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ABSTRACT: Nitrene transfer (NT) reactions represent powerful 
and direct methods to convert C–H bonds into amine groups that 
are prevalent in many commodity chemicals and pharmaceuticals. 
The importance of the C–N bond has stimulated the development 
of numerous transition metal complexes to effect chemo-, regio- 
and diastereoselective NT. An ongoing challenge is to understand 
how subtle interactions between catalyst and substrate influence 
the site-selectivity of the C–H amination event.  In this work, we 
explore the underlying reasons why Ag(tpa)OTf (tpa = tris(py-
ridylmethyl)amine) prefers to activate α-conjugated C–H bonds 
over 3° alkyl C(sp3)–H bonds and apply these insights to reaction 
optimization and catalyst design. Experimental results suggest 
possible roles of non-covalent interactions (NCIs) in directing the 
NT; computational studies support the involvement of π· · ·π and 
Ag···π interactions between catalyst and substrate, primarily by 
lowering the energy of the directed transition state and reaction 
conformers. A simple Hess’s law relationship can be employed to 
predict selectivities for new substrates containing competing 
NCIs. The insights presented herein are poised to inspire the de-
sign of other catalyst-controlled C–H functionalization reactions. 

Introduction. 

Strategies for the selective functionalization of C–H bonds can be 
grouped into two broad categories, consisting of directed and non-
directed reactions. The former approach relies on the association 
of a substrate to a metal center, typically through a polar function-
al group, to facilitate the activation of a specific proximal C–H 
bond (Figure 1A).1 In contrast, non-directed strategies generate 
transient and highly reactive metal-containing intermediates; these 
engage with C–H bonds largely based on inherent steric and elec-
tronic preferences dictated by the substrate.2 Group transfer reac-
tions, including metal-catalyzed nitrene transfer reactions (NT), 
have traditionally fallen into the latter category (Figure 1B).   

   Transition metal-catalyzed NT represents a convenient method 
for directly transforming C–H bonds to valuable C–N bonds.3,4-11 
Recent progress in C–H amination via NT has focused mainly on 
situations where individual C–H bonds display reasonable differ-
ences in terms of their intrinsic electronic, steric or stereoelectron-
ic features.12  In these scenarios, repulsive non-covalent interac-
tions (NCIs) between the catalyst and substrate are used to alter 
the selectivity of the reaction (Figure 1C).13 A complementary, but 
underexplored, approach is to build attractive NCIs into a sub-
strate/catalyst combination (Figure 1D).14 As an example, hydro-
gen-bonding between a porphyrin-supported Co catalyst and a 
nitrene generated from PhSO2N3 has been demonstrated by Zhang 
and de Bruin to accelerate the rate of olefin aziridination.15 In 
effect, this strategy enables the NT event to be 'directed' via a 

NCI; however, to our knowledge, the fundamental question of 
whether the inherent selectivity of C–H functionalization proceed-
ing through NT can be enhanced or overridden through attractive, 
non-covalent interactions has not been explicitly addressed.  
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Figure 1. General strategies for C-H functionalization. 

 

   Of the transition metals that catalyze NT,4-11 we selected Ag(I) 
complexes to study directed amination, due to their diverse coor-
dination environments,16,17 Lewis acidity and ability to engage in 
cation-π interactions. Substrates adorned with traditional directing 
groups, such as pyridines and imines, proved unsuccessful, as 
strong interactions between Ag and directing group precluded our 
ability to tune the site of the C–H amination. This led us to con-
sider whether weak attractive NCIs between catalyst and substrate 
might constitute a more viable design principle to achieve flexible 
and tunable directed C–H amination. Herein, we report experi-
mental and computational studies supporting the ability of NCIs, 
including Ag···π and aromatic-aromatic interactions, to influence 
the outcome of NT reactions.  

    Computational modeling of NCIs is particularly challenging for 
current quantum chemical methods.18 The need to sample multiple 
conformations and configurations of the reactants and transition 
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states is not straightforward, although for simple systems, this can 
be dealt with using molecular dynamics simulations.19 However, 
for the large Ag complexes studied herein, the use of molecular 
dynamics is not possible. We have therefore adopted a statistical 
mechanics approach, where the weighted populations of the key 
conformations of the catalyst are taken into account and used to 
calculate product distributions. The insights drawn from these 
computational studies were implemented in the design of second-
generation Ag catalysts with improved preference for the amina-
tion of electron-poor benzylic C–H and other α-conjugated C–H 
bonds, paving the way for new catalysts that effectively harness 
NCIs to drive selectivity in metal-catalyzed group transfers. 

 

Results and discussion. 

   We recently reported that Ag(tpa)OTf, a silver complex sup-
ported by a tris(2-pyridylmethyl)amine (tpa) ligand, unexpectedly 
preferred to aminate α-conjugated C–H bonds over 3° alkyl 
C(sp3)–H bonds, albeit in moderate selectivities.17a Further opti-
mization yielded several observations relevant to a deeper under-
standing of the mechanism of intramolecular NT promoted by 
Ag(tpa)OTf, including the possibility that π· · ·π or Ag···π interac-
tions play important roles in directing selectivity.   

