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Catalyst-controlled and tunable, chemoselective silver-catalyzed in-
termolecular nitrene transfer: Experimental and computational

studies

Nicholas S. Dolan,’ Ryan J. Scamp,” Tzuhsiung Yang,' John F. Berry* and Jennifer M. Schomaker*

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706, United States

ABSTRACT: The development of new catalysts for selective nitrene transfer is a continuing area of interest. In particular, the ability to
control the chemoselectivity of intermolecular reactions in the presence of multiple reactive sites has been a long-standing challenge in the
field. In this paper, we demonstrate examples of silver-catalyzed, non-directed, intermolecular nitrene transfer reactions that are both
chemoselective and flexible for aziridination or C—H insertion, depending on the choice of ligand. Experimental probes present a puzzling
picture of the mechanistic details of the pathways mediated by [(‘Bustpy)AgOTf], and (tpa)AgOTf. Computational studies elucidate these
subtleties and provide guidance for the future development of new catalysts exhibiting improved tunability in group transfer reactions.

Introduction

Amines are important functional groups occurring in a diverse
array of molecules with significant biological and therapeutic
value. One effective strategy for streamlining the synthesis of
amines involves the selective introduction of a new C—N bond at
a specific site in a hydrocarbon precursor. Diverse transition met-
als'® are known to catalyze the insertion of metal nitrenes into
either a C—H or C=C bond to yield amines or aziridines, respec-
tively. Substrate control has traditionally been the primary factor
dictating the chemoselectivity of the amination event; for exam-
ple, intramolecular aminations of homoallylic sulfamates tend to
yield the aziridination product using popular dinuclear Rh(II)
tetracarboxylate catalysts.” One notable exception is the dinuclear,
chiral carboxamidate complex Rh,(S-nap),, which can favor in-
tramolecular C—H bond insertion over aziridination.” More recent-
ly, it has been shown that the chemoselectivity of nitrene transfer
can be altered to favor C—H insertion by changing the metal iden-
tity to Ru, Co, Mn or Fe, which results in a change from a con-
certed to a step-wise nitrene transfer event, 4>

Achieving catalyst control over the chemoselectivity of intermo-
lecular nitrene transfer using a single metal is even more chal-
lenging, particularly when compared to metal-catalyzed carbene
transfer reactions.'’ A rare example of a Rh-based system selec-
tive for intermolecular nitrene insertion into allylic C—H bonds
employs Rhy((S)-nta), (nta = (S)-N-1,8-naphthoylalanine) in the
presence of chiral sulfonimidamides;'' however, this behavior
relies on a strong match between the chiral Rh catalyst and the
optically pure nitrene precursor. In general, most dinuclear Rh
catalysts that are successful for intramolecular nitrene transfer
perform poorly in intermolecular reactions.'> Two major factors
impeding the development of more modular and less expensive
catalysts for nitrene transfer include a poor understanding of how
reactivity differs in intra- vs. intermolecular processes, as well as
how the mechanism and selectivity of the nitrene transfer re-
sponds to modifications to the supporting ligands for a particular
metal. A better understanding of these issues is necessary to spur
further progress towards our ultimate goal of developing new,
inexpensive catalysts for predictable, tunable and intermolecular

site-selective nitrene transfer reactions, a long-standing goal in
the field.

We have demonstrated that silver(I) catalysis offers unique op-
portunities to tune the chemo- and site-selectivity of intramolecu-
lar nitrene transfer (Scheme 1A-B)."*'*!> Changes to the ligand,
the AgOTf:ligand ratio, and the nitrene precursor all influence the
coordination geometry and reactivity of the putative nitrene. For
example, preference for aziridination or C—H bond insertion in a
homoallylic carbamate can be controlled by simply changing the
ratio of 1,10-phenanthroline (phen) to AgOTf (Scheme 1A)."
Enforcing different coordination geometries at Ag(I) using diverse
ligands, including 4,4'-di-tert-butyl-2,2'-bipyridine (‘Bubpy) and
tris(2-pyridyl-methyl)amine (tpa), enables site-selective amination
of chemically distinct C—H bonds (Scheme 1B)."*'> Expanding
Ag(I) catalysis to tunable, intermolecular nitrene transfer reac-
tions has been challenging; in this work, we describe initial exper-
imental and computational studies to better understand these reac-
tions (Scheme 1C).

Scheme 1. Ag-catalyzed chemo- and site-selective aminations.

Previous work: Intramolecular chemo- and site-selectivity
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Results and Discussion

Initial experimental studies. The reaction of cyclohexene (1),

2,2'2"-trichloroethylsulfamate (TcesNH,, 2) and iodosobenzene
(PhIO) with Ag catalysts supported by a variety of readily availa-
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ble N-donor ligands (see the Supporting Information for further
details) was carried out (Table 1). We found that AgOTf ligated
by tert-butylterpyridine 4 (entry 1) gave good selectivity for pro-
duction of the aziridine 3a over the allylic amine 3b.”*" X-ray
crystallographic and DOSY NMR studies showed that the silver
catalyst supported by 4 exists in both the solid and solution states
as the dimer [(‘Bustpy)AgOTf], (hereafter called catalyst A), con-
sisting of two three-coordinate Ag centers.”*'* Interestingly, em-
ploying the tpa ligand 5 (entry 2) resulted in a preference for al-
lylic C—H amination to 3b over aziridination. A crystal structure
of a silver(I) complex bearing a ligand similar to 5 has been re-
ported, suggesting the formula (tpa)Ag(OTH) for catalyst B.'®

Table 1. Impact of the ligand on silver-catalyzed nitrene transfer.

@‘H 1 AgOTf NTces NHTces B jigand for
+ ligand Catalyst A
ClsC 0,0 ) PhIO + By Bu
0"""NH, 3a 3b
enty? L PhlO(eq) h yield 3a:3b 4 Bustpy

5 .
1 4 35 4 89% 6.4:1 ligand for Catalyst B

2 5 1.2 1 60% 1:3.3 X =
ANMR yield; CI;CCH,CI internal standard. (j\/N ~ ‘
Conditions: 5 equiv 1, 1 equiv 2, 10 mol% N N
5 tpa 5

AgOTf, 12 mol% ligand, PhlO, 4 A MS, CH,Cl,.

Having demonstrated the ability to control the chemoselectivity
of Ag-catalyzed amination by changing the nature of the ligand,
the identity of the nitrene precursor was varied in an attempt to
further improve selectivity (Table 2). While the 3a:3b selectivity
for aziridination catalyzed by A was not improved with alkyl-
sulfamate 2¢ as compared to 2a, the yield did increase to 97%.
Other nitrene precursors resulted in either lower yields or de-
creased selectivity for the aziridine 3a. When B was employed,
the C—H amination product was favored to a greater extent em-
ploying arylsulfamates 2e-2g, with 2f displaying the highest
3b:3a ratio of 5.8:1. It is worth noting that in the majority of ex-
amples, the overall preference of A for aziridination and that of B
for C-H amination is independent of the identity of the nitrene
precursor, supporting catalyst-control of nitrene transfer. The one
exception is the chiral sulfonimidamide 2d previously employed
by Dauban in Rh-catalyzed nitrene transfer; in this case, aziridina-
tion was preferred using both A and B."'

