionalization reactions.
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1 Introduction

Position-selective C(sp3)-H functionalization reactions have emerged as formidable
strategies to manipulate complex molecular scaffolds.? Recently, innovations in methods to
access and employ radical intermediates have contributed to a dramatic expansion in C(sp3)-
H functionalization technologies.2 Among reactive radical species, nitrogen-centered
radicals are particularly useful,3 as they can facilitate position-selective hydrogen-atom
transfer (HAT) processes to furnish carbon-centered radicals.> These carbon-centered radical
intermediates are poised to be trapped by a range of reagents to furnish diverse molecular
architectures. Consequently, intramolecular HAT pathways mediated by nitrogen-centered
radicals have become powerful and practical approaches to enable selective C(sp3)-H
functionalization reactions.®

In this context, nitrogen-centered radicals predominantly participate in 1,5-HAT processes
(Scheme 1).” These 1,5-HAT pathways engage six-membered ring transition states and are
generally kinetically favored over transition states of other ring sizes. Smaller ring transition
states are enthalpically disfavored, as they cannot easily accommodate the necessary
geometry for HAT to proceed. Specifically, HAT processes require a nearly colinear
arrangement of the nitrogen-centered radical, the abstracted hydrogen atom and the pendant
carbon atom.8 For larger rings, transition state preorganization incurs an entropic penalty
due to the increased number of endocyclic atoms. As a result of these energetic factors,
nitrogen-centered radicals engage in predictable and selective intramolecular HAT
processes, which make precursors to nitrogen-centered radicals attractive directing moieties
for C(sp3)-H functionalization reactions.

The Hofmann-Lo6ffler-Freytag Reaction

The Hofmann-Lo6ffler-Freytag (HLF) reaction is the earliest example of a directed C-H
functionalization process.® To achieve site-selectivity, HLF reactions make use of the 1,5-
HAT processes mediated by nitrogen-centered radicals. In traditional HLF transformations,
N-haloamines (i.e. 1) serve as precursors to reactive nitrogen-centered radical intermediates.
The earliest examples of HLF reactions are conducted in strongly acidic media (i.e. neat
sulfuric acid, c.f. Schemes 1,2), and rely on direct thermal or photochemical homolysis of a
weak nitrogen-halogen bond to access the critical nitrogen-centered radical (i.e. 2).
Selective, intramolecular 1,5-HAT then ensues to furnish carbon-centered radical
intermediates. Traditionally, these carbon-centered radicals trap a halogen atom to yield
alkyl halide intermediates (i.e. 4), which can be treated with base to promote cyclization to
pyrrolidine compounds (i.e. 5).

To improve on the harsh conditions associated with early examples of the HLF reaction,
subsequent investigations demonstrated that these transformations can proceed in neutral or
basic media. In the 1980s, Suarez and co-workers identified a protocol for in situ oxidation,
expanding the range of viable substrates.19 More recently, tactical advances in photo- and
electrochemical approaches have resulted in further expansion of the HLF reaction.1! With
the emergence of these versatile strategies to access nitrogen-centered radicals, opportunities
to employ the HLF reaction have increased substantially. Despite the renewed focus on the
HLF reaction, strategies to alter the site-selectivity of HAT have remained limited.
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Evolution of 1,6-HAT Processes in HLF Reactions

While pyrrolidines are the predominant products of most HLF transformations, piperidines
(i.e. 6) have been observed as minor byproducts in some HLF reactions (Scheme 2).12 These
piperidines are generated through 1,6-HAT processes, which rely on higher energy seven-
membered transition states. Despite early observations indicating the feasibility of 1,6-HAT
processes, HLF reactions that exploit this complementary site-selectivity have been
underexplored.13 Indeed, until recently, examples of nitrogen-centered radicals that
participate in selective 1,6-HAT processes were limited to substrates that (1) lacked
abstractable hydrogen atoms six positions away from the reactive nitrogen atom, (2) featured
rigid architectures precluding the necessary six-membered ring transition state, or (3) relied
on proximate functional groups to weaken a C—H bond so as to favor a 1,6-HAT pathway.
Owing to these restrictions, there were no strategies to accomplish 1,6-HAT processes that
were broadly applicable to unactivated C-H bonds in structurally unbiased substrates.
Furthermore, in many transformations that are proposed to engage 1,6-HAT processes, the
obtained products would similarly be expected to arise from unguided, intermolecular
hydrogen atom abstraction. This mechanistic ambiguity complicates our understanding of
substrate-guided 1,6-HAT reactions.

With these factors in mind, our laboratory sought to identify a template for nitrogen-centered
radicals that would preferentially engage in 1,6-HAT processes. Our research has been
directed toward the development of generalizable 1,6-HAT technologies that achieve site-
selectivity when functionalizing otherwise unactivated C(sp3)-H bonds. We envisioned that
such a platform would deliver products functionalized at positions that do not tend to react
using traditional templates for HLF transformations. Importantly, throughout our
investigations, substrates have been judiciously chosen to confirm that reactivity proceeds
through 1,6-HAT pathways, rather than through intermolecular hydrogen atom abstraction
processes. This approach enables previously infeasible synthetic disconnections and
facilitates late-stage diversification of complex molecular scaffolds.

To this end, alcohol-anchored sulfamate esters and amine-anchored sulfamides have
emerged as suitable precursors to nitrogen-centered radicals that favor reactivity through
1,6-HAT processes. This Synpacts article will summarize key advances in 1,6-HAT
technologies, with a specific focus on radical-mediated sulfamate ester- and sulfamide-
guided C(sp3)-H functionalization reactions. For the purposes of this article, Arabic
numerals will be used in the traditional manner to number the atoms involved in HAT
processes. Conversely, Greek letters will be used describe positional selectivity of C(sp3)-H
functionalization, relative to the anchoring position of the directing group.