Mechanistic aspects. The first indication that Ag(tpa)OTf might 
induce site-selective NT through directing NCIs arose from stud-
ies comparing its reactivity with other known NT catalysts. Reac-
tions of 1 (Scheme 1A) with Rh(II)2Ln displayed higher selectivi-
ties for 3 as the bridging equatorial ligands on the Rh increased in 
size.13 This trend of catalyst-controlled selectivity falls within the 
paradigm of steric-driven regioselectivity, where the α-phenyl 
ring of 1 displays greater steric repulsion with the equatorial lig-
ands than the two geminal α-methyl groups (cone angle of 145° 
for PPh3 vs. 118° for P(CH3)3 during the abstraction of the γ C–H 
bond). On the other hand, Ru and Fe catalysts furnished 2 with 
varying degrees of selectivity.8c,20 These results fit the prevailing 
NT mechanistic paradigm, where catalysts proceeding via step-
wise H-transfer/radical recombination (S-HT/RR) tend to show 
higher kinetic isotope effect (KIE) values (Scheme 1B) and favor 
amination of weaker C–H bonds (BDE: 2° benzylic C–H ~ 85 
kcal/mol; 3° alkyl C(sp3)–H ~ 95 kcal/mol). However, the range 
of site-selectivities described in Scheme 1A is curious, suggesting 
that invoking 'stepwise vs. concerted' mechanisms to explain the 
observed results does not sufficiently capture subtle interactions 
that might shape the outcome of the C–H amination.  

   Ag(tpa)OTf proved an intriguing catalyst for NT; typical mech-
anistic probes, including KIE and radical clock studies (Scheme 
1B), initially appeared to indicate a concerted pathway, similar to 
Rh(II)2Ln catalysis.13 However, computational studies carried out 
by Berry and Musaev showed that a requirement for concerted 
nitrene transfer is the presence of an empty N-centered orbital on 
the metal-nitrene intermediate.21 The triplet ground states of Ag-
nitrene intermediates do not permit this condition to be met; thus, 
reactions catalyzed by Ag(tpa)OTf are electronically prohibited 
from occurring via concerted pathways. Further computational 
modeling resolved this discrepancy by showing that Ag-catalyzed 
NT can proceed via a mechanism we have termed 'elementary 
hydrogen transfer/radical recombination' (E-HT/RR). This mech-
anism occurs with a single HT transition state, followed by a radi-
cal recombination step displaying no energy barrier; radical spe-
cies are not stationary points on the potential energy surface.17e  

   In addition to comparisons of the KIE and site-selectivity of 
metal catalysts for NT (Scheme 1), Hammett studies were carried 
out with Ag(tpa)OTf (Figure S-1, Supporting Information), giving  

Scheme 1. Comparison of metal-catalyzed nitrene transfers. 

 
 
ρ = -0.687 + 0.024 using σ+ parameters.22 As with all metal-
catalyzed NT reactions reported to date, the negative ρ value indi-
cates a build-up of positive charge in the transition state 
(TS).13,17a,20 These results imply an earlier TS for reactions cata-
lyzed by Ag(tpa)OTf, as compared to other catalysts proceeding 
via stepwise NT; however, the exact reasons for these mechanistic 
differences are currently unclear.17e 

   Interestingly, examination of KIE and Hammett ρ values 
showed similarities between Ag(tpa)OTf and Rh2Ln (Scheme 
1B),13,17a yet the selectivity of the former was more reminiscent of 
the results noted with Ru, Fe and Co complexes.8c,20,23 While this 
might be attributed to stepwise NT promoted by Fe, Ru, Co and 
Ag, we considered the possibility that additional factors might be 
responsible for the behavior observed with Ag(tpa)OTf.  For ex-
ample, previous studies found that Ag(I) complexes supported by 
N-donor ligands show highly fluxional behavior in solution, de-
pending on the counteranion and ligand identity.17g  This dynamic 
behavior was particularly evident in Ag(tpa)OTf, which may ena-
ble it to engage in π· · ·π and Ag···π interactions. 

   Attractive NCIs between aromatic rings have long been known 
to play important structural roles in molecular recognition, tem-
plate-directed synthesis, protein folding and many other key bio-
logical processes.24  The prototypical benzene dimer π· · ·π stack-
ing interaction is on the order of 2-3 kcal/mol, with the two most 
stable conformations preferring T-shaped or parallel-displaced 
orientations.25 In particular, a parallel-displaced orientation be-
tween an aryl group of a NT substrate and a pyridyl ring of 
Ag(tpa)OTf could yield donor-acceptor interactions that effective-
ly stabilize a transition state leading to benzylic C–H amination.26 
In the context of Ag···π interactions, the aryl group of 1 (Scheme 
1A) could engage with silver to direct the outcome of the NT 
event. Indeed, there are numerous examples of complexes con-
taining Ag···π interactions in the solid state; however, to our 
knowledge, such interactions have not been invoked to control 
selectivity in Ag-catalyzed group transfer reactions.14g-h,27 

Experimental probes of non-covalent interactions. NCIs are often 
sensitive to reaction conditions; thus, studies to assess the impact 
of the Ag counteranion, solvent, temperature and concentration on 
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the amination of 1 were carried out (Table S-1 in the SI). The 
effect of the counteranion on selectivity was minimal, suggesting 
it is not bound to Ag during the key bond-forming event.17e,i,21  

Counteranion-free Ag-nitrene species were also supported by 
computational studies (vide infra).17e,i  Concentration had little 
effect on selectivity, while decreasing the temperature from 25 °C 
to -20 °C improved the 2:3 ratio.  A range of aprotic solvents 
were examined with 1 (Table 1) at 25 °C; the selectivity for 2:3 
correlated with solvent polarity (Table S-2 in the SI). Overall 
yields of 2 and 3 were excellent in most cases, as was the dr of 2 
(>19:1 in all cases). Preference for benzylic amination tracked 
best with Reichardt EN

T values, as opposed to other measures of 
solvent polarity, including dipole moment and dielectric con-
stant.25,28 EN

T values are derived by measuring the long-wave UV-
vis absorption band of a negative solvachromatic pyridinium-N-
phenoxide betaine dye in the solvent of interest.29 

 

Table 1. Relationship between 2:3 and Reichardt EN
T values. 