Table 2. Influence of the nitrene precursor on chemoselectivity.

H RSO;NH; AgOTf NSO;R NHSO;R
+ 23":)} e-g ligand @ .
1 RSO(NTs)NH, PhlO 3a 3b
2d
RSO,NH, = Clka Q.0 Fsc‘;\ 0.0 OSO,NH,
% yield? 0" NH, 0 SNH,  FoC” CR, HfS
(3a:3b) 2a 2b 2¢
Bu,tpy: 89% (6.4:1) 77% (3.8:1) 97% (6.5:1)
tpa: 60% (1:3.3) 52% (1:3.6) 60% (1:2.8)
OSO,NH,
OSO,NH:
O, NTs 2NH OSO,NH, E
RSO,NH, = \\S\NH F F
% yield? @ 2 F
3a:3b Me’ NO, Dfs
(3a:3b) 2d 2 2f Foogg
‘Bustpy: 44% (4.3:1)  T7% (3.1:1)  99% (5.2:1)  85% (3.7:1)
tpa: 27% (2.5:1)  48% (1:5.0) 54% (1:5.8)  51% (1:4.7)

@Total NMR vyield; Cl3CCHCI, as the internal standard. Conditions: 5 equiv 1,
1 equiv 2, 10 mol% AgOTf, 12 mol% ligand, 4 A MS, CH,Cly, rt. 'Buﬁpy
Catalyst A: 3.5 equiv PhIO, 4 h. tpa Catalyst B: 1.2 equiv PhlO, 30 min.

The scope of tunable nitrene transfer was briefly explored with
selected substrates containing both C=C and C-H functionalities

(Table 3). Five- and six-membered rings (entries 1-4) give che-
modivergent amination. However, as the size of the ring increases
(entries 5-6), chemoselectivity for the aziridine product also in-
creases with both catalysts A and B. The lesser selectivity for C—
H amination with B in this case may be attributed to poor stabili-
zation of an allylic radical via conjugation with the double bond in
the 7-membered ring due to competing transannular interactions,
providing indirect evidence that B may operate via a step-wise
nitrene-transfer pathway. Reaction of frans-hex-2-ene 8 (entries
7-8) gave no isomerization in either aziridination or C-H amina-
tion reactions, but did show a rearranged product using B (entry
8), also indicative of a potential stepwise pathway. A is not overly
sensitive to steric effects, giving excellent selectivity for aziridina-
tion of both tri- and tetrasubstituted alkenes 9 and 10 (entries 9,
11). However, achieving selectivity for C—H insertion in acyclic
substrates employing B is challenging, as aziridination becomes
competitive (entries 10, 12). In order to rationalize these observa-
tions and achieve a better understanding of the reasons for the
lack of chemocontrol, extensive computational studies were car-
ried out as described later in this report.

Table 3. Tunable, catalyst-controlled amination.

R2 AgOTf _, _NSOzR R?

RS H RO™""'NHy phio R3 R3” TNHSO;R
3,6-10 3a,b 6-10a,b 3c,d 6-10c,d
substrate entry ligand A? 12 A:l
Q—H 1 Bugtpy 61%6a  11%6c  55:1

6 2 tpa 13%6b  35%6d  1:2.7

@_H 3 3  fBustpy 84%3a 13%3c  6.5:1

4 tpa 8%3b 46%3d  1:58

o7 5  fBugpy 59%7a 2% Tc 30:1

6 tpa 20%7b  24%7d  1:1.2

/\)H\/ s 7 Butpy 58%PBa  4xtBc  15:1

A 8 toa 8% 8b  25%°8d 1:3.1
H

M 9 9 |Bugpy 72%°9a  2%°9c  36:1

" 10 tpa 29% 9b  25%79d 1.2:1

N q0 11 'Bugtpy 97%10a 0% 10c  >19:1

12 tpa 25% 10b 0%10d >19:1

A: HfsNH, (0.25 mmol), 10 mol% AgOTf, 12 mol% Bustpy, 3.5 equiv PhlO,
CH,Cly, 4 AMS, 4 h, rt. I: DfsNH; (0.25 mmol), 10 mol% AgOTf, 12 mol%
tpa, 1.2 equiv PhlO, CH,Cly, 4 A MS, 1 h, rt. ®Isolated yield. PNMR yield,
CI3CCH,Cl internal standard. Strans only, 6% rearranged. 3% rearranged.

A series of substituted cyclohexenes of varying complexity were
investigated further in tunable silver-catalyzed amination (Table
4). Addition of a Me group to the alkene of 11 increases selectivi-
ty for aziridination with A (entry 1), and improves the preference
for C-H amination with B; amination of the less hindered allylic
C-H, bond is favored over C-H, by a ratio of 3.0:1 (entry 2).
Aryl-substituted alkenes 12 and 14 (entries 3 and 7) resulted in
good selectivity using A, but competing epoxidation occurs with
electron-rich 13 (entry 5). Excellent selectivity for C—H amination
is observed for 12-14 using B (entries 4, 6, 8). Catalyst B shows
sensitivity to steric effects, as amination of the less congested H,
in 12-14 is preferred over the more hindered H, by a ratio of ap-
proximately 6:1 in all three cases. Conjugation of an alkyne with
the cyclohexene of 15 gives good chemoselectivity with both
catalysts (entries 9-10); however, the aziridine is not stable to
chromatography, undergoing rearrangement and hydrolysis to
aldehyde 15a."” Good site-selectivity for the amination of H, over
H, was also noted using 15 (entry 10). Moving the Me group from
the vinyl carbon of 11 to the allylic position in 16 (entries 11-12)
decreases selectivity for aziridination with A. In contrast, the se-
lectivity of C—H amination was improved with B; however, allylic
transposition occurs to give 11d and 16d. The addition of an al-
lylic Ph group in 17 further decreases selectivity in aziridination

ACS Paragon Plus Environment

Page 2 of 11



Page 3 of 11

P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

Table 4. Tunable amination of C=C and C—H bonds.