2 Transformations that Rely on Structural Constraints or Weakened C-H

Bonds to Favor 1,6-HAT Processes

Absent Viable 1,5-HAT Pathways, 1,6-HAT Processes May Dominate

Early investigations by the Ban laboratory demonstrated the ability to achieve selective 1,6-
HAT in substrates which lack available C-H bonds for 1,5-HAT pathways (Scheme 3).142 In
this report, 1,5-diamine compounds (i.e. 7) are employed in a traditional HLF manifold.
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However, in such substrates, there are no C—H bonds at the &-position relative to the
nitrogen-centered radical, precluding the standard 1,5-HAT site-selectivity. Instead, the 1,6-
HAT pathway occurs exclusively.

This strategy continues to be employed in radical-mediated processes. As an example, in
cutting-edge copper-catalyzed, intramolecular amination reactions, Chiba and co-workers
disclose that select amidinyl radicals engage 1,6-HAT pathways in the course of C-H
oxygenation reactions.1® Specifically, in seven reported examples, the reaction proceeds
through 1,6-HAT processes when there are no B-C(sp®)-H bonds available for abstraction
(Scheme 4).

Geometric Constraints Can Be Used to Favor 1,6-HAT Processes

With some traditional HLF substrates, infeasible transition state geometries disfavor or
preclude 1,5-HAT pathways even when §-C—H bonds are present. Early examples of this
phenomenon were described by Wawzonek and co-workers when employing N-
halocycloalkylamines for the synthesis of bicyclic amine compounds (Scheme 5).16
Specifically, upon irradiation with UV light, A-chloro- A-methylcyclooctylamine (11)
generates only A-methylgranatanine (12) and none of the 9-azabicylco-[4.2.1]-nonane
derivative (13) expected from a 1,5-HAT process (Scheme 5).162 The selectivity of this
transformation is presumed to result from the geometric constraint imposed by the
cycloalkane core. Due to this structural restriction, the energy barrier is raised for abstraction
of a hydrogen atom five positions away from the reactive nitrogen-centered radical. Similar
geometric constraints have been invoked to explain the transformation of A-halo-4-
alkylpiperidine substrates into quinuclidine derivatives by way of 1,6-HAT pathways.16P

Heteroatoms Can Weaken Adjacent C—H Bonds and Favor 1,6-HAT Processes

Ban and co-workers have also demonstrated that lone-pair bearing heteroatoms can be used
to induce 1,6-HAT processes through the weakening of adjacent C(sp3)-H bonds (Scheme
6).140 In such examples, 1,5-diamino substrates (i.e. 14) are employed which feature
abstractable C(sp3)-H bonds at both &- and e-positions, relative to the reactive nitrogen-
centered radical. Despite the availability of canonical 1,5-HAT pathways, the authors report
exclusive formation of products resultant from the less common 1,6-HAT processes (i.e. 15).
This change in site-selectivity has been attributed to the ability of heteroatoms to weaken
adjacent C—H bonds, which renders the 1,6-HAT pathway sufficiently facile to predominate.

Suarez and co-workers extended this insight to enable the functionalization of complex
small molecules under more mild conditions. Specifically, they report that the combination
of an appropriate oxidant in the presence of iodine and light can provide nitrogen-centered
radicals from a variety of precursors.1” While these intermediates generally favored
functionalization following 1,5-HAT processes, the authors described several examples of
products arising from 1,6-HAT when employing sufficiently biased substrates (Scheme 7).
In particular, 1,6-HAT pathways predominate for substrates where geometric restrictions
necessitate seven-membered ring transition states for C—H abstraction, or when the
abstracted hydrogen atom is weakened by a vicinal heteroatom. Notably, this approach to
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selective 1,6-HAT processes has been employed as a key step in the total syntheses of
complex molecular scaffolds.

Allylic, Benzylic, and Tertiary Centers Present Weakened C-H Bonds Which Can Facilitate
1,6-HAT Processes

For many decades, qualitative observations have suggested that HLF processes are often
more efficient when the engaged C—H bond is weaker (i.e. primary < secondary < tertiary <
benzylic).18 In an investigation to further probe this phenomenon, Neale, et al., examined the
selectivity of 1,5- versus 1,6-HAT processes as a function of e-C—H bond strength (Scheme
8).19 Notably, when the e-carbon center presented a relatively weak benzylic C—H bond,
only a slight preference for 1,5-HAT was observed. Until recently, similar exploitations of
bond dissociation energy differences have proven to be the most common strategy to achieve
selectivity for 1,6-HAT processes when 1,5-HAT pathways are feasible.

Pioneering research by Baran and co-workers has documented that a series of carbamyl
radicals can engage 1,6-HAT processes to access 1,3-diol products. Within the disclosed
multi-step reaction sequence, an HLF reaction is employed to access y-brominated
carbamate intermediates (Scheme 9).20 The authors discovered that the involved carbamyl
radical intermediates preferentially abstract a tertiary or benzylic hydrogen-atom six
positions away (i.e. 1,6-HAT), when a 1,5-HAT pathway would result in functionalization of
an unactivated methylene center. When a substrate contains tertiary centers that could react
through either a 1,5- or 1,6-HAT process, similar amounts of 1,5- and 1,6-HAT-derived
products are observed (Scheme 10). This suggests that these carbamyl radical intermediates
are selective for functionalization of tertiary or benzylic C—H bonds, a subtle restriction that
presents predictable constraints on the breadth of substrates that productively engage 1,6-
HAT processes.

The use of small differences in C—H bond dissociation energies remains a relevant strategy
to influence the site-selectivity of directed transformations in modern approaches to the
generation of radical intermediates. Betley and co-workers have described formation of
product mixtures that arise from competitive 1,5- and 1,6-HAT processes in the course of
iron-mediated C—H amination reactions.?! In these transformations, alkyl azides serve as
precursors to Fe(111) imido radicals that engage in 1,6-HAT pathways when the e-C(sp3)-H
bond is sufficiently weakened by neighboring groups (Table 1). For instance, when 1,6-HAT
processes result in abstraction of an allylic C-H bond, this pathway is favored such that only
piperidine product 19 forms (entry 1). By contrast, when 1,6-HAT processes require
abstraction of benzylic or tertiary C—H bonds, mixtures of pyrrolidine (18) and piperidine
(19) products are generated (entries 2—3). Accordingly, under these conditions, the
abstracted C—H bonds must be significantly weakened to selectively engage 1,6-HAT
pathways. This energetic requirement limits the generalizability of this approach to facilitate
site-selective 1,6-HAT processes.