 
 
   As previously mentioned, the NCIs most likely to influence the 
preference for benzylic C–H amination with Ag(tpa)OTf are: 1) 
π· · ·π interactions between one of the pyridine ligand arms and the 
aryl group of 1 or 2) Ag···π interactions between Ag and 1. In the 
former case, the strength of the π· · ·π interactions is largely influ-
enced by electrostatic attractions between the two aromatic rings 
or by solvation/desolvation (solvophobic) effects.28,30 In the apro-
tic and non-polar solvents employed for our chemistry, electro-
static interactions should dominate, with the strength of the π·· ·π 
interaction increasing as solvent polarity decreases.28,30,31  This is 
observed experimentally in moving from less polar solvents, such 
as CCl4 (Table 1, entry 1), to solvents of increasing EN

T such as 
benzene, PhCF3 and CHCl3 (entries 4, 8-9).  However, if Ag···π 
interactions are invoked as the primary NCI controlling prefer-
ence for benzylic C–H amination, sufficient space around the Ag 
must be available to accommodate engagement of the substrate 
with the metal. Based on our knowledge of solution-state struc-
tures of Ag(tpa)OTf, this is unlikely when the π donor is a large 
aryl group; however, such interactions may play a significant role 
in substrates with less sterically demanding π donors, such as 
alkenes and alkynes (vide infra).17g  

Experimental evidence suggesting NCIs play roles in selective NT 

into benzylic C–H bonds. Given that solvent effects influence the 
effectiveness of NCIs, we were curious if the preference for reac-
tion at the benzylic C–H bond of 7-10 could be improved, com-

pared to previous results in CH2Cl2 (parentheses in Table 2).17a 
While 1:1 CHCl3:PhCF3 gave the highest selectivity for 2 at -20 
°C (Table S-1, entry 9), CHCl3 was adopted for further study. 
Preference for benzylic C–H amination increased with our new 
conditions when sterics of the 3° alkyl C(sp3)–H bond were not 
overly demanding. Sulfamates 1 and 7-9 showed improved selec-
tivity for 2 and 7a-9a, respectively, in >19:1 dr favoring the syn 

product. Large alkyl substituents, such as the diisopropyl group of 
10, gave only benzylic amination, indicating a steric component 
largely independent of solvent. While selectivity gains are mod-
est, they do represent >10% increases in yield, render purification 
of product mixtures easier and support the possibility of π· · ·π 
interactions between the tpa ligand and the substrate aryl group.  

 

Table 2. Selectivity for NT in competing 2° benzylic vs. 3° alkyl 
C(sp3)–H bond aminations with Ag(tpa)OTf. 

 
 

   The lower C–H BDEs of benzylic C–H (~82-83 kcal/mol) vs. 3° 
alkyl C(sp3)–H bonds (~95 kcal/mol) could also explain the im-
proved selectivities in Table 2. As Ag-catalyzed NT is stepwise in 
nature, preferential reaction at the weaker C–H bond might be 
expected.17e However, evidence that BDE is not the primary de-
terminant of site-selectivity is shown by minimal changes to 2:3 
as the electronics of the tpa ligand are modified (Scheme 2, en-
tries 1-4). In contrast, preference for 3 using Ag(o-Me)3tpa(OTf) 
(entry 5) is due to changes in the preferred conformation of the 
active catalyst, likely preventing the presence of NCIs between 
the substrate and catalyst.17g 

 
Scheme 2. Ligand identity influences site-selectivity. 

 
 
Testing the possibility of directing π···π interactions in NT reac-

tions through modified tpa ligands. To test if π· · ·π interactions 
drive a preference for benzylic C–H amination, ligand/substrate 
combinations were designed to amplify these proposed NCIs. Tpa 
ligands with electron-donating or withdrawing groups were pre-
pared, as exemplified by (p-Me2N)3tpa, (p-MeO)3tpa, and (p-
Cl)3tpa (SI for details). The performance of Ag(tpa)OTf was 
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benchmarked in entries 1-3 (Table 3), showing that the 2:3 ratio 
increased from 2.8:1 to 4.3:1 in moving from CH2Cl2 to CHCl3 at 
-20 °C. Data for CHCl3 could not be collected at rt, due to for-
mation of the N-chloramine of 2. Interestingly, an increase in 
selectivity was not noted with Ag(p-Me2N)3tpa(OTf) (entries 4-6); 
in fact, the reaction rate decreased in CHCl3 (entry 6). Based on 
our previous studies of the dynamic behavior of Ag(I) complexes 
in solution,17g we propose that a shift in dynamic equilibrium 
favors tetradentate binding of (p-Me2N)3tpa to Ag, in contrast to 
the largely tridentate binding preferred by the parent tpa ligand. 
The electron-rich nature of (p-Me2N)3tpa, coupled with the de-
creased fluxionality of Ag(p-Me2N)3tpa(OTf) at -20 °C in CHCl3, 
results in little change in the 2:3 ratio when Ag(tpa)OTf is substi-
tuted with Ag(p-Me2N)3tpa(OTf). This fits the argument that π· · ·π 
interactions play a role in controlling selectivity, as a more elec-
tron-rich ligand would not result in increased NCIs with the Ph 
substituent of 1. Based on this analysis, Ag(p-Me2N)3tpa(OTf) 
was not explored with electron-rich 11-12; rather, changes to the 
solvent and temperature with Ag(tpa)OTf were adequate to give 
excellent selectivities for 11a and 12a (entries 7-10).  
   Key results supporting π· · ·π interactions as a viable catalyst 
design strategy were obtained when substrate and catalyst combi-
nations maximized the impact of NCIs. The presence of electron-
poor groups on the aryl moiety of 13 and 14 (entries 11-16) did 
increase selectivity for 13a and 14a with Ag(tpa)OTf (compare 
entries 11 with 12 and 14 with 15); however, this effect was more  

 

Table 3. Effect of ligand identity on the selectivity for 2° benzylic 
C–H vs. 3° alkyl C(sp3)–H bond amination. 