R! R!
AgOTf NSO3;R
N g ligand 1 TN
120  +  RoSy 2 YR ttap2oap t 11¢,d-20c.d
-- H 2¢ or 2f PhIO .- NHSO3;R
substrate entry ligand  A? I(Ha+ Hp)® Azl substrate entry ligand A? I (Ha + Hp)? A:l
Hy ! Me 1Mt 40% 16a %€ 11 251
Me 1 Bugpy 78%1a  7%1Me  10:1 | , BUPY | 48 symant 16% 11c
" 61% 11d : 12 tpa 3% 16b 39%°11d 1:13
0 . 1
2 tpa 7% 11b 3.0:1 HyHy 1:8.7 :
Ha : Bugtpy ~ 22% 17a 20%%12¢c 1.4 :1
o ' 16% 12¢ i 1:19 syn-anti
CoHs 3 Bustpy 73%°12a g4y, 4611 tpa 2% 17b 32%° 12d 1:16
12 !
4 tpa 20%12b 60%12d 1:3.2 ! . .
561 HaHy | Bugtpy ~ 65%17a 10%18c  6.5:1
H, ! 1:11 syn:anti
Hy ! 49% 18d
1 ! ° .
4-MeOCgH, 5 'Bustpy 0%°13a 0% 13c — | tpa 12% 18b adt b, 104
13 6 toa 2%13b  65%13d  1:33 | 55% 198
. . ! o o
Ha 841 Harhy P19 o 4 Bustpy  (dr2.4:1) 19%19¢ 594
! N . (dr3.9:1)
e tBust b 6%14c  9.5:1 ! H (a:b >20:1)
ustpy 57%"14a o 20T b
4-CICgH | 9
o 5.0:1 HyiHp t Hg a 18 tpa 3% 19 46%19dH. g g
14 i (2.2:1 anti:syn)
8 tpa 3%14b 51%14d  1:17 ! Me
5.9:1 Ha:H ! b
Ha atb i Ha . 72% 20a
‘ 0%20c  >19: 1
Hy o Pent : ; He 19 BUY  @p24) o
B % 15a° 9 0:1
Z 9 'Bustpy 51% 15a 9107-1/°J§:1 3.0 1 20 H, 0o s 29% 20b 18%200
15 CoTee L Me P2 @bes >191 HyHy 0
10 tpa  8%15b  62%15d 1:7.8 | oMe ||a
11:1 HatHp |
H, !

A: 10 mol% AgOTY, 12 mol% Bustpy, 2¢, 3.5 equiv PhlO, CH,Cly, 4 A MS, 4 h, rt. I: 10 mol% AgOTf, 12 mol% tpa, 2f, 1.2 equiv PhlO, CH,Cl,, 4 A
MS, 1 h, rt. ?Isolated yields. © Aziridine was opened with MeOH. ¢ Formation of the epoxide as the major product. ¢ 56% NMR vyield of aziridine,

isolated as the aldehyde in 51% yield. € Transposition of the allylic bond was noted to give the trisubstituted alkene as the product. The ratio of
expected to allylic product was approximately 1:1 while transposition was highly dominant for 17.

(entry 13), but showed increased preference for insertion to 12d
(entry 14). These experiments provide insights into the mechanis-
tic details of Ag-catalyzed intermolecular nitrene transfer that will
be further discussed in the context of our computational studies
(vide infra).

A series of natural product-derived substrates 18-20, containing
multiple alkene and allylic C—H functionalities, were explored.
Alkene 18 gives good selectivity for aziridination and a high 11:1
anti:syn ratio (entry 15). The sensitivity of B to steric effects is
illustrated in entry 16, where activation of H, is now preferred
over Hy by a ratio of 4.4:1 (compare to entry 2). The a-ionone
derivative 19 shows poorer selectivity for aziridination (entry 17),
perhaps due to the increased steric demand of the more electron-
rich alkene a. Both chemo- and site-selectivity for C—H insertion
(entry 18) are excellent. Finally, only aziridination of bisabolyl
methyl ether 20 is observed with A (entry 19), with the exocyclic
alkene preferred over the endocyclic alkene by a ratio of 2.4:1.
The presence of two electron-rich alkenes in 20 results in poor
selectivity for C—H amination (entry 20); however, site-selectivity
for the less hindered H, is excellent, favoring H, over H, by a
ratio of > 19:1.

Mechanistic studies. Further experimental studies were carried
out to better understand the mechanistic details of amination
pathways promoted by A and B with both cyclic and acyclic sub-
strates. In Scheme 2A, subjecting 11 to aziridination conditions in
the absence and presence of TEMPO as a radical inhibitor showed
a modest 10% decrease in yield, which is not a definitive indica-
tion that radical intermediates are involved. In contrast, subjecting
11 to C—H amination conditions did result in a substantial de-

crease in yield in the presence of TEMPO, indicating the possibil-
ity of a radical intermediate. These results suggest that catalysts A
and B operate under mechanistically distinct pathways. However,
we note that the C—H amination products of 16 and 17 employing
either catalyst A or B contain a transposed double bond (Table 4,

Scheme 2. Influence of TEMPO on the amination of 11 and 16.

A Hp NHDfs
(:6“ Hfs Ag('Bustpy)OTf? Ag(tpa)OT>
Hfs-NH, Dfs-NH; NHDfs
11a major H, 1 11d major
65%yield >10:1 I 54%vyield 1:8.1
>20:1 Hy/H, no inhibitor 2.6:1 Ho/Hp,
% yi >10: 1
553:23|.e1l(‘:4 /Hb10 20 mol% TEMPO 8% yleld 1 4.9
. al
B DfsHN
t, a
e 2L BUStPY)OTH Ag('Bustpy)OTf Ag(tpa)Obe é
Hfs-NH, Dfs-NH, NDfs
16a major 16d major
46%vyield 3.3:1 R 37%vyield <1:20
3.8:1 dr no inhibitor 1.0:1 Ha/Hy,
43%yield 2.9:1 4%yield  <1:20
421 dr 20 mol% TEMPO 5201 Hy/H,

4A: HfsNH, (0.25 mmol), 10 mol % AgOTf, F Hfs = 9

12 mol % ‘Bustpy, 3.5 equiv PhlO, CH,Cl,, (0] —§-s—o—<

4 AMS, 4 h, rt. °I: DfsNH, (0.25 mmol), 10 Qo-g-g— ICI) CF3
mol % AgOTf, 12 mol % tpa, 1.2 equiv

PhIO, CH,Cly, 4 AMS, 1 h, rt. F

entries 11-14). This suggests both silver catalysts are capable of
promoting step-wise nitrene transfer pathways involving radical
intermediates. Surprisingly, TEMPO inhibition studies with 16
(Scheme 2B) show decreased yields of the insertion product, but
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have little effect on the aziridination yield. Explaining these puz-
zling results is important for developing better Ag(I) catalysts and
were addressed using computational studies (vide infra).

Further mechanistic studies with acyclic alkenes (Schemes 3-4)
reveal that catalyst A generates 21a exclusively as the cis isomer
(Scheme 3), while B gives 21b as a 13:1 mixture of cis:trans iso-
mers. Both catalysts favor aziridination, although the selectivity
with B (2.9:1) is much lower than that observed with A (>20:1).
Slight isomerization of the alkene from >20:1 cis:trans to 13:1
cis:trans in the C—H amination product 21b occurs in both the
absence and presence of TEMPO.