Similarly, Nagib and co-workers have illustrated that 1,6-HAT pathways can predominate in
select remote C—H arylation processes. In these HLF-type reactions, copper-mediated N-F
bond homolysis generates a sulfonamidy| radical that preferentially abstracts a hydrogen

Synlett. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short et al.

Page 6

atom from a benzylic center through a 1,6-HAT event over transformation of a stronger,
unactivated secondary C-H bond (22 — 23, Scheme 11).22

Recent tactical advances to affect the generation of nitrogen-centered free radicals have
provided occasional examples of products generated based on 1,6-HAT pathways. In
particular, these position-selective C—H functionalization reactions also favor 1,6-HAT
processes when the abstracted C—H bond is weakened relative to vicinal C—H bonds.
Leonori and co-workers?3 have disclosed examples of photochemically-driven radical
cascade reactions for remote C—H fluorination. In these transformations, select carbamyl
(from 24) and amidyl (from 25) radical intermediates preferentially abstract hydrogen atoms
at tertiary centers through putative 1,6-HAT pathways (Scheme 12). To put this into context,
related substrate 28 reacts to generate mixtures of 8- and e-functionalized products. The
erosion of selectivity when using these substrates could be a result of their increased alkyl
chain flexibility, or relatively diminished inductive deactivation of the hydrogen atoms,
which are more distal to electron withdrawing groups.

There Is An Unmet Need for Broadly Relevant 1,6-HAT Processes

While these examples demonstrate the capability of nitrogen-centered radicals to react
through 1,6-HAT processes, the current methods suffer from limitations. Notably, each of
these transformations requires significant substrate bias to enable preferential 1,6-HAT,
indicating that such technologies are confined to very select classes of substrates. Thus,
there is a significant unmet need to develop generalizable manifolds that engage 1,6-HAT
pathways to provide a broad array of selectively functionalized products.

3 Sulfamate Esters Engage Selective 1,6-HAT Processes

Metal-Catalyzed Amination Technologies Provide Inspiration

To overcome some of the current limitations in position-selective C—H functionalization
reactions with nitrogen-centered radical intermediates, our laboratory sought to identify
directing groups that would preferentially react through 1,6-HAT processes. To this end, we
were inspired by research into metal-mediated, -y-selective amination technologies
employing sulfamate ester substrates.242> Investigations by Du Bois and co-workers suggest
that the site-selectivity observed with sulfamate esters arises from elongated N-S and S-O
bond lengths.24 Building upon this knowledge, we anticipated that nitrogen-centered
radicals generated from sulfamate esters (i.e. sulfamyl radicals) may geometrically favor 7-
membered transition states for C—H abstraction, a prerequisite for 1,6-HAT processes.26

Owing to this vision, sulfamate esters have now emerged as powerful precursors to sulfamyl
radicals that engage selective 1,6-HAT pathways. Recent research from our laboratory, as
well as others, has established that sulfamate esters guide position-selective, radical-
mediated C(sp3)—H functionalization reactions. Importantly, these technologies do not
require otherwise geometrically or electronically biased substrates. Indeed, HLF reactions
exploiting sulfamy! radicals have been found to proceed with good to exquisite selectivity
even when equally or more reactive C—H bonds are present at adjacent atoms. The unique
site-selectivity afforded by these sulfamate ester directing groups has provided a diverse
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array of y-functionalized alcohol derivatives, classes of products that would be challenging
to prepare using more conventional methods.2” To access the key sulfamyl radicals, the
traditional strategy of N—X bond homolysis has proven to be broadly effective. Alternatively,
more modern approaches to generate the sulfamyl radicals have been disclosed, most
notably through photoredox-promoted single electron oxidation pathways.

Reactions Employing N-Functionalized Sulfamate Esters

Our initial research into sulfamate ester-guided 1,6-HAT processes began with a
transformation that most closely mimics a traditional HLF reaction.28 We chose to evaluate
N-chlorosulfamate esters as a means to limit mechanistic uncertainty and establish the
feasibility of sulfamate esters as templates for 1,6-HAT pathways. To our delight,
photoirradiation of Achlorosulfamate 30 delivered alkyl chloride 33 with exquisite
positional selectivity (Scheme 14). Notably, this protocol maintains exceptional site-
selectivity even when weaker C—H bonds are present and provides the first unambiguous
evidence that sulfamate esters selectively participate in intramolecular 1,6-HAT pathways.

To probe the mechanism of this chlorine-transfer reaction, a quantum yield experiment was
performed.2® This experiment revealed that a radical chain propagation process is operative
(¢ = 77), indicating that carbon-centered radical 32 is capable of abstracting a chlorine atom
from another equivalent of A~chlorosulfamate 30. This step proceeds with release of the
desired alkyl chloride 33 and generates an additional molecule of sulfamyl radical 31 to
propagate the chain reaction. These findings are consistent with the prevailing mechanism of
traditional amine-directed HLF reactions, in which radical chain propagation processes have
been confirmed through efficient reactions initiated by radical initiators (catalytic
quantities).}2 Our chlorine-transfer process constitutes the first example of sulfamate ester-
guided, remote C-H functionalization that proceeds through exogenous atom transfer.

Overall, this sulfamate ester-directed method for C(sp3)—H chlorination offers
complementary site-selectivity to many other radical-mediated chlorination
procedures?:110.30 and yields only mono-chlorinated products (Scheme 15). A variety of A-
alkyl substituents, which span broad electronic and steric profiles,3! are well-tolerated in the
reaction. Furthermore, the transformation successfully chlorinates benzylic, tertiary,
secondary, and even primary centers, while tolerating an array of functional groups.