 
 

pronounced with Ag(p-Me2N)3tpa(OTf) (entries 13, 16). The 
13a:b ratio improved from 3.6:1 using Ag(tpa)OTf to 7.1:1 with 
Ag(p-Me2N)3tpaOTf in comparable yields and dr, favoring the 
syn product (compare entries 12-13). Substrate 14, with a CF3 
group on the aryl ring, also displayed improved 14a:b ratios from 
1.4:1 with Ag(tpa)OTf to 2.6:1 with Ag(p-Me2N)3tpa(OTf) (com-
pare entries 15-16). Increased benzylic C–H amination of 14 with 
Ag(p-Me2N)3tpa(OTf) is further corroborated by qualitative re-
production of the experimental results by Density Functional 
Theory (DFT). Changing the ligand from tpa to (p-Me2N)3tpa 

resulted in an increase of 1.5 kcal·mol-1 in the solvation- and dis-
persion-corrected electronic driving force (∆∆Esolv,D3) for the ben-
zylic pro-(R) C–H bond using partially relaxed models. The role 
of NCIs in driving regioselectivity and dr is discussed from a 
theoretical perspective later in the paper. 

   Another explanation for the increased preference for electron-
poor benzylic C–H bonds over competing 3° alkyl C(sp3)–H 
bonds in 13 and 14 is the stabilization of the putative Ag-nitrene 
by the electron-rich (Me2N)3tpa ligand. This would render the Ag 
nitrene more radical-like and potentially more selective. Increased 
radical-like character might be reflected in the KIE for the reac-
tion; however, comparing KIEs for Ag(tpa)OTf and Ag(p-
Me2N)3tpa(OTf) showed no difference within experimental error.   

Experimental evidence suggesting a role for NCIs in the preferred 

selectivity for NT into allylic and propargylic C–H bonds. We 
next turned our attention to explaining the preference for amina-
tion of allylic and propargylic C-H over 3° alkyl C(sp3)–H bonds.  
Ag···π interactions involving acyclic π bonds are well-known;27 
interactions between a silver cation and ethene were first de-
scribed by Dewar as long ago as 1951.27a Similar to π· · ·π interac-
tions, Ag···π interactions are relatively weak, at approximately 1–
3 kcal/mol of energetic stabilization.32  
   The possibility of directing Ag···π NCIs via the π-donor capa-
bility of alkenes and alkynes was investigated through competi-
tive NT comparing the reactivity of allylic and propargylic C–H 
bonds vs. 3° alkyl C(sp3)–H bonds (Table 4).  In alkenes 11-13, 
good chemo- and site-selectivities for allylic C–H amination gave 
15a-17a with high syn dr. Similar to Table 2, the lower C–H BDE 
of allylic C–H (~82-83 kcal/mol) vs. competing 3° alkyl C(sp3)–H 
bonds (~95 kcal/mol) may impact reaction outcome. However, we 
were surprised to find that the preference for amination of propar-
gylic C–H bonds in 18 and 19 was lower than expected, despite 
decreased sterics and similar BDE (~85 kcal/mol) to allylic and 
benzylic C–H bonds. These unexpected results were explored 
through computational studies, as described in the next section. 

 

Table 4. NT selectivity in competing 2° allylic and propargylic 
C–H vs. 3° alkyl C(sp3)–H bond aminations with Ag(tpa)OTf. 
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Computational modeling of multiple catalyst conformations in 

silver-catalyzed intramolecular nitrene transfer (NT). Exploiting 
NCIs for catalyst-controlled, site–selective NT is challenging, as 
these interactions are weak compared to covalent bonds. In addi-
tion, multiple conformations with similar energies may be acces-
sible within a targeted catalyst structure. The prediction of major 
conformations based on conceptually designed catalyst structures 
are aided by quantum chemical methods, where DFT can examine 
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the presence of NCIs in the context of both catalyst design and the 
physical understanding of catalysis.14 One caveat to computation-
al design or rationalization of NCIs in known catalysts is that DFT 
cannot describe important long-range electron correlation.18a-c 
Such correlation can be recovered by: 1) including a fixed amount 
of Hartree-Fock exchange (HFX) in the density functional to give 
global hybrid functionals such as the popular B3LYP, used in this 
study for geometry optimizations and frequency calculations, or 2) 
using a variable amount of HFX to give a range-separated hybrid 
functional such as wB97X, used in this study for single point en-
ergies.33 Empirical corrections, such as DFT-D3 used in this 
study, further improve the recovery of long-range correlation.18d 
We use these methods here to make structural and energetic mod-
els of NCIs between catalysts and substrates at the level of DFT. 

   The weak nature of NCIs means that both non-directed and 
directed conformations of the catalyst-substrate complex are pre-
sent and catalytically relevant. In the calculations presented here-
in, the reactive nitrene intermediate (denoted RC) exists in two 
conformations, one predisposed for benzylic amination and the 
other for reaction at the 3° C–H bond. Considering the general 
case of a catalyst with conformations RCA and RCB, there are two 
limiting cases for how these conformations contribute to the prod-
uct distributions PA and PB, derived from RCA and RCB, respec-
tively. In one case, the reaction is under kinetic control, while the 
other situation is best described by a Curtin-Hammett situation. In 
our computational work, the product ratios are calculated under 
both scenarios to assess whether selectivity of the NT occurs un-
der kinetic-only or Curtin-Hammett-corrected control (see the SI 
for further details of these models). 