Scheme 3. Influence of the radical inhibitor TEMPO on the ami-
nation of acyclic alkene 21.

Hfs Dfs
N a l b N
/u\_/ Ag('Bustpy)OTf H  Ag(tpa)OTf /_\_/
-—— —_—
8a Hfs-NH, Dfs-NH, 8b

21

21b §\/|N\His
N

NHHf;
S 21a
S
> 00:1 cis:trans  @ziridination predominates

63% yield >20:1 . 42% yield 2.9:1
>20 : 1 cisltrans no inhibitor 13 : 1 cis/trans
57% yield >20:1
>20 : 1 cisl/trans
2A: HfsNH, (0.25 mmol), 10 mol % AgOTf, 12 mol % Bustpy, 3.5 equiv PhlO,

CH,Cly, 4 A MS, 4 h, 1t. Pl: DfsNH, (0.25 mmol), 10 mol % AgOTf, 12 mol % tpa,
1.2'equiv PhIO, CHyClp, 4 AMS, 1 h, rt.

10% yield >20:1
13 : 1 cis/trans

20 mol% TEMPO

While the addition of TEMPO using catalyst B supported the
presence of radical intermediates in the nitrene transfer pathway,
the minimal isomerization of 21 (Scheme 3) with both A and B
was unexpected. To shed more insight into this question, a steri-
cally congested alkene 22 was subjected to both aziridination and
C—H amination conditions (Scheme 4). These experiments sug-
gest the presence of radical intermediates in both pathways, as
transposition of the alkene double was noted using both catalysts.
The question was why catalyst A appeared in many cases to give
concerted nitrene transfer, as opposed to the clear-cut evidence
that B proceeded through a stepwise nitrene transfer pathway.

Scheme 4. Allylic isomerization studies.

/\)\ /Q)\ /\Jﬁzms H/'N\Hf)\
A)\

16% 23a 6% 23b 5% 23c

15% 24a 19% 24b 3% 24c

a: 5 equiv 22, 1 equiv HfsNH,, 10 mol % AgOTf, 12 mol % 'BU3tpy, 3.5 equiv
PhlO, 0.05 M CH,Cly, 4 AMS, 4 h, rt. b: 5 equiv 22, 1 equiv DfsNH,, 10 mol
% AgOTf, 12 mol % tpa, 1.2 equiv PhlO, 0.05 M CH,Cl,, 4 AMS, 1 h, rt.

Computational studies

The only previously reported, extensive computational study on
Ag-catalyzed nitrene transfer explores aziridination using a tris-
pyrazolyl borate complex (catalyst C).”* Aziridination was found
to proceed through an initial C-N bond formation step, but a min-
imum energy crossing point (MECP) between the triplet and
closed-shell singlet surface induces direct formation of the aziri-
dine from the C-N bond formation transition state, resulting in
retention of the stereochemistry of the alkene. The reactivity ob-
served with our ligands on Ag(I) led to an initial hypothesis that

catalyst A follows a single-step mechanism similar to that de-
scribed by Pérez and coworkers, and catalyst B follows a stepwise
pathway.”® However, our experimental probes of the mechanism
(Schemes 2-4) yield puzzling results. Experiments in Scheme 2 on
cyclic alkenes appear to support our hypothesis, as the use of
TEMPO as a radical inhibitor did not impact the aziridination
pathways involving catalyst A. The same is true for the acyclic
alkene 21 in Scheme 3; however, the data in Scheme 4 suggest
that even catalyst A is capable of promoting step-wise nitrene
transfer, as allylic C=C double bond transposition is observed. To
find a mechanistic explanation for these seemingly contradictory
observations, as well as to investigate the reasons for the
chemoselectivity differences between A and B, we decided to
employ quantum chemical methods to study the reactivity of these
two catalysts at the level of density functional theory. Here,
B3LYP-D3 is used for the structures of critical points along the
reaction coordinates and we employ complete active space self-
consistent field (CASSCF) for the electronic structure of the
nitrene complexes. The validity of our choice of B3LYP-D3 is
demonstrated by benchmarking various functionals against the
crystal structure of catalyst A and B3LYP-D3 was found to be one
of the most robust functional in reproducing the observed molecu-
lar geometry (see Table S1-4 for quantitative assessments of the
functionals).

Structural features of nitrene intermediates. To begin our compu-
tational studies, the nitrene complex of B, (tpa)Ag(OTf)(NSO;R)
B(N), was optimized with the nitrene ligand bound in the equato-
rial site (cis to the tertiary amine) and the OTf ion bound in the
axial site. This nitrene complex of catalyst B was chosen for com-
putational studies of its reactivity owing to the fact that the
chemoselectivity of B is affected by the identity of the Ag salt
employed supporting the hypothesis that the anionic OTf ligand
remains bound to B(N) during catalysis (See the Supporting In-
formation for the discussion of other potential structure of B(N)).
Catalyst A has been shown to exist as a dimer with one of the two
OTf ions dissociated in its crystal structure, leaving two inequiva-
lent Ag sites.”® Agy has a coordination sphere composed entirely
of ‘Bustpy N atoms, while Ag, also has a coordinated OTf ion. To
improve computational efficiency, the tert-butyl groups on the
‘Bustpy ligand were replaced by H atoms ([(tpy)AgOTH],", called
A"). The nitrene complex of A' was optimized with the nitrene
ligand bound to the Agy, denoted as A'(N). This coordination
isomer was chosen due to the fact that catalyst A displays minimal
counteranion effects. The effect of the truncation on the structures
of A and A(N) is also assessed in Figures S1-3 and S1-4 in the SI
(see Tables S1-9, S1-20 and S1-22 for a quantitative comparison
and A’'(N) and A'(Np),nitrene binding to the AgO atom of catalyst
A, between A and A’, and A(N) and A'(N), respectively). The
optimized structures of B(N) and AN are shown in Figure 1.

Figure 1. The optimized structures of the Ag-nitrene intermedi-
ates investigated. B(N) and A'(N) are shown on the left (a) and
right (b), respectively.