Concurrent to our research, Du Bois, Burns, Zare and co-workers discovered that sulfamyl
radicals could engage in 1,6-HAT processes to induce site-selective alkane bromination
(Schemes 16-17).322 Using A-methyl sulfamate ester substrates, A-bromosulfamate esters
35 are generated in situ, and are proposed to undergo rhodium-initiated N-Br bond
homolysis to furnish reactive sulfamyl radicals.32? As in the chlorination process, 1,6-HAT
provides exquisite position-selectivity, further documenting sulfamate esters as general tools
for site-selective exogenous atom-transfer reactions. Mechanistically, this transformation
may also proceed via a radical-chain propagation process. To support this claim, a cross-over
experiment was carried out between two A-halosulfamate esters: A-bromosulfamate 39 and
N-chlorosulfamate 40. The identity of the halogen in products 41-44 did not depend on the
halogen in the substrate. Accordingly, this result provides evidence that these reactions

Synlett. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short et al.

Page 8

proceed through radical-chain propagation mechanisms and exogenous atom transfer
processes (Scheme 16B).

Using these bromination conditions, efficient HAT from benzylic and tertiary centers occurs
in the presence of diverse functional groups, including esters, epoxides, and aziridines
(Scheme 17A). Yet, only a single example transforming an unactivated secondary C-H bond
is reported. Finally, the authors also disclose two methods for sulfamate displacement,
demonstrating the utility of the halogenation method to access 1,3-difunctinalized products
(Scheme 17B).

Building on these advances, Mufiiz and co-workers have determined that sulfamate esters
can guide dihalogenation processes based on sequential 1,6-HAT events (Scheme 18).33 By
employing hydantoin derivatives as halogenating reagents, A-halosulfamate esters are
generated in situ, and halogen-transfer occurs upon photoirradiation. Interestingly, this
method can be translated to a multi-step protocol to install two different halogen atoms (50
and 51) in sequential HLF reactions.

In a subsequent disclosure, the Minakata group demonstrated that primary sulfamate esters
were also effective substrates when used in conjunction with electrophilic iodine oxidants
(Scheme 19).34 Following C—H functionalization, cyclization to the y-aminated products
ensues in situ, closely mirroring the standard outcome of traditional HLF technologies. The
process was found to be most effective for the transformation of benzylic C—H bonds, with
diminished yields observed for the functionalization of unactivated secondary and tertiary
centers. Overall, this reaction constitutes a metal-free alternative to previously reported
sulfamate ester-guided amination protocols.24:25

Beyond afom-transfer processes, our laboratory has demonstrated that sulfamate esters direct
site- and diastereoselective group-transfer processes, including xanthate-transfer reactions
(Scheme 20).354¢ Pre-generation of A-xanthyl sulfamate esters with subsequent
photoirradiation yields a diverse array of alkyl xanthate products with predictable position
selectivity. The transformation is applied to guide the functionalization of structurally
complex scaffolds, and is robust to A- and O-alkyl substitution. Similar to the analogous
chlorination technology,2® quantum yield experiments are used to demonstrate that the
reaction proceeds through a radical chain propagation mechanism (¢ = 3).

Given the ability of alkyl xanthates to serve as latent alkyl radicals, this xanthylation
platform provides valuable y-functionalized products poised for further elaboration.38 To
demonstrate the utility of the alkyl xanthate products, a variety of transformations of the
xanthate moiety were performed to access a range of -y-functionalized sulfamate ester
derivatives (Scheme 21).

These initial investigations into atom- and group-transfer based on A-functionalized
sulfamate esters have been instrumental in establishing the fundamental basis for a broadly
relevant strategy to enable position-selective 1,6-HAT processes. Furthermore, these
methods provide valuable y-functionalized products, which would be challenging to access
using previously known technologies. Unfortunately, these methods rely on a discrete
synthetic step to oxidize the sulfamate esters, or in situ use of strong chemical oxidants, both
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of which potentially limit the substrate tolerance of the associated process. For instance, pre-
oxidation of the sulfamate ester substrates has precluded the use of substrates containing
electron-rich aromatic moieties as well pendant electron-rich olefins. To overcome some of
these limitations, methods that generate the requisite sulfamyl radical under mild conditions,
ideally from a native N—H bond, will further the synthetic utility of sulfamate ester-guided
technologies.

Reactions Exploiting Photoredox Catalysis to Access Sulfamyl Radicals

Photoredox catalysis provides a mild, environmentally benign approach to generate radical
intermediates, and has transformed the way organic radicals are employed in chemical
synthesis.3” As such, methods that exploit photocatalysis to form nitrogen-centered radical
intermediates are advantageous, as they often avoid the use of strong chemical/two-electron
oxidants and toxic radical initiators. Previously, photoredox catalysis has been utilized to
access amidyl, carbamyl, and sulfonamidyl radicals for use in remote C(sp3)-H
functionalization reactions.11¢.4.f As a complement to these 1,5-HAT processes, sulfamate
ester-guided transformations have emerged, and proceed with complementary site-selectivity
through 1,6-HAT pathways.38

The first reports to utilize photocatalytic strategies to access sulfamyl radicals have been
described in contemporaneous research by the Duan, Roizen, and Huang laboratories
(Scheme 22).38 These technologies each employ sulfamate ester substrates and electron-
deficient olefins under photoredox catalysis to facilitate position-selective C(sp3)—-C(sp3)
bond-forming processes.3? The three reports detail broad sulfamate ester and electrophile
functional group tolerance when transforming tertiary C(sp3)—H bonds; however, each
protocol is distinctive, and provides unique insights into sulfamate ester-guided alkylation
processes.