Modeling NCIs from Ag(tpa)OTf-nitrene species to C–H amina-

tion transition states. To better understand site-selectivity in com-
peting reaction of benzylic vs. 3° alkyl C(sp3)–H bonds (Table 1), 
DFT studies were performed on pro-benzylic and pro-3° con-
formers of potential Ag-nitrene intermediates, based on the struc-
ture of Ag(OTf)tpa. As counteranion identity has little effect, we 
focused on pro-benzylic counteranion-free [Ag(nitrene)tpa]+ (RC-

1A) and  [Ag (nitrene)(η3-tpa)]+ complex (RC-1B) with one 
pyridyl arm detached (nitrene = NSO3-(S)-CH(iBu)(EtPh)), as 
VT-1H NMR studies of Ag(tpa)OTf show hemilability of the lig-
and (Figure 2, Fig S-2 for 1C-D).17g,j  RC-1A is 12.9 kcal·mol-1 
more stable than RC-1B; consistent with previous work, the tri-
plet is the lowest energy state for both structures, with the Ag-
nitrene interaction showing partial σ and π bond character.17e Ag-
nitrene reactant complexes (RCs) are best described as Ag(II)-
nitrene•– (nitrene•–= nitrene radical anion) structures. For all pos-
sible Ag-nitrene structures, critical points along the triplet poten-
tial surface (3PES) were scanned, and the transition states (TS) for 
either benzylic (both R and S products are considered) or 3° C-H 
amination were located. In total, twelve RC and TS structures 
were investigated:  the pro-benzylic and pro-3° RCs 1A-1D and 
R-benzylic, S-benzylic, and 3° TSs 1A-1D. Importantly, we found 
substrate-aryl· · · tpa-pyridyl π· · ·π interactions between 3.22 and 
3.34 Å in RCs/TSs for both 1A and 1B. No such π· · ·π interaction 
occur in the pro-3° structures (1C, Figure S-2). 

   All reactant complexes (RC) perform nitrene insertion through 
an initial H-atom abstraction TS having a near-linear C···H···N 
structure (160–177°). Comparing the TS energies required to 
abstract either a benzylic (Bn) or 3° (T) C–H bond of the sub-
strate in 1A-1B, we found the computed Bn:T selectivities to be 
>20:1 and 6.9:1, respectively. In contrast, 1A and 1B gave a com-
puted Bn:T selectivity of 1:20, which does not match the experi- 
mental Bn:T ratio of 4.3:1.   

   To investigate potential Ag···π NCIs in alkenes, we computed 

 
Figure 2. Reactant (top) and benzylic transition state complexes 
(bottom) of 1A-1B (nitrene = NSO3-(S)-CH(iBu)(EtPh)). Distanc-
es: Å. Relative single point and Gibbs free energies: kcal·mol-1. 

 

the regioselectivity between an allylic C-H and a 3° C-H bond in 
2A-2D (Figure 3). These structures are analogous to 1A-1D, 
where the nitrene = NSO3-(S)-CH(iBu)(Et-(E)-CH=CHMe). As 
expected, calculations using model 2C poorly predict selectivity 
for the 3° over the allylic (Al) C-H bond (calc. T:Al = >20:1, 
syn:anti = 1:>20).  In contrast, OTf-free pro-(S) 2A and 2B show 
potential Ag-olefin interactions (Ag···C distances from 3.52-3.60 
Å). Calculations on 2A gave Al:T = >20:1 and syn:anti = >20:1, 
which compare well with experiment, Al:T = 6.6:1 and syn:anti = 
13.6:1. Preferential activation of the allylic C-H bond in 2A likely 
results from an NCI between the Ag cation and the allylic π sys-
tem. This type of Ag···π interaction is well-documented; in fact, 
251 crystal structures of Ag-olefin complexes structures have 
been reported.34   

   The results for 2B were at first puzzling, as directing Ag-π in-
teractions were expected to be present based on results observed 
for 2A. However, the calculated (T:Al = >20:1 and syn:anti = 
1:4.8) and experimental (T:Al = 1:6.6 and syn:anti = 13.6:1) re-
sults did not agree. The reasons why 2B prefers activation of the 
3° C–H bond will be described later in the discussion. 

   Interestingly, preferential activation of the 3° C-H bond by 2C 
(Figure 3) is reminiscent of Ag(bpy)2OTf, previously reported to 
prefer 3° C-H over allylic C-H bond amination.17a The resem-
blance between 2C and Ag(bpy)2OTf prompted us to investigate 
the TS of [Ag(bpy)2-nitrene(Al)]+ (2E) for comparison. Indeed, 
TS-2C and TS-2E display similar structures, where two pyridyl 
rings lie in the equatorial plane, one pyridyl ring is located in the 
axial position trans to the nitrene and a fourth ligand (a pyridyl 
ring in TS-2C and -OTf anion in TS-2E) occupies the third posi-
tion of a triangle in the equatorial plane. The steric congestion in 
the equatorial plane points the vinyl group away from the Ag, 
preventing its interaction with the alkene π electrons. This leads to 
preferred reaction of the 3° C-H bond over the allylic C-H bond 
for 2E (calculated: T:Al = 5.2:1, syn:anti = 1.13:1; experiment: 
T:Al = 1.1:1, syn:anti = 3.7:1 (1,1-Me2allylic C–H bond)).  

   The unexpected preference for reaction of the 3° C–H bond over 
the allylic C–H bonds of 2B is attributed to the η2-binding mode 
of the nitrene to the electron-deficient Ag center upon dissociation 
of a pyridyl arm (Figure 3). This binding mode has been reported 
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Figure 3. Lowest energy structures of Ag-nitrene transition state 
complexes (nitrene = NSO3-(S)-CH(iBu)(Et-(E)-CH=CHMe)): 
TS-2A-C and E. Distances shown are in Å. 