Electronic features of nitrene intermediates. The electronic struc-
tures of B(N) and A'(N) have been investigated both at the density

ACS Paragon Plus Environment

Page 4 of 11



Page 5 of 11

P OO~NOUILAWNPE

functional (DFT) and complete active space self-consistent field
(CASSCF) levels of theory. For both B(N) and A'(N), the lowest
energy state was found by DFT to be a triplet state, in which a
Ag(I) ion is ferromagnetically coupled to a doublet nitrene anion
radical (Ag(IDT-1{NSO;3;R}"). The ferromagnetic alignment of
spins in this complex is due to the orthogonality of the Ag-N o*
and N p, magnetic orbitals. Analysis of the Kohn-Sham orbitals
shows that the Ag—N bond is composed of a 3-electron 6 compo-
nent and a 3-electron ™ component, with an overall calculated
Mayer bond order of 0.56 and 0.57 for the (antiferromagnetically
coupled) open-shell (OS) singlet and triplet B(N), respectively,
and 0.63 and 0.55 for OS singlet and triplet A'(N), respectively.
The o* orbital in both complexes is strongly covalent with ~20%
polarization toward Ag, whereas the n* orbital is strongly polar-
ized towards the nitrene N atom by 85-90%. The OS singlet ex-
cited state is low-lying, at 4.13 and 8.27 kcal-mol™ above the
triplet ground state for B(N) and A'(N), respectively. The frontier
orbitals are shown in Figure S1-5. Analysis of the CASSCF wave
function indicates that there is only one configuration that con-
tributes strongly to the electronic structure of both complexes in
their triplet state. This configuration can be described as
(0)*(@*)*("*)'(6*)". On the other hand, the OS singlet has multi-
configurational character with a major configuration (~70%) of
(o) (@*)*(n"*)*(c*)° and a minor configuration (~30%) of
(O (m™*)*(n"*)’(c*)%. A second closed-shell (CS) singlet excited
state, discussed previously in the literature,” was located 7.23 and
12.1 keal-mol™ above the triplet ground state for B(N) and A'(N),
respectively. This particular excited state, which could be de-
scribed as either a Ag(I) ion bound to a singlet nitrene or a
Ag(IIT)-imido complex, is not discussed due to its high energy.

We recently discussed the necessity for a metal-nitrene interme-
diate to have a pair of empty a and § molecular orbitals with N
character in order to be able to undergo concerted nitrene trans-
fer.'® Given this constraint, we would expect nitrene transfer from
these silver complexes with triplet ground states (i.e., having two
empty B molecular orbitals with N character) to occur via a step-
wise mechanism. However, Pérez and coworkers found in their
computational study that it is possible for intersystem crossing to
occur directly following an initial single-electron transition state
in such a way as to avoid radical-containing intermediate spe-
cies.” Thus, an examination of the nitrene transfer potential ener-
gy surface (PES) for both A'(N) and B(N) is warranted.

Reactivity landscape for nitrene transfer. PESs for nitrene transfer
from B(N) to substrate 1 modeling experimental chemoselectivity.
Two distinct transition states (TSs) have been located as substrate
1 approaches B(N). The first involves partial formation of an N-H
bond (C-H bond amination (I), TS, 1, the numerical subscript
denotes the substrate identity) on either the triplet ‘TS) or OS
singlet (°S'TS) potential energy surface (PES). The second TS
involves partial formation of a C-N bond (aziridination (A),
TStpa,a,1) on the triplet (TS) PES. Both OSITSma“ and TStp,,,“
were found to be lower in energy than the TStpa a1 (10.1 and 10.2
vs 10.7 kcal-mol™, respectively), consistent with the experimen-
tally observed chemoselectivity. After HAT is complete interme-
diates (Int) were found on both the OS singlet (O Intg, ;) and
triplet Intg, ;) PES (-19.2 and —-19.7 kcal- mol™!, respectively),
with a slight favoring of the triplet state. Radical rebound occurs
without an energetic barrier after the complete formation of
o8t Intgpy, 11 on the OS singlet surface to glve the aminated product
and regenerate catalyst B (=71.4 kcal-mol™). The complete reac-
tion coordinate for both reactions catalyzed by B(N) is shown in
Figure 2. The presence of an intermediate after hydrogen-atom
abstraction on both the OS singlet and triplet PESs and the fact
that the two intermediates are close in energy suggest that the
3Inttp,,,l,l could be long-lived enough to be trapped by radical in-
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hibitors. This finding is consistent with our experimental observa-
tions that a radical quencher lowers the yield of the C-H inserted
product of B(N) in the reactions of 11 and 21 (Schemes 2-3). In
contrast substrate aziridination by B(N) occurs on the triplet PES
via TStp,,,A s no© TStp,,,Al was located. Complete formation of
the C—N bond gives Inttpa AL A reorgamzatlon of the electromc
structure is presumed to occur to glve Inttpa a1 (kcal-mol L
terms of vertical excitation energy) which then leads to the for-
mation of the aziridine product, 'PC, tpa,1- Similar to the case for
C-H insertion, the presence of Inttpa 1> along with the absence
of a fast recombination © TStl,a A1, suggest that trapping by radi-
cal inhibitors is possible (vide infra), a hypothesis that is con-
sistent with our experimental observations.

I~N H
<\\ W/ soR
I_o' Ag\ \ A . ,,"3lnttp:x,.»\rl
g <‘//Q;NJ 803R W S
s 73 ?Tl 0S1pg
~ j ISI])'III
~ <N Aq\ 4
m \/\_'_J 'SOR
N -56.3
+ / OT N AN (127
H @LL NJ H (-347) {(727)
(o L
ey VNN SO3R Int N
-71.4
3R slntlp:LLI (-87.1)
PC

Figure 2. Reaction coordinate of nitrene transfer from B(N) to 1
to give either the C—H amination (blue) or aziridine product
(brown). R = reactant, TS = transition state, Int = intermediate,
and PC = product complex. Subscript I = C—H insertion and A =
aziridination; superscript OS1 and 3 denote open-shell singlet and
triplet spin states, respectively. Solid lines denote the triplet po-
tential energy surface (PES) and dashed lines denote the open-
shell singlet PES. Arrows and the size of the arrows represent a or
B spin populations for the electrons on Ag (silver), blue for N
(blue), and black (organic substrate). Black arrows inside the ring
indicate that electron density is delocalized over the allylic radical
and arrows outside the ring represent electron density localized on
the carbon proximal to the arrow. Numbers shown are Gibbs free
energies; numbers enclosed in parentheses are enthalpies, both
taking into account the solvent (CH,Cl,). Note: the energy for the
blue dashed line enclosed by quotation marks was obtained from
converging the single point energy at the OS singlet state based on
the geometry of the solid blue line below it.

PESs for nitrene transfer from A'(N) to substrate 1 modeling ex-
perimental chemoselectivity. Four distinct TSs are located as 1
approaches A'(N). Partial formation of the N-H bond (TSpy 11) or
C-N bond (TS¢py,a,1) occurs on either the triplet or OS singlet
PES. TStpy,“ and “TS,y 4,1 are lower in energy than TStpy,“
and TStpy A1 by 5.60 and 7.62 kcal- mol respectively.
TStpy A1 Was found to be lower in energy than TStpy“ 9.38 vs
11.4 kcal mol™) in agreement with the experimental selectivity.
Both TStpy“ and TStpy AL lead to the formation of triplet state
intermediates, Inttpy 1,1 and Inttpy A1 (—16.0 and —8.32 kcal- mol,
respectively). However, these intermediates do not evolve to form
products on the triplet surface. Instead, it was found that
st TSpy,11 and TStpy,Al lead to the direct formation of product
complexes, PCtpy 11 and PCtpy Al respectlvely (-81.7 and -62.5
keal-mol™!, respectively) without accessing an intermediate. The
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complete reaction coordinate for both reactions by A'(N) is shown
in Figure 3. The experimental observation that A is resistant to
inhibition by TEMPO (Schemes 2 and 3) suggests that direct ac-
cess of the OS PES after 3Inttpy (the crosses in Figure 3) to yield
products is the major reaction pathway (vide infra).