Duan and co-workers employ A-tertbutylsulfamate esters to efficiently transform tertiary
C—H bonds into hew C—C bonds (Scheme 23).382 The disclosed protocol is also used to
functionalize secondary centers, albeit in diminished yields. Additionally, the authors
discover that not only are electron-deficient olefins competent electrophiles, but styrene
derivatives can also serve as radical trapping agents in the alkylation process. This change in
electrophilic partner does require modification of the standard reaction conditions,
specifically alteration of the photocatalyst. This reaction demonstrates that this radical-
mediated C(sp3)-H functionalization can be extended to enable the hydroalkylation of
styrenes.40

Concurrently, our laboratory investigated the use of A-fert-butylsulfamate esters to dictate
the site of functionalization in photoredox alkylation reactions.38? While the C-C bond-
forming procedure was most effective at tertiary sites, secondary centers could also be
transformed. Our research established that bisalkylation processes are feasible (53) and that
monoalkylation of methylene centers is favored by increasing steric encumberance proximal
to the site of alkylation (54). (Scheme 24). Furthermore, some enantioenriched Michael
acceptors were found to engage in diastereoselective alkylation processes (55). Finally,
structurally complex substrates could be alkylated with exquisite site-selectivity and modest
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diastereoselectivity, despite the presence of additional, weaker C(sp3)-H bonds elsewhere in
the molecule (56-57).

A third alkylation protocol guided by sulfamate esters was also disclosed by Huang and co-
workers around the same time.38¢ In their report, the authors describe the use of AX(2,2,2-
trifluoro)ethylsulfamate esters in alkylation reactions with electron-deficient olefins and
styrene derivatives (Scheme 25). Again, the procedure is most effective for the
transformation of tertiary C(sp®)-H bonds, but several substrates were functionalized at
secondary C(sp3) centers. By employing the A=(2,2,2-trifluoro)ethylsulfamate esters, a
weaker base promotes the desired reaction, and more facile sulfamate displacement may be
feasible.

Mechanistically, there are multiple reaction pathways that may be operative to convert
sulfamate ester 58 to the neutral sulfamyl radical 60.4 In one reaction pathway to generate
neutral sulfamyl radical 60, deprotonation with an appropriate base (58 — 59) followed by
single electron transfer (SET) with an excited-state iridium photocatalyst provides a
sulfamyl radical (60) poised for 1,6-HAT. Alternatively, a proton-coupled electron transfer
(PCET) pathway could be viable, in which the proton- and electron-transfer events occur
simultaneously.#2 Our laboratory has performed Stern-Volmer quenching studies®3 to
interrogate the method by which radical 60 is generated. These experiments provide
evidence that an SET process is feasible between sulfamate ester anions and the
[Ir(dF(CF3)ppy)2(dtbbpy)]PFg photocatalyst; however, as the anionic substrate is not directly
employed in the reaction protocol, a concerted PCET process cannot be ruled out.
Subsequently, sulfamyl radical-mediated translocation of the hydrogen atom (60 — 61)
occurs to generate the carbon-centered radical 61. Our laboratory has used an
enantioenriched substrate to demonstrate that this carbon-centered radical is generated
irreversibly.#4 Next, radical addition to the alkene acceptor furnishes stabilized carbon-
centered radical 63, which can be reduced to the corresponding anion by single-electron
transfer with the iridium catalyst. Finally, protonation of anion 64 generates the final
alkylated product.

By obviating the necessity to pre-install the atom or group to be transferred, these sulfamate
ester-guided alkylation processes lay the foundation for a rich future in modular, position-
selective C(sp3)-H functionalization protocols directed by sulfamate ester-masked alcohols.

4 Expansion to 1,6-HAT Processes with Masked Amine Substrates

As a complement to alcohol-derived sulfamate esters, sulfamoylated amine derivatives
facilitate selective 1,6-HAT processes. Seminal investigations employing sulfamides®® in
rhodium-catalyzed intramolecular amination reactions have provided inspiring precedent for
more recent research into free radical-mediated processes guided by these masked amine
substrates. Similar to their investigations into sulfamate ester-guided intramolecular
amination, Du Bois and co-workers have suggested that sulfamide substrates induce -y-
position-selective functionalization due to their elongated S—N bond lengths. Taking
advantage of these geometric constraints, sulfamoyl azides and sulfamides are valuable
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counterparts to sulfamate esters as general directing groups for y-selective functionalization
processes.*6

Following the research by Du Bois, Zhang and co-workers implicated 1,6-HAT processes in
intramolecular amination technologies employing sulfamoyl azide substrates (Scheme 27).47
Specifically, sulfamoyl azides serve as precursors to metalloradical species (73) in the
presence cobalt porphyrin catalysts. Once formed, metalloradical 73 engages an
intramolecular 1,6-HAT process to generate carbon-centered radical 74. Subsequent
intramolecular homolytic substitution rapidly delivers the aminated products with
concomitant regeneration the cobalt catalyst. These conditions facilitate the intramolecular
functionalization of a variety of C(sp3)-H bonds,47d and demonstrate the generalizability
of these metalloradical-mediated C—H amination procedures. Building on these pioneering
reactions, recent investigations have revealed that a chiral cobalt porphyrin catalyst can
render the process enantioselective, providing chiral cyclic sulfamides poised for ready
transformation into enantioenriched 1,3-diamine derivatives.#’¢ These metalloradical-
mediated protocols have served as the foundation for C—H functionalization mediated by
sulfamidy| free radicals proceeding through 1,6-HAT pathways.

Mufiiz and co-workers have disclosed an “interrupted” HLF-type process, guided by
sulfamides (Schemes 28-29).48 This transformation is proposed to proceed via in situ NV-
iodination with subsequent light-promoted N-I bond homolysis to generate the pivotal
sulfamidyl radical (78). By analogy to sulfamate ester-derived sulfamyl radicals, sulfamidyl
radicals geometrically favor 7-membered transition states for C—H abstraction, resulting in a
selective 1,6-HAT process. Carbon-centered radical 79 can then be trapped via iodine-
abstraction from an additional molecule of 77 through a radical-chain pathway that was
confirmed by a quantum yield experiment (¢ = 120). Next, oxidation followed by a Ritter-
type amination provides the aminated product (Scheme 29). While this amidation reaction
has thus far only been detailed for tertiary centers, the developed transformation provides a
manifold for position-selective intermolecular amination facilitated by an iodine-catalyzed
1,6-HAT process.