 

in low-coordinate Ag complexes, and is supported by a crystal 
structure of Ag-sulfonamide,35 as well as calculated structures of 
Ag-nitrene complexes supported by tris(pyrazolyl)borate (Tp) 
ligands.36 Ring strain is imposed on the 7-membered TS, disfavor-
ing activation of the allylic C–H bonds. Combining these findings, 
we conclude that 2B and 2C do not agree as well with experiment 
as does 2A, suggesting that similar -OTf-free species are also the 
most important reactive species in benzylic (1A) and propargylic 
(3A) C–H amination.  

  Figure 4 shows the favored pro-syn and pro-anti RC-3A struc-
tures for propargylic (Pg) vs. T C-H bond amination. Calculations 
show that, despite an experimental syn:anti ratio of 3.1:1, only 
RC-3Aanti contains interactions between Ag and the ethynyl group 
at 3.89 Å. This interaction is absent in RC-3Asyn, where the rigidi-
ty of the ethynyl group rotates it away from Ag when the pro-syn 
Pg C-H bond is proximal to the metal. The stabilizing Ag-ethynyl 
interaction lowers RC-3Aanti by 3.29 kcal·mol-1 relative to RC-

3Asyn. Stabilization of RC-3Aanti disfavors TS-3Asyn and TS-3Ater 
under the Curtin-Hammett-corrected condition, decreasing the 
preference of 3A for the syn product. This effect is less prominent 
in RC-1A (∆Ganti < ∆Gsyn by 1.31 kcal·mol-1) and RC-2A (∆Ganti 
> ∆Gsyn by 0.23 kcal·mol-1), hence 1A and 2A display high syn dr. 
The Ag···π interaction between Ag and the ethynyl π electrons in 
3Aanti provides an excellent example of NCI-tuned regio- and 
diastereoselectivity, despite the fact that the interaction reduces dr 
by stabilizing the minor diastereomer. 

Potential energy surfaces for intramolecular NT by 1A, 2A and 

3A. To better understand the NT mechanism of [Ag(tpa)]+ and the 
driving force behind its regio- and stereoselectivities, DFT calcu-
lations were performed to study potential energy surfaces (PESs) 
for regioselective intramolecular NTs between 3º C-H and ben-
zylic C–H (1A), allylic C–H (2A) and propargylic C–H bonds 
(3A) (Figure 5). In each case, RCs and TSs corresponding to 3° 
C–H insertion and the syn and anti diastereomers resulting from 
insertion at the α-conjugated C–H bond were considered. For RC 
and TS species, the triplet states are uniformly lower in energy; 
thus, only triplet states are shown in Figure 5. All PESs are simi-
lar in three ways: 1) NT proceeds on the triplet surface and spin 
crossover ensues after the TS (product-determining step, PDS), 2) 
the NT is initiated via initial H-atom transfer to the nitrene radical 
anion (both H+ and e– are accepted by nitrene•–) to yield an organ-
ic radical tethered to an Ag(II)tpa-amide species and 3) the NT   

Ag

N

N

N

N

O2S

N

O

iBu

2.087

3.892

RC-3Apro-anti

H

H
H

Ag

N

N

N

N

O2S

N

O

iBu

2.076

RC-3Apro-syn

H

H

H

Rel. G (kcal/mol) 0.00 3.29
Rel. E (kcal/mol) 0.00 4.78

OTf
OTf

 
Figure 4. Reactant complex of Ag-nitrene complexes (nitrene = 
NSO3-(S)-CH(iBu)(Et-C≡CMe)): RC-3Apro-anti and RC-3Apro-syn. 
Distance: Å. Relative single point/Gibbs free energies: kcal·mol-1. 

 

completes on the open-shell singlet (BS(1,1); broken-symmetry 
formalism) surface via radical recombination (RR) to produce the 
nitrene-inserted organic product and Ag(I)(tpa). The NT may 
proceed by: a) an elementary step with barrierless radical recom-
bination occurring immediately after the HT, E-HT/RR or b) a 
fast stepwise recombination, designated as an S-HT/RR mecha-
nism. The distinguishing feature of S-HT/RR is that diradical 
intermediates are encountered on both the BS(1,1)PES (broken 
symmetry singlet with two antiferromagnetically coupled un-
paired electrons) and 3PES, whereas the E-HT/RR mechanism has 
an intermediate only on the 3PES. NTs occurring via E-HT/RR 
give diastereospecific products, similar to Pérez's35 [Ag(Tp)]+ and 
our previously reported [Ag2(tpy)2OTf]+ systems.16e NTs that 
occur via S-HT/RR allow potential scrambling of diastereomers 
and radical inhibition when the resulting Ag(II)-amide complexes 
have a triplet ground state.17e,36  

   A look at the PESs for 1A, 2A and 3A shows that, in each case, 
the energetic ordering of the RCs and TSs differ (Figure 5, e.g., 
anti < syn < 3° are observed for RC-1A, while the order is syn < 
anti < 3° for TS-1A). Thus, product selectivity can be governed 
solely through kinetic-only control, or by a combination of kinetic 
and pre-equilibrium control (Curtin-Hammett 'corrected', see Fig-
ure S-1). The relative TS energetics were determined under both 
kinetic-only and Curtin-Hammett regimes. The selectivity pattern 
is identical for 1A and 2A; thus, we cannot distinguish whether 
the reactions proceed under kinetic-only or Curtin-Hammett-
corrected control. For 1A, the energy ordering of the TSs is syn < 
anti < 3°, whether calculated from the lowest energy conformer of 
the RCs (SI, eq. 5, Table S-16) or from their respective RC con-
formers (SI, eq. 2). The calculated trend is consistent with exper-
iment, in that only the syn product is observed from benzylic C–H 
insertion and qualitatively consistent with experimental regiose-
lectivity, despite overestimation of benzylic C–H activation. All 
three reactions proceed through the E-HT/RR mechanism to give 
the organic products after spin-crossover, with dr governed by the 
relative energy between TS-1Asyn and TS-1Aanti, which translates 
to >20:1 dr (syn:anti), consistent with the experimentally ob-
served dr.  Similarly, the energy ordering of the TSs in the case of 
2A is unaffected by the starting conformer of the RC; the trend is 
syn < anti < 3°, qualitatively consistent with the observed regiose-
lectivity (Al:T = experimental 6.6:1 vs. DFT > 19:1) and dr 
(syn:anti = expt. 13.6:1 vs. DFT 16.2:1) (Figure 5, Table S-19).  

