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ABSTRACT: Chiral, non-racemic amines and amino alcohols are prevalent in drugs, bioactive natural products and ligands 
for transition metal catalysis. Asymmetric nitrene transfer is an efficient and powerful strategy to prepare enantioenriched 
amines from abundant C–H bonds; however, there is a continued need for general and inexpensive transition metal catalysts 
supported by easily tunable ligands. Herein, we report silver salts ligated to an unusual bis(oxazoline) (BOX) ligand, readily 
accessible through a modular synthetic approach, catalyze site- and enantioselective nitrene transfers into benzylic, allylic 
and unactivated C–H bonds of carbamate esters. The resulting 1,3-aminoalcohol building blocks are delivered in good yields 
and moderate-to-excellent enantioselectivities up to 99%. Computational models were employed to rationalize the observed 
stereochemical outcomes and set the stage for the predictive design of second-generation silver catalysts. These in-depth 
computational investigations implicate a complex combination of features in promoting enantioselectivity, including sub-
strate distortion from a square-planar geometry at silver and stabilizing C–H/π interactions between ligand and substrate. 
Careful analyses of the enantiodetermining transition states employing diverse substrates revealed the dominant factors con-
trolling selectivity for each substrate class, thus enabling the rational design of ligand and catalyst combinations that furnish 
a broader scope of chemo-, site- and enantioselective C–H bond aminations. 

Introduction  

Enantioselective transformations of targeted C–H bonds 
into new C–N bonds is a powerful method for the synthesis 
of valuable amine building blocks that occur frequently in 
nitrogen-containing natural products and pharmaceuti-
cals.1,2 Transition metal-catalyzed nitrene transfer (NT) is a 
popular strategy to streamline access to these important 
compounds by facilitating direct C–H to C–N bond amina-
tion. However, achieving predictable control over the 
chemo-, site- and enantioselectivity of an NT event can be 
challenging. This is particularly true for the preparation of 
diverse aminoalcohol building blocks that employ inexpen-
sive transition metals supported by modular ligands.3 

   Enantioselective aminations of benzylic, allylic and unac-
tivated C–H bonds with a variety of nitrene precursors have 
been reported to form nitrogen-containing heterocycles 
and acyclic derivatives that include γ-lactams,4,5 sulfa-
mides,6-9 sulfamates,11,12 diamines,6,13 and amino alco-
hols.11,12,14,15 γ-Aminoarylpropanols and β-aminoaryleth-
anols, which are accessible via ring-opening of cyclic sulfa-
mates or carbamates following the NT event, are particu-
larly attractive targets, as they are found in diverse bioac-
tive molecules, including dapoxetine,16 the anti-cancer can-
didate capivasertib,17 and CB1 inverse agonists for the po-
tential treatment of obesity (Figure 1), among others.18  In 
addition, the alcohol handle can be easily elaborated to fur-
nish other useful enantioenriched amine scaffolds. Despite 
the utility of enantioenriched 1,2- and 1,3-aminoalcohols, 

asymmetric NT methods for their formation that display 
broad scope are scarce.  

   Previous reports of asymmetric C–H bond amination uti-
lize sulfamates and pre-oxidized carbamates as nitrene pre- 

 

 
Figure	1.	Aminoalcohol-containing bioactive molecules. 

 

cursors (Scheme 1A) and precious metal catalysts. Du Bois 
found that the electronics of the aryl group impacted the ee 
of asymmetric benzylic C–H aminations catalyzed by dinu-
clear Rh complexes; the alkene geometry also played a role 
in the ee of the allylic amination. Blakey’s Ru(pyBOX) cata-
lyst was less sensitive to arene electronics in terms of ee, but 
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in contrast to Rh2(S-NAP)4, the (Z)-alkene gave lower ee 
than the E	 isomer. Davies and Meggers employed pre-oxi-
dized carbamate-derived nitrene precursors with asym-
metric Rh and Ru catalysts, but these were also limited in 
scope.11,12,15  While progress continues to be made in pre-
dicting the origins of substrate effects on ee, in general, they 
are still not well understood prior to obtaining experi-
mental results.  Thus it is challenging to rationally design 
catalysts with high enantioselectivities for different sub-
strate classes without extensive experimental screening 
and post-analysis. 
	

 
Scheme	1.	Prior and proposed asymmetric C–H amination 
via NT to furnish amino alcohols. 