Within their same report on metal-free sulfamate ester-directed amination protocol, the
Minakata group demonstrates that primary sulfamides (83) can engage in 1,6-HAT pathways
in the presence of electrophilic iodine oxidants (Scheme 30).34 Similar to the investigations
by the Mufiiz group, this transformation also furnishes 1,3-diamine derivatives. The products
of this method, however, are cyclic sulfamides, as the reaction proceeds with intramolecular
cyclization of putative alkyl iodide intermediates. The authors demonstrate that the protocol
is effective for the transformation of a variety of benzylic C—H bonds (including one p-C-H
bond), but examples of unactivated C(sp3)-H bonds are not reported.

Contemporaneous to the research disclosed by the groups of Mufiiz and Minakata, our
laboratory has revealed the generality of sulfamide substrates to guide 1,6-HAT processes by
developing a mechanistically straightforward chlorine-transfer reaction (Schemes 31-32).49
Similar to sulfamate esters, we have found that sulfamide-masked amines and amides are
effective directing groups for functionalization of remote C(sp3)-H bonds.®C In these
investigations, we have observed that sulfamidy! radicals are capable of abstracting C(sp3)—
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H bonds from primary, secondary, and tertiary centers to provide the corresponding alkyl
chlorides in remarkable yields. Importantly, this method is the first broadly demonstrated
extension of sulfamide directing groups beyond y-selective C-N bond-forming
technologies.

These investigations have demonstrated that position-selectivity can be modulated based on
variations in the sulfamide nitrogen substituents (Scheme 32). Specifically, sulfamides that
contain vicinal secondary centers appear to engage competing 1,6- and 1,7-HAT pathways
(85— 87). By manipulating the NV-and A/’substituents of the sulfamide, the 1,7-HAT process
can be suppressed, yielding only y-functionalized products (87). In addition, the same
reactivity trends hold when comparing substrates for which 1,6-HAT pathways require
abstraction of a hydrogen atom at a secondary center, whereas 1,7-HAT results in abstraction
of a weaker, &-tertiary hydrogen atom (88 — 90). These investigations are the first to exploit
modifications in sulfamide substituents to modulate the site-selectivity of C-H
functionalization processes.

Collectively, these reports provide a foundation for future applications of masked amine
substrates as templates for position-selective C(sp®)-H functionalization processes.
Additionally, facile sulfamide cleavage is known,*® and affords rapid access to 1,3-
difunctionalized products, further demonstrating the utility of these methods.

5 Conclusions and Outlook

These selective 1,6-HAT technologies unlock previously infeasible synthetic disconnections,
and expand synthetic access to uncharted chemical space. Accordingly, the ongoing
development of 1,6-HAT processes is of great importance for diversification of complex
molecular scaffolds. To this end, sulfamate ester- and sulfamide-guided methods provide
complementary site-selectivity to most radical-mediated protocols. These generalizable
transformations exploit the unique physicochemical parameters of sulfamate esters and
sulfamides to overcome traditional 1,5-HAT processes with nitrogen-centered radical
intermediates. To date, a range of carbon—carbon and carbon—heteroatom bond-forming
processes have been disclosed, which enable installation of high-value functional groups at
C-H bonds that are challenging to transform using traditional approaches. Already, the
research into these C(sp3)—H functionalization reactions has opened the door to previously
infeasible synthetic disconnections. Nevertheless, the landscape remains rich for future
innovation, both in terms of methods to access the powerful sulfamyl and sulfamidyl radical
intermediates, as well as strategies to functionalize the resultant carbon-centered radical
intermediates. Given the promise offered by sulfamate ester and sulfamide directing groups,
we are hopeful that 1,6-HAT processes will become prominent strategies in the construction
of intricate molecular architectures.
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Scheme 1.

Traditionally, nitrogen-centered radicals react through kinetically favored 6-membered ring
transition states resulting in 1,5-HAT processes.
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In 1960, E. J. Corey and Hertler determined that in some traditional HLF reactions, where
position-selectivity arises predominantly from 1,5-HAT processes, minor products can form
through 1,6-HAT processes.
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Ban and co-workers demonstrate that substrates lacking 8-C(sp3)-H bonds react through
exclusive 1,6-HAT pathways.
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Br B

Ph/gN'
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Scheme 4.

CuBr-SMe, (cat)
2,2-bipyridine, O,

5:1 DMA/PhCF,

72% yield

1,6-HAT

Page 20

Me Me
Br

Br p R

NH

Ph*NH

1

Chiba and co-workers describe amidinyl radicals reacting through 1,6-HAT pathways when
no B-C(sp3)-H bonds are present for abstraction through 1,5-HAT processes.
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Me
‘N—Cl
1
H2804, C|2, hv
-
then NaOH, H,0 5 5
6 6
11 12, 23% yield 13, not detected
product of 1,6-HAT product of 1,5-HAT

Scheme 5.

Wawzonek and Thelen demonstrate that 1,6-HAT pathways are operative when employing
cycloalkylamine substrates where geometric constraints preclude 1,5-HAT processes.
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Me
NCS, Et,0
then hv

14 15, 30% yield 16, not detected
product of 1,6-HAT product of 1,5-HAT

Scheme 6.

Heteroatoms can serve to weaken adjacent C(sp®)—-H bonds as a strategy to enable exclusive
1,6-HAT reactivity.
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Page 23

oxidant, hv

40 °C
CyH/CH,Cl, (15:1)

s

oxidant = Pb(OAc),, 15, 71% yield
oxidant = PhI(OAc),, I, 85% yield

Scheme 7.
Suérez and co-workers employ oxidants in the presence of iodine to generate nitrogen-

centered radicals. These transformations rely on low C-H bond dissociation energies to
achieve site-selective 1,6-HAT processes.
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1 1
Me,‘gl - Me\N . Me\_ﬁ -
H,S0,4, H,0 5
Hz AcOH, hv H Az
e 6 (¢) +
6(e) then NaOH, H,0 6(c)
H HO
43% yield 26% yield
product of 1,5-HAT product of 1,6-HAT

Scheme 8.