   The propargylic case represented by 3A is very different from 
the benzylic and allylic cases denoted by 1A and 2A (Figure 5). 
Computed selectivities differ depending on whether they are cal-
culated under kinetic-only (SI, eq. 2; Table S-22) or Curtin-
Hammett control (SI, eq. 5). The trend is 3° < syn < anti using 
Curtin-Hammett control; in contrast, the trend is syn < 3° < anti  
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Figure 5. Kinetic-only-controlled and Curtin-Hammett 'corrected' 
regio- and diastereoselectivities of 1-3A. 

 

under kinetic control. The dependence of the energy ordering of 
the TS on the RC conformation allows us to test the paradigm of 
the Curtin-Hammett principle as applied to Ag-catalyzed NT. 
Based on the former orderings of TS-3A, the calculated regiose-
lectivity is 3°:propargylic = 1:2.1 (DFT) vs. the 1:3.1 experi-
mental value  (using 18a:18b in Table 4 as a model for 3A) and 
the calculated dr is syn:anti = 1.7:1 (DFT) vs. a syn:anti = 6.3:1 
experimental ratio. In contrast, kinetic-only control gives calculat-
ed regioselectivity for 3°:propargylic of 1:6.5 (DFT) vs. experi-
mental = 1:3.1, while the predicted syn:anti = >20:1 (DFT) com-
pares to an experimental syn:anti = 6.3:1. Both models give calcu-
lated regioselectivities in reasonable agreement with experiment. 
However, dr is overestimated by the kinetic-only model, because 
the 7-membered pro-anti TS brings the alkynyl group in proximi-
ty to the catalyst, resulting in repulsive steric interactions. The 
unfavorable conformation enforced by the pro-anti TS is the rea-
son for high syn dr in the case of 1A and 2A. On the other hand, 
syn dr for 3A is mitigated in the Curtin-Hammett-corrected model 
when the pre-TS equilibrium is considered; the pro-anti RC-3A 
posits the alkynyl group next to the Ag center, allowing attractive 
NCIs to direct NT into the pro-anti C–H bond (Figure 4). These 
results highlight the flexibility of the Ag coordination sphere as a 
catalyst design principle in these complexes for site-selective NT. 

   Summarizing the computational results, we suggest that the 

active Ag-nitrene complexes exist in form A, counteranion-free 
and η4-tpa (Figures 2-4).  The key feature of the Ag complex in 
form A, compared to NT catalysts based on Rh, Ru, and Fe, is a 
less saturated coordination sphere with an open site located cis to 
the Ag-nitrene bond. This coordination environment, unique to 
Ag and other Group 11 elements, allows sufficient space between 
pyridyl rings of the tpa ligand to interact with substrates when 
NCIs such as π-stacking are applicable, exemplified in 1 and 11-

14 and 20–24 (Table 5, vide infra). In addition, the fourth coordi-
nation site on Ag cis to the Ag-nitrene bond allows NCIs between 
π-electrons in substrates and the metal, as in 15–19 and 20-24. 
NCIs are thus important in tuning the energetics among TSs and 
different accessible reactant conformers, impacting the regioselec-
tivity and dr of NTs promoted by Ag(tpa)OTf. 

 

Predicting selectivity between competing α-conjugated C–H 

bonds. In addition to highlighting the potential for NCIs to drive 
selectivity in Ag-catalyzed NT, we explored if our experimental 
and computational data might be utilized to predict site-selectivity 
in new sets of substrates with competing α-conjugated C–H bonds 
(Table 5). Experimental predictions of product distributions with 
20-24 were calculated in the following manner: the selectivities 
for each of the α-conjugated C–H bonds in 20-24 vs. an isopropyl 
3° alkyl C(sp3)–H bond were gleaned from Tables 1-4. The two 

 

Table 5. Predicted and experimental comparisons of nitrene trans-
fer with substrates containing competing NCIs. 

 

numbers were divided to predict which α-conjugated C-H bond in 
20-24 is favored. For example, to predict selectivity for 20 with 
Ag(tpa)OTf at -20 °C in CHCl3, the selectivity for allylic C-H 
activation in 17 (>19:1, Table 4) is divided by that for benzylic 
C–H activation in 1 (4.3:1, Table 2) to give ~20/4.3 = 4.7:1. The 
experimental value for 20a:b is 6.0:1 (Table 3); an accurate match, 
given that the 17a:b ratio was measured by 1H NMR. Extending 
this analysis to 21-24 gave predicted ratios for 21-24a:21-24b, 
close to experimental values. We anticipate that this simple model 
can be extended to NTs catalyzed by other metals. 

   This simple predictive model is based on a transition state 
equivalent to Hess’s law (Scheme 4). The underlying assumption 
is that the potential energy surfaces for the isopropyl reference 
points are negligibly different (i.e., 1C-RCter ≈ 2C-RCter). For 
example, the selectivity in 21 and 23 are computationally modeled 
using the enthalpies and entropies of activation previously calcu-
lated for 1ABn, 2AAl, and 3APg relative to their corresponding 
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RCter, similar to tabulated enthalpies and entropies of formation 
for molecules relative to the most stable form of the constituting 
elements. In this manner, regioselectivities for 21 and 23 can be 
estimated without computing entire potential energy surfaces for 
the nitrene complexes of 21 and 23, respectively. This method is 
identical to the simple division procedure employed in Table 5.  