The shape of the PES and the experimentally observed tolerance
of the aziridination pathway towards radical inhibition are strong-
ly reminiscent of the system described by Pérez and coworkers for
Ag complexes supported by tripodal ligands.”® These resem-
blances prompted us to perform a comparison between B(N),
A'(N), and the Pérez (TpM?)Ag(NTs) (C(N); Tp™*? = hydro(3,5-
dimethyl-1-pyrazolylborate)) system in order to achieve a deeper
understanding of reactivity in our silver-catalyzed intermolecular
nitrene transfer reactions.

E / keal mol!

_— 3
TSy au Tntgya

& HED NN 626

+ (‘L@ H 2 N (-79.7)

=

Bt 70,y N 817

g-Ag > . 8L

H H \/,N’\l‘ N’B . (-95.6)
3

R i

= “lnt”,_"“ PC

Figure 3. Reaction coordinate of nitrene transfer from A'(N) to 1
to give either C—H insertion (blue) or aziridine products (brown).
R = reactant, TS = transition state, Int = intermediate, and PC =
product complex. Subscript I = C-H insertion and A = aziridina-
tion and superscript OS1 and 3 denote open-shell singlet and tri-
plet spin states, respectively. Solid lines denote the triplet poten-
tial energy surface (PES) and dashed lines denote the open-shell
singlet PES. Arrows and the size of the arrows represent o or B
spin populations for the electrons on Ag (silver), N (blue), and
organic substrate (black). Black arrows inside the ring represent
electron density delocalized over the allylic radical and arrows
outside the ring represent electron density localized on the carbon
proximal to the arrow. Numbers shown are Gibbs free energies
and numbers enclosed in parentheses are enthalpies, both taking
into account the solvent (CH,Cl,).

Differential mechanisms for nitrene transfer from B(N), A'(N),
and C(N) to organic substrates. Results for the reaction coordi-
nates of nitrene transfer from B(N) and A'(N) to substrate 1 (vide
supra) contrast with those recently reported for Ag-nitrene inter-
mediates supported by tripodal Tp ligands.”' In previously re-
ported examples, only a triplet and CS singlet state were located,
with the triplet favored in energy by 7.6 kcal-mol™.” The large
spin population of 1.32 on the N atom, along with the inability to
locate an OS singlet state, led to the description of C(N) as a
Ag(I) complex with a coordinated triplet nitrene ligand. In con-
trast, we located OS singlet states for B(N) and A'(N) with spin
populations (—=0.78 on N and 0.78 on (tpa)Ag for B(N) and —0.74
on N and 0.74 on (tpy),Ag, for A'(N)), which prompt us to de-
scribe these silver nitrene complexes as Ag(Il) ions coupled to
nitrene anion radicals, despite the fact that spin densities on the

triplet states are similar to that of C(N) (1.26 on N and 0.74 on
(tpa)Ag for B(N) and 1.27 on N and 0.64 on (tpy),Ag, for A'(N)).

Unlike either A'(N) or C(N), B(N) performs nitrene transfer via
a mechanism that generates Intg,, on both the triplet and OS sin-
glet PESs. This allows radical inhibition of the reaction, in con-
trast to the tolerance towards TEMPO exhibited by A'(N) and
C(N) (Scheme 5). Importantly, the divergence in mechanism be-
tween these three catalysts occurs after the initial transition state.
Therefore, the differences in the mechanism for nitrene transfer
from B(N), A'(N), and C(N) are not likely due to their different
ground state electronic structures. Instead, the nature of the transi-
tion states needs to be examined along with the thermodynamic
driving forces en route to product formation.

Scheme 5. Comparisons among A'(N), B(N), and C(N).

e Mononuclear

e Neutral

Nature of the C—H amination transition states from A(N), B(N),
and C(N). 1t is useful to examine the general geometrical features
of nitrene transfer transition states. For simplicity, we will analyze
in detail only the C—H amination transition states. In concerted
insertions of nitrenes into C—H bonds, as is seen in Rh,-catalyzed
reactions, the transition state involves simultaneous (though asyn-
chronous) C-N and N—H bond formation and C-H cleavage.'®
These three interactions take place within a triangular, three-
membered ring transition state (left, Scheme 6). Stepwise reac-
tions proceed first through a hydrogen atom transfer (HAT) transi-
tion state leading to radical intermediates. The transition state
involves a linear N--*H-:*C geometry (right, Scheme 6). These
geometries are electronically dictated: the three-membered ring
transition state requires a stabilizing pair of electrons and there-
fore an empty N orbital (or a pair of o/p holes with N characters to
accept the electrons of the C—H bond. The linear N---H---C struc-
tures result from three-center/three-electron or three-center/four-
electron bonds and are
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Scheme 6. Diagrams of concerted and HAT transition state ge-
ometries for C-H amination, including the features of stepwise
transition states vs those leading to barrierless rebound.

seen for the more electron-rich systems. All silver-nitrene com-
plexes are electron rich and will therefore use HAT transition
states for C—H amination (and corresponding single-electron tran-
sition states for aziridination). The major question of this work,
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however, is to explain when the HAT transition state leads to the
formation of radical intermediates vs when it is followed by a
barrierless rebound.

Geometric details of the C—H amination transition states of cata-
lysts A', B, and C are given in Table 5 (a more complete set of
data for catalyst A' and B is given in Tables S1-23, S1-24 and
Tables S1-27, S1-28, respectively, in the SI). Since catalyst A
performs C—H amination via a barrierless recombination pathway
and B via a stepwise pathway, it is useful to compare their geo-
metric differences. Both catalysts feature typical HAT transition
states with N-+-H---C angles very close to linearity. However, the
lowest-energy transition state (triplet) for catalyst A’ also clearly
shows signs of Ag—N bond cleavage, since its Ag—N bond length
is increased by 0.05 A from the geometry of A’(N). The Ag-N
bond length for B is unchanged (0.01 A). The observation that
transition states leading to barrierless recombination involve Ag—
N bond cleavage is also true of aziridination transition states.
Catalysts A and C undergo aziridination via barrierless rebound,
and their Ag—N bond distances are elongated by 0.06 and 0.04 A,
respectively, in their transition state geometries.

Table 5. Geometrical features of optimized transition states.