Neale et al. observed only a slight preference for 1,5-HAT pathways when weak, benzylic
C-H bonds can be transformed through 1,6-HAT pathways.
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F,CCH,NCO o R
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Me OH Me pyrid!ne Me (o) N CH3002Br
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MQWM e  CHyCl, /I\/I\/T\ CH,Cl,

Me Me
Me
O CF3 F3

i )c
1 1
Me OJLN) ﬂ, Me O E
HWH PhCFs H>|\/l\/]<Br
Me” 6’ 4 61 "Me Me” 6’ 4 fliu Me

Me  HLF reaction €

o)
Ag,CO;4 Me OH OH
CH,Cl, Me oJ\o K,CO,3 6
then AcOH MeOH Me 4 Me
Me i) Me Me
€ 69% yield, 5 steps
Scheme 9.

Baran and co-workers describe a multi-step sequence to prepare 1,3-diols. The key step
relies on an HLF-type 1,6-HAT process to achieve the desired positional selectivity.
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0 CF3
1

OH MeH - OJLﬁ H OH OH

Me. 5 conditions Mo & . Me s’ 6
4 6 Me - 4 6l "Me 4 Me

H 4 steps Br Me H Me

Me (see Scheme xx) Me Me
49% vyield 44% yield
product of 1,5-HAT product of 1,6-HAT
unable to cyclize
Scheme 10.

When Baran, et al. employ a substrate in which either 1,5- or 1,6-HAT processes can engage
tertiary C—H bonds, both pathways proceed with nearly equivalent selectivity.
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Scheme 11.

X F

N
(HO),B”
F
Cu(OTf), (cat)
ligand, Li,CO;

PhH/DMA (9:1)

45% yield
1,5-:1,6"-HAT 14:1

X F

N
(HO),B” Y
F
Cu(OTf), (cat)
ligand, Li,CO,

PhH/DMA (9:1)

65% yield
1,5-:1,6-HAT 1:1.7

Page 27
Ar
N
-~
A G®
5
H
21
H
H 6 __Ph
Ts”, 5
23 Ar

The system developed by Nagib and co-workers can preferentially engage 1,6-HAT
pathways based on abstraction of weak, benzylic hydrogen atoms.
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e £Os 2("BF,)
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N H Me CSZCOS, h‘\" - NH F Me
0)\\’/\)3<Me MeCN/H,0 0)\‘!/\)6(”8
24,v=0 26, Y =0, 59% yield
25, Y =CH, 27, Y = CH,, 71% yield
Me F-+N_/~N—CH,Cl

CO,H
e 2 2("BF,)
Boc. |:| ; [Ir(dF(CF3)ppy)2(dtbbpy)]PFg (cat) Boc. '5

052003, hv H Me
5(5) Me r 6 ()
Me MeCN/H,0 a Me
e 5(@) F
H 86% yield
28 1,5-:1,6-HAT 1:1 29
Scheme 12.
Leonori and co-workers provide examples of radical-mediated remote C—H fluorination
reactions.
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Me/l\/J\cozm.ne 22 Me cO,Me
Me ; Me
86% YIe|d
[ [RhyL,] Ik
0.0
HhI ~8
S o
Y
Me
Me CO2M9

Scheme 13.
Rhodium-catalyzed intramolecular amination reactions inspired our idea that sulfamate

esters might direct site-selective 1,6-HAT processes.
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0 0 H o0 cl
Bu ' \\Sﬂ /\)\/Me hv Bu.! \\E{f /\/I\/Me
T ’. g N,
I:l (0] B (y) PhH H o) 6(y)

seven-membered ring
transition state

Scheme 14.
Sulfamate esters selectively engage in 1,6-HAT processes to chlorinate alkanes by a radical

chain propagation mechanism.
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L H H H
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Me Cl
O\VP 'k Me Q\Sfp Me
Me\N,S.\O/\/{]s\rMe | O E, ~o )
. H =N H
85% yield 66% yield
Cl H M M
0\\{? 0\\;,9 : eH
ANy Ss /\/l\/l\ R, .S« /\/I\/\/l(
FsC N (o] 6 OTBS N (o] Me
H H Cl
54% yield R'! = Bu, 85% yield
R' = CH,CF,;, 96% yield
Me
(0] Cl O\\qo
v A oS Me
u. .S F;C N (o]
N 6 H
H 6
Cl
92% yield 36% yield
Scheme 15.

Sulfamate esters direct chlorine-transfer at primary, secondary, tertiary, and benzylic centers
with site-selectivity that is complementary to that available based on innate selectivity.
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A. Proposed mechanistic pathway for sulfamate ester-guided
bromination reactions — Du Bois, Burns, Zare, 2018

Rhy(oct), (cat) R!

0.0 R 0. 0
\Y/} H NaOCI, NaBr (\Y/3 Br
Me_ .S > Me. S
“H ‘*o’\/sj< R?2  aq Na,HPO,/CH,Cl, "H ~*‘o/\)a< R2
34 38
l \
0.0 R
(\Y/} H §
MG‘N’S‘O/\)<RZ Br-trapping
) from 35
Br 35
Rhy(oct),
K th(oct):l Br
\VP R H 1,6-HAT W/ i)
= 1 o
Me‘\f’s\ /\/sknz Me\H/ \0/\)‘\R2
36 37
B. Competition experiment suggests radical chain propagation
Me O\\ ffo Me Y/ Me 0\\ "P
\N,S.\O \N,S...,o ~ ,S..,o
i H H
Br r Cl
Me Et Me Et Me Et
39 Rhy(oct), (cat) _ 41 42
- ({\500 aq Na,HPO,/CH,CI, - O\gp - 0\\ ,P
N0 *N“7~o N0
1 H H
Cl Cl Br
Me Me Me Me Me Me
40 43 44
Scheme 16.