 

Scheme 4. Transition state Hess’s law. 

 
 

Table 6. Calculated vs. experimental regioselectivities and dr of 
21 and 23 under Curtin-Hammett-corrected (CH) control. 

Regioisomer (X) calc. Bn:Xa (exp.) calc. syn:anti (exp.) 

Al (21a:21b) 1:1.26 (1:1.6) >19:1 (>19:1) 

Pg (23a:23b) 1:1.53 (1.8:1) 1.7:1 (4.2:1) 
aSelectivities were calculated from the relative energy of TS-

1ABn with respect to (w.r.t.) RC-1Cter and TS-2AAl w.r.t. RC-

2Cter for 21 and the relative energy of TS-1ABn w.r.t. RC-

1Cter and TS-3AAl w.r.t. RC-3Cter for 23. 

 

"Attractive” vs repulsive NCIs in ligand-tunable Ag-catalyzed 

regioselective NT. “Attractive” NCIs (namely, Ag···π and π· · ·π 
interactions) are a complementary strategy to steric-driven, repul-
sive NCIs for tuning regioselectivity in metal-catalyzed NT. Both 
types of NCIs enable catalyst control over the NT, rather than 
substrate control dictated by differences in the BDEs of the tar-
geted C–H bonds, for example. We have also demonstrated that 
while 2A and 2E share identical metal centers and similar donor 
ligands (Figure 3 for computations), the two catalysts display 
opposite regioselectivities in most cases.17a 

   To further demonstrate the importance of attractive vs. repulsive 
NCIs in impacting selectivity of NT, 1A and [Ag(tpa)(NSO3-(R)-
(iBu)(CH2Cy))]+ (4A, Cy = cyclohexyl) (Figure 6) were compared 
experimentally and computationally. The three functional groups 
containing the abstracted γC–H bonds (iPr and Bn in 1, and iPr 
and Cy in 4A), form a sterically similar triad to minimize interfer-
ence from repulsive NCIs in our analysis. Steric values as meas-
ured by Tolman's cone angles are iPr, 160; Bn, 165; and Cy, 
170;37 Charton values are 0.76, 0.7, and 0.87 and Sterimol values 
1.9, 1.9 and 1.9, respectively.38  Despite having similar steric pro-
files, experimentally observed ratios of iPr:Bn and iPr:Cy are 
highly catalyst-dependent (1:2.8 and 1.4:1 for Ag(tpa)OTf, com-
pared to inverted trends of 2.8:1 and 1:3.5 with Ag(tBu2bpy)2OTf, 
not shown).17a,39 This highlights the fact that Ag-catalyzed NT in 
these cases is not operating under substrate-controlled regioselec-
tivity. Computationally, we predict an iPr:Bn ratio of 8.1:1 for 4A 
(with CH correction and without D3 correction for consistency 
with calculations on 1A), which is slightly overestimated from the 
experimentally observed ratio of 1.4:1. 4A contrasts with 1A in 
terms of regioselectivity, despite the similar steric features of Bn 
and Cy. This mirrors the respective Ag–N and N⋯γH distances 
during the TS; breakage of the Ag–N bond occurs before for-
mation of the N⋯γH bond begins in TS-4Ater, as compared to 
TS-4ACy, implying that approach of the Cy group is hindered in 

the TS. Elongation of the Ag–N bond, which increases the activa-
tion energy, is required to lessen the repulsive NCIs to access TS-

4ACy. A different scenario is seen in 1A, where TS-1ABn contains 
the longest N⋯γH bond, despite displaying the shortest Ag–N 
bond among the three TS structures in Figure 6. These bond fea-
tures signal a very early transition state for TS-1ABn and rule out 
substrate-controlled regioselectivity for benzylic C–H abstraction 
(a more exothermic HAT and electron transfer are ruled out from 
the long N⋯γH bond and short Ag–N bond, respectively). This 
early TS is a result of preorganization of the TS structure due to 
attractive NCIs, further support that the Ag(tpa)+ catalyst operates 
via an overall  attractive NCIs for 1A vs. repulsive NCIs for 4A. 

 

 
Figure 6. Ag-nitrene transition state complexes: TS-1/4Ater, TS-

1ABn and TS-4Ater. Distances are in Å. Steric parameters are 
shown for proximal groups containing the abstracted C–H bond. 

 

Conclusions. 

Intramolecular NT reactions catalyzed by Ag(tpa)OTf were found 
to be influenced by weak NCIs between the substrate and the 
catalyst. Experimentally, competitive amination was probed in a 
number of bifunctional substrates, including benzylic vs. 3°, al-
lylic vs. 3°, propargylic vs. 3°, benzylic vs. allylic, and benzylic 
vs. propargylic C–H bonds. Excellent yields and site-selectivities 
are observed in a number of cases, where contributions from NCIs 
are strongly implicated in determining the selectivity. These non-
covalent interactions were probed computationally in detail. Both 
substrate aryl· · · tpa-pyridyl π· · ·π interactions and Ag···π interac-
tions were clearly observed in the lowest-energy Ag-nitrene struc-
tures and transition states. We further showed how the experimen-
tally determined selectivities and calculated transition states can 
be used to predict selectivities for new substrates that contain 
competing NCIs. These results set the stage for future catalyst 
developments that integrate non-covalent directing effects as a 
design element for group transfer reactions. This strategy com-
plements previous reliance on inherent steric and electronic fea-
tures of reactive metal-nitrene intermediates to dictate selectivity. 
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