C—C Amination Transition States

Catalyst Spin State® N-HC,° A dAg-N)’,
A
A’ Singlet 171 0.03
Triplet 172 0.05
B Singlet 173 -0.03
Triplet 176 0.01
Aziridination Transition States
Catalyst Spin State® AdN - CF, AdAg-N),
A A
A’ Singlet 0.627 0.01
Triplet 0.736 0.06
B Triplet 0.626 0.03
C Singlet 0.335 -0.06
Triplet 0.625 0.04

* The singlet spin states are all optimized open-shell singlets.

® Ad(Ag-N) is defined as the difference in Ag-N(nitrene) bond
distance between the transition state geometry and the reactant
complex geometry.

¢ Ad(N - C) is defined as the difference between the two N---C
distances in the transition state.

This geometrical observation is also supported by an energetic
analysis. First, we compare AH* of the singlet and triplet transi-
tion states. In contrast to B(N), which has a similar enthalpic driv-
ing force at both OSITStpa,Ll and 3TStpa,I,1 (AAHEgscll 0.23
keal-mol™), OSITStpyl for A’'(N) is much less exothermic than
TSyya (AAHERC® = 3.08 keal'mol' for TSy and

AAHz’gzscllj = 3.34 keal-mol™ for TSpy1.1). Since the AHEHZClzfor
the formation of the first C-N bond in aziridination and the N-H
bond in C—H insertion should be very similar on both PESs, the
difference in AH%HZC12 between *TS,,, and ®*'TS,,, must result
mainly from the breaking of the Ag—N bond during OSITSmy.
Comparing the Ag—N bond lengths in B(N) and A'(N), they differ
by ~ 0.07 A, a difference that may be attributed to partial chelat-
ing character of the nitrene ligand in A'(N), which contains a
weak Ag---O interaction of 2.7 A, reminiscent of the quasi-
bidentate nitrene coordination mode in C(N). This implies that the
bond between Ag and N is stronger in the OS singlet A'(N) than
in the triplet A'(N); thus, it takes more energy to break the Ag—N
bond during OSITStpy to form the bond with the incoming atom

Journal of the American Chemical Society

from the substrate (A(Ag—N)TS =+0.062 A for OSITStpy A1 and
A(Ag—N)TS R~ =+0.077 A fOr TStpy“ \'A) A(Ag—N)TS R~ =-0.01
A for OSlTStpa - Once past © TStpy, the Ag—N bond has elongat-
ed enough to form PCtpy in a barrierless radical recomblnatlon
step. The transient process leading to the formation of PCtpy
means that the A'(N)-substrate complex must cross from TStpy to
PCtpy through an MECP (where dashed and solid lines cross in
Figures 2 and 3). Through this analysis, we observe that nitrene
complexes with a semi-chelating coordination mode to Ag lead to
nitrene transfer transition states having significant Ag-N bond
cleavage character, which results in barrierless recombination and
an absence of radical intermediates.

Interplay of enthalpy and entropy of activation on the differential
chemoselectivity of nitrene transfer from B(N) and A'(N) to sub-
strate 1. The differential chemoselectivity of nitrene transfer from
B(N) and A'(N) to substrate 1 is satisfactorily reproduced by DFT
studies of the reaction coordinates on both the triplet and OS sin-
glet PESs ((P: POSRE ~ (ky: kA)Ca‘C = 2.60: 1 using *'TSpa1s

or (k;: kA)C"’llc = 2.3:1 using *TSa,i1 Vs (P,:PA)iEp =58:1;

(P PSS, ~ (ks kg)SS, = 1:30.7 ws (P PA)"’"’” =1:52 ;
see below for the origin of the approximately equal signs). The
agreement with experiment justifies a further analysis of thermo-
dynamic parameters, namely enthalpy, entropy, and Gibbs free
energy of activation/formation. Activation of the C=C bond on the
triplet PES is the most exothermic step among all TSs for both
B(N) and A'(N) (Table 6). This is sensible, as breaking the C=C
n-bond in an alkene is less energetically costly than breaking the
C—H o-bond at an allylic position.® However, when the entropy
of activation is taken into account, B(N) suffers more than A'(N)
for both C—N bond formation and HAT. The fact that B(N) is
more negatively impacted by ASA* is due to steric hindrance
around the nitrene site, which restricts the flexibility of the incom-
ing substrate, as can be seen from space-filling models of B(N)
and A'(N) (Figure 4). This larger negative entropic contribution of
3TStpa,1 in general, and of 3TSm,A,l compared to 3TStpa,I,1; is the
major thermodynamic factor in the differential chemoselectivity
of B(N) and A'(N). Hence, the chemoselectivity of A'(N) towards
aziridination of 1 is enthalpy-driven while that of B(N) towards
amination of 1 is entropy-driven.

Table 6. Enthalpy (kcal-mol™), entropy (cal-mol'-K™"), and Gibbs
free energy (kcal-mol™') of activation for nitrene transfer from
B(N) to 1 and 21 on either the triplet or OS singlet surface.

TS substrate | AH 2 Hycly AS* Aafg HyCly
OITS 1 —4.30 —48.3 10.1
*TSpas 1 —4.53 —49.5 10.2
*TSipan 1 —4.75 517 10.7
TSy 1 -3.00 —48.3 11.0
*TSpya 1 -5.58 —50.2 9.38
OITS 21 —4.89 -57.0 12.1
TS pas 21 —0.51 —475 13.7
*TSpan 21 ~4.69 534 112

Fine-tuning the chemoselectivity of nitrene transfer from B(N) to
cyclic vs acyclic alkenes. To further examine our hypothesis that
the interplay of AH* and AS* fine-tunes the chemoselectivity of
Ag-nitrene complexes, the reaction coordinate for nitrene-transfer
from B(N) to acyclic substrate 21 was studied. Replacing cyclic
alkenes by acyclic alkenes (i.e., 1 by 21) changes the experimental
chemoselectivity of B(N). Correspondingly, we found that the
lowest energy TS is the aziridination transition state TStpa,A 21
which is 0.89 kcal-mol™ more stable than the lowest energy C - H

amination transition states TStpa,l,n, TStpaw. This gives
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ky/k; = 4.52 = P,/P;, assuming that the product-determining
steps are the rate-determining steps. Note that there are only two
internal secondary allylic C—H bonds in 21, compared to four
accessible C=C sites comprised of C2-re, C2-si, C3-re and C3-si.
This could potentially increase the P,/P; to 9.04. The calculated

Figure 4. Space-filling models of B(N) a) viewed from the top of
the nitrene and b) viewed from the side. Space-filling models of
A'(N) c) viewed from the top of the nitrene and d) viewed from
the side. Color code: silver:grey, sulfur:yellow, fluorine:green,
oxygen:red, nitrogen:blue, carbon:black, and hydrogen:white.