Du Bois, Burns, and Zare propose that sulfamate esters direct bromination based on a radical
chain propagation mechanism (A), and use mass spectrometry and a crossover experiment
(B) to support this claim.
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A. Sulfamate ester-guided bromination is tolerant of diverse

functional groups
Rhy(oct), (cat) 1
0 0 R ] 0 0 R
Y H NaOCI, NaBr \Y/; Br
Me_ '_S_ > Me__S
xﬂ o/\)6<Fl2 aq Na,HPO,/CH,Cl, \H “o/\/bknz
34 38
E Br M B
o\\fP (-:Oz . O\VP / € Q\f;o i
ME..,_ ,S\ Me'\. IS“\ Me-.. /S\ /\/I\/Ph
N o o
H H H
Me Me
Br Y
70% yield Y=0, ?;’11%21 yield mMe Me 27% yield
1 dr.

Y = NTces, 75% yield
mixture of diastereomers

B. Sulfamate ester displacement provides 1,3-difunctionalized

compounds
Sy S Boc,0, DMAP Me
Me. _S. /\)( : /\)<
H (o] Et then Nal 1 Et
50% yield
Scheme 17.

A. Sulfamate ester-directed, rhodium-mediated bromination is well-documented at tertiary
centers and tolerates esters, epoxides, and aziridines. B. Subsequent sulfamate ester
displacement furnishes 1,3-difunctionalized compounds.
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‘N’Q
0O 0 N—X 0 0O
\Y/j Y/
Me\;I,S\O 6 Meﬂ Me.\;‘,S\
H Me hv O H
6
CH,CI
45 R
0 0
Y/ 6
Me\;l,s\
1
x 6!
46
0 0 Cl
Y/
Me“‘N’S‘o 6
H éi
Br
48, x =1,60% yield 50, 40% yield® 51, 44% yield?

49, X = Br, 90% yield

Scheme 18.
Mufiiz and co-workers confirm that sulfamate esters guide 1,6-HAT processes to achieve C—

H halogenation, and invent protocol to dihalogenate alkanes. ¢ Yields reported over 3 steps.
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89% yield (A)
84% yield (B)

Scheme 19.

Page 35
'BuOI, MeCN, hv (A) .0
or 1SS
- HN6 o
NIS, MeNO,, hv (B) R
R2
f{gp 1{:{\5&
HN” ~O0 HN” ~0
/\)6\) /|6\/|
Me Me
Me

60% yield (A) 42% yield (B)

As an alternative to metal-mediated amination technologies, Minakata et al. have disclosed a
protocol for sulfamate ester-guided amination promoted by electrophilic iodine oxidants.
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Page 36
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S MeCN R
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By’ 1 0 76% yield tg,”1 gx\o
Scheme 20.

Sulfamate esters guide position-selective xanthate-transfer processes, even on structurally
complex scaffolds.
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81% yield 62% yield 73% yield

>93% D-incorporation

Scheme 21.
Alkyl xanthate products can undergo facile conversions to other functional motifs.
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78% yield
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B. Roizen, 2019

Me Me
H /\cozrau CO,'Bu

00 (6 K,CO4 00 (6
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o MeCN H
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H H

96% yield
C. Huang, 2019

CF; 0 NaH2P04
l\; “” hv, [Ir-2] (cat) “”
_
4-Cl-toluene/
H,0 (2:1)

70% vyield

[ir-11, R = CF,
[ir-2], R = Me

Scheme 22.

Representative examples of photocatalytic alkylation reactions guided by sulfamate esters.
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R = Bu, 77% yield
Cz

4-CzIPN

Scheme 23.
Duan and co-workers show that, in addition to Michael acceptors, styrene derivatives are

competent radical trapping agents in photoredox-mediated alkylation processes.
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Scheme 24.
Roizen and co-workers interrogate the influence of steric encumbrance on alkylation at

secondary centers.
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Scheme 25.

Huang and co-workers employ trifluoromethyl sulfamate esters as templates for photoredox-
mediated Giese reactions.
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Scheme 26.
Plausible mechanistic pathways for photoredox-mediated alkylation reactions employing

sulfamate ester substrates.

Synlett. Author manuscript; available in PMC 2021 May 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Short etal. Page 43

A. Sulfamoyl azides guide selective C—H amination reactions
Zhang, 2010

0P 0P
MeN”" >N, [Co''(por)] (cat) MeN”" >NH
4 A molecular sieves
6 Me PhCF, 40 °C, 20 h 6 Me
70 71
95% vyield

B. Proposed metalloradical catalysis mechanism

Y Vs
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MeN”" JNH MeN” 7N,
6 Me k/fi\Me
71 70
[
radical [Co”(por)] radical N,
substitution 72 activation
Co'-alkyl radical Co'-sulfaminyl radical

74 N_eHAT _~ 73
Scheme 27.

Zhang and co-workers have achieved position-selective C(sp3)-H amination reactions
mediated by metalloradical 1,6-HAT processes.
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R = Bn, 70% yield

Scheme 28.
Select examples for the sulfamide-guided Ritter-type amination through an interrupted

iodine-catalyzed HLF process reported by Mufiiz and co-workers.
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Scheme 29.
Plausible reaction mechanism for the interrupted HLF reaction employing sulfamide
templates.
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Scheme 30.

Minakata and co-workers demonstrate access to cyclic sulfamides through a metal-free
approach with an electrophilic iodine oxidant.
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Scheme 31.
Sulfamides direct y-selective chlorination of C(sp3)-H bonds.
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Scheme 32.
Selectivity can be modulated by the steric and electronic properties of sulfamide nitrogen

substituents. Isolated yields of products from 1,6-HAT. Z Isolated yields of mixture of 6- and
7-chlorinated products.
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When employing substrates with sufficiently weakened e-C(sp®)-H bonds, Betley and Hennessy show that

Table 1

Fe(I11) imido radicals engage competitive 1,5- and 1,6-HAT pathways.

[Fe] (cat) B
RS J Boc,0 N S R?
@ Ny ———2= 5 R'<7 +
T e ) 6
y brd 18
product of 1,5-HAT
entry R? yield ratio 18:19
. o vi ;
. \/SW 45% yield n.d.:1.0
2 phw 52% yield 0.9:1.0
Me
3 47% yield 1.5:11.0
Me5 (¢)
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