 

   We recently developed a new bis(oxazoline) ligand ((S,S)-
Min-BOX, Scheme 1B, R = Me, R1 = 3,5-di-t-Bu, R2 = Me) for 
silver-catalyzed propargylic C–H bond amination in high 
ee.19 Key features of the ligand include a fully substituted 
stereocenter on the oxazoline ring and significant steric 
bulk in the form of 3,5-tBu groups on the aryl ring. Initial 
attempts to expand the scope to encompass asymmetric 
aminations of benzylic, allylic and unactivated methylene 
C–H bonds were not promising and the limited modularity 
of our initial ligand synthesis further hampered efforts to 

identify key interactions between substrate and catalyst 
that could be tuned to improve scope. In light of these chal-
lenges, and to gain a thorough understanding of the factors 
responsible for high chemo-, site- and enantioselectivity 
within different substrate classes, we turned to computa-
tions to inform choices of substrate and catalyst that would 
furnish high ee. Herein, we report combined experimental 
and computational explorations of AgClO4/(S,S)-Min-BOX 
and related catalysts that provide key insights into the 
mechanism and stereochemical models to enable future 
predictive catalyst designs for silver-catalyzed asymmetric 
intramolecular NT.  

Results	and	discussion	

Modular	route	to	new	bis(oxazoline)	(BOX)	ligands	for	asym‐
metric	nitrene	transfer.	Before embarking on computational 
studies to determine how changing the features of (S,S)-
Min-BOX impact ee, a better and more modular route to 
Min-BOX and its analogues was required, as our first-gener-
ation synthesis suffered from several drawbacks.19 Firstly, 
the route required an asymmetric Rh-catalyzed hydro-
formylation that employs a complex and commercially una-
vailable ligand, bis[(S,S,S)-DiazaPhos-SPE].20 Only one enan-
tiomer of this ligand can be easily prepared; thus only the 
(S,S)-Min-BOX enantiomer was accessible using our previ-
ous route. Secondly, utilizing a hydroformylation reaction 
as a key step in the synthesis limits us to the installation of 
a Me group at the fully substituted sp3 carbon of the bis(ox-
azoline).20 	

   To address these issues and provide a reliable and modu-
lar approach to analogues of both (S,S)-Min-BOX and (R,R)-
Min-BOX, a new route to this class of ligands was developed 
(Scheme 2A). An asymmetric Rh-catalyzed boronic ester ad-
dition to imine a gave b,21 which was further elaborated to 
(S,S)-Min-BOX using standard procedures. Employing the 
enantiomer of the tert-butylsulfinamide ligand gave facile 
access to (R,R)-Min-BOX, which was not available through 
our previous route.19 In addition, this new strategy enables  

 

 
Scheme	2.	New modular synthetic route to (S,S)- and (R,R)-
Min-BOX and (R,R)-Wen-BOX. 
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easy manipulation of three diverse sites in the ligand, as 
highlighted in red. Using this approach, (R,R)-Wen-BOX was 
prepared (using the enantiomer of the sulfoxide ligand in 
Scheme 2A) to assess the differences in ligand performance 
when the bulky tert-butyl groups in (S,S)-Min-BOX are re-
placed with aryl groups that can potentially engage in π-π 
or other non-covalent interactions (NCIs) with the sub-
strate (Scheme 2B).  

Benchmarking	 (S,S)‐Min‐BOX	 and	 (R,R)-Wen‐BOX	 for	 the	
asymmetric	amination	of	non‐propargylic	C–H	bonds. Stud-
ies to explore site- and enantioselective nitrene transfer 
(NT) with (S,S)-Min-BOX and (R,R)-Wen-BOX were initiated 
using three simple carbamates 1a‐c, bearing a benzylic, al-
lylic and unactivated C–H bond, respectively (Table 1).19 
Treatment of 1a with PhIO, 5 mol % AgClO4 and 2.5 mol % 
(S,S)-Min-BOX at -10 °C for 48 h resulted in a moderate 54% 
yield of 2a in promising 95:5 er (Table 1, entry 1). The site-
selectivity was excellent, as no 5-membered ring product 
was observed. The role of the excess AgClO4 is to serve as a 
Lewis acid to break down the polymeric PhIO and increase 
the overall rate and conversion of the reaction. Control ex-
periments show minimal background reaction promoted by 
unligated AgClO4. Reducing temperature in the reaction of 
1a	to 2a to -20 °C (entry 2) required increased catalyst load-
ing and time; both the conversion and yield were improved, 
although the er was similar, suggesting no benefit to tem-
peratures lower than -10 °C. Carrying out the reaction at 
room temperature reduced the er	to 91:9 (entry 3), but gave 
complete conversion to 2a in 99% yield. In cases where the 
product er	can be easily increased through a simple recrys-
tallization, this minimal reduction in er may be readily com-
pensated for by the higher conversions and yields observed 
at rt.  Ultimately, increasing the catalyst loading to 10 mol 
% AgClO4 and 5 mol % (S,S)-Min-BOX and running the reac-
tion at -10 °C gave a good balance between conversion and 
er (entry 4); these conditions were adopted for studies of 
the substrate scope. The (R,R)-Wen-BOX ligand at rt gave 
58% yield of 2a with 93:7 er	of the opposite enantiomer 
(entry 5) and 34% remaining starting material. Increasing 
the ligand loading to 10 mol % (entry 6) at rt increased the 
yield to 86% at 92:8 er. 