product ratios match the experimental product ratio of 2.9:1 well
and, more importantly, the observed chemoselectivity. To under-
stand the influence of AH* and AS* on the change of chemoselec-
tivity from 1 to 21, their contributions to the TSy, are summa-

rized in Table 6. AH%HZC12 is more favorable for HAT than C-N

bond formation for 21 as compared to 1, because the migrating
allylic C—H bond can adopt a nearly coplanar alignment with the «
orbitals of the C=C bond to allow some degree of resonance stabi-
lization as the C—H bond starts to break. This stabilization is less
prominent in 1 due to the constraint imposed by the cyclic struc-
ture (Figure 5). However, the staggered conformation of 21 forces
the propyl substituent to impose steric hindrance on B(N), a fea-
ture that is absent in 1. The reason for this is the constraint im-
posed by the cyclic structure of 1 that forces C4 to stay in a pseu-
do-gauche conformation with respect to the C=C bond (F igure 0).
This steric effect reflects heavily on AS;t hence making TStpa A2l
more energetically accessible than © TStpa 121

The C=C cis/trans isomerization of acyclic alkene 21 during
nitrene transfer from B(N). Radical intermediates are found on
both triplet and OS singlet surfaces for B, with Inttpal lower in
energy by only 0.6 kcal-mol™. However, Inttpal cannot lead to
the formation of products without first accessing 5! Intyp,; via a
minimum energy crossing point (MECP: where crosses are locat-
ed in Figure 3) to allow the conservation of spin symmetry. The
presence of an MECP affer the initial formation of 3Intm,l sug-
gest that this species will be relatively long-lived. In turn, this
increased lifetime allows cis/trans isomerization of the allylic
C=C bond via C—C rotation of the diradical 3InttpaJ species to
occur. This also explains why TEMPO inhibition is observed
(Scheme 3). Similar arguments apply to Inty, s,. To further sup-
port this hypothesis, the trans-isomer of Intyp, 21 (Inti;‘;,zl) was
considered. Indeed, 3Inti;‘;’A,21 and Inttpa“l were located and
found to be more stable than their cis-isomers (—7.02 kcal-mol™
for 3Inti;‘;’l,2l and —3.55 kcal-mol™ for 3Inti;‘;,A’21 ). This result
implies that a pre-equilibrium between the two isomers occurs
before radical recombination to yield the #rans isomer as the ma-
jor product. However, the distribution of different isomers also
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Figure 5. Structure of OSITStpa,Ll (a) and OSITStp,,,LZI (b). The
allylic group, nitrene N atom, and the Ag atom are shown in
spheres for emphasis. Insets: Neumann projections of substrate
looking down along C2—C3 bond (a) or C3—C4 bond (b).
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Figure 6. a) Overlay of * Inty,, 421 (mostly in beige) and
3Inttpa'A'l (mostly in blue). Ag, the nitrene N, the pyridyl group
closest to substrates, and substrates are shown in spheres for clari-
ty. b) Overlay of 3Inttpa,|'21 (mostly in beige) and 3Inttpa,l'l
(mostly in blue). Ag, the aryl sulfamate, and substrates are shown
in spheres for clarity.

depends on the kinetic barrier of the isomerization, which, in turn,
depends on the specific steric constraints of the substrate and the
degree of C=C bond character in Intg,,, i.e. the C=C bond is
completely broken in Inty,, 4 ; to give a carbon radical at C3 while
the C=C bond is half broken in Intgp,;; to stabilize the carbon
radical at C4 after HAT through resonance (Figure 7). This can be
seen structurally in Figure 7a where the methyl group on C2 and
the propyl group on C3 are no longer coplanar in 3Inttp,,,A,n and
3Intﬁ)(;,A,21 .

a) b)

Figure 7. a) Overlay of * Inty,, 214 (mostly in beige) and
3Inti;‘;,2l‘A (mostly in blue). The rest of the molecule except Ag,
nitrene N, the pyridyl group closed to 21, and substrate 21 is omit-
ted for clarity. b) Overlay of 3Inttpa,l,21 (mostly in beige) and
3Inttpa 1,21 (mostly in blue), the rest of the molecule except Ag, the
sulfamate, and substrate 21 is omitted for clarity.

Timing of intersystem crossing and C=C bond transposition.
MECPs are required to be present after the transition states in the
reaction trajectories from both A'(N) and B(N). Yet, the two Ag-
nitrene complexes display dissimilar reactivity. As discussed
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above, for catalyst B, the MECP must occur affer intermediate
formation and this feature “delays” the formation of products
allowing a by-product shunt to occur through bimolecular colli-
sion of Inty,, with TEMPO. On the other hand, for catalyst A, the
MECP must occur before the formation of intermediates, because
no radical byproducts are observed, with the exception of C=C
bond transposition products seen with substrate 16. Thus, the
potential energy surface for this substrate was examined more
closely. For this substrate, as the allylic C—H bond on 16 breaks in
the (triplet) transition state, electronic reorganization occurs al-
most instantaneously, as compared to the nuclear movement to
form the C—N bond giving products. The HAT nature of the tran-
sition state yields an allylic radical with spin population on both
C1 and C3. Bond formation between C1 and N occurs immediate-
ly on the OS singlet PES to give 16d. The driving force favoring
C1 over C3, which is mostly steric, is due to AS* (vide infia),
hence giving the thermodynamic product. Indeed, 16d is formed
directly (with no intermediates) as the product after OSITStpy,

consistent with experimental observations (Table 1 and Scheme 2).

Thus, although C=C double bond transposition in this case was
initially suggestive of a stepwise mechanism with radical inter-
mediates, we find computationally that this transposition can oc-
cur via a barrierless recombination and does not necessitate a
long-lived diradical intermediate. This reactivity is therefore con-
sistent with an HAT mechanism with barrierless rebound from
A'(N).

Conclusions

In conclusion, we have reported the first examples of simple
silver catalysts capable of tunable, non-directed and intermolecu-
lar chemoselective amination. We have found catalyst systems
that demonstrate complementary chemoselectivities in alkenes
containing sites for both aziridination and C-H amination in
nitrene transfer, largely independent of substrate identities. Com-
putational studies showed that the tunable chemoselectivity be-
tween tpa and 'bustpy ligands is a result of the steric profile
around the Ag-nitrene intermediates. The means to tune the steric
bulk around the nitrene site without changing the electronic struc-
ture of the silver-nitrene intermediates, such as the size of the
bound counteranion, could potentially afford an additional tuna-
bility within the same ligand system. Furthermore, two distinct
nitrene-transfer mechanisms are observed in the computational
results, the first involving a very late transition-state from catalyst
A, followed by a barrierless recombination step that preserves
stereochemistry and the second having a very early transition state
from catalyst B to yield radical intermediates. The major distinc-
tion between these two mechanisms appears to be the extent to
which the Ag-N bond breaks during the HAT transition state.
Future studies are focused on the development of increasingly
selective amination catalysts using a broader array of supporting
ligands and counteranions. The ability to correlate the coordina-
tion geometry of the catalyst with both reaction mechanism path-
ways and selectivity are goals currently under investigation.

Supporting Information

Experimental procedures and characterization for all new com-
pounds is included in the Supporting Information. This material is
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