   Substrate 1b, bearing a sterically unhindered allylic C–H 
bond, showed similar yield and ee when switching from 
(S,S)-Min-BOX (entry 7, 79% yield, 77:23 er) to (R,R)-Wen-
BOX (entry 8, 80%, 79:21 er). Site-selectivity was excellent, 
with no formation of the 5-membered ring. Interestingly, 
substrate 1c, which displays an unactivated C(sp3)–H bond 
(entries 9, 10), gave a higher er of 2c using (R,R)-Wen-BOX 
at rt. However, 24% of the five-membered ring was also 
noted (entry 10), suggesting that the Wen-BOX ligand may 
be more sensitive to steric effects with regards to the site-
selectivity of the nitrene transfer event. This observation is 
explored further in Table 4 (vide	infra). 

   Given the initial results in Table 1, we opted to first ex-
plore the scope of the most promising system involving the 
asymmetric amination of benzylic C–H bonds using (S,S)-
Min-BOX as the ligand. We reasoned that the results would 
provide more insight into potential catalyst/substrate in-
teractions with the capacity to impact the enantiomeric ra-
tio. This key information could inform subsequent compu-
tational studies, with the ultimate goal of developing a  

Table	1.	Initial exploration of asymmetric amination of ben-
zylic, allylic and unactivated C(sp3)–H bonds. 

2.0 equiv PhIO, 4 Å MS
CH2Cl2

x mol % AgClO4
y mol % ligand (L)R O NH2

O

HN O

O

R

H

entry yield 2 (er)

1

5

2

3

4

60% 2a (95:5)

1a R = Ph
1b R = CH=CH2
1c R = Et

2a-c

mol% Ag L, mol% T (oC)

1a 5 (S,S)-Min-BOX, 2.5 -10 48

t (h)

7 1b

1c

79%a 2b (77:23)c

26%a 2c (69:31)c,d

10 (S,S)-Min-BOX, 5 -10 48

10 (S,S)-Min-BOX, 5 -10 24

75% 2a (96:4)

90%a 2a (95:5)

99% 2a (91:9)

1a 20 (S,S)-Min-BOX, 10 -20 72

1a 20 (S,S)-Min-BOX, 10 rt 12

1a 10 (S,S)-Min-BOX, 5 -10 48

Yields determined by 1H NMR with mesitylene and trimethylphenylsilane
internal standards. a Isolated yields. b Enantiomer of the product obtained
with (S,S)-Min-BOX. c er was determined after benzylation. d 5% of the 5-
membered ring. e 24% of the 5-membered ring in 56:44 er.

10 38%a 2c (75:25)c,e1c 10 (R,R)-Wen-BOX,b 5 rt 21

8

1a (R,R)-Wen-BOX,b 5 21 58%a 2a (93:7)10 rt

6 1a (R,R)-Wen-BOX,b 10 20 86%a 2a (92:8)20 rt

9

80%a 2c (79:21)c1b 10 (R,R)-Wen-BOX,b 5 -10 48

 
 

feasible stereochemical model that is capable of informing 
both substrate and catalyst designs to achieve high ee	in the 
aminations of diverse C–H bonds, including challenging al-
lylic and unactivated C–H bonds.  

Scope	of	asymmetric	benzylic	C–H	bond	amination. With op-
timized conditions in hand, the scope of the enantioselective 
C–H amination was explored (Table 2) and the performance 
of (S,S)-Min-BOXAgClO4 assessed compared to Rh and Ru 
catalysts (Scheme 1A). In general, the high ee	of the reaction 
was maintained across a variety of carbamates containing 
benzylic C–H bonds. Changing the electronics of the arene 
though the addition of electron-withdrawing or electron-
donating groups in the para-position (2a, 3a‐7a) did not 
significantly impact er. Precursor 6, bearing a p-OMe group 
gave 4a in 95:5 er, while 7, bearing a p-CF3 group, gave 7a 
in a similar er	of 94:6. Interestingly, this is in contrast to re-
sults observed with both the Du Bois Rh2(S-NAP)4 and the 
Blakey Ru(pyBOX) catalysts,11,12 although steric effects can-
not be completely ruled out in these examples. As expected, 
more electron-poor C–H bonds typically underwent amina-
tion at slower rates under the standard conditions, resulting 
in only ~50% conversion for substrates 4a-6a. However, in-
creasing the amount of the silver salt to 20 mol % improved 
the conversion of the nitrene transfer with little impact on 
the er. Substitution at the α-position of the carbamate tether 
in 8 enhanced the reactivity to furnish	8a in excellent yield 
and er, even at reduced catalyst loadings. Interestingly, ad- 
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Table	2.	Scope for asymmetric silver-catalyzed amination of benzylic C–H bonds. 

 
 

dition of a Me group at the meta position of 9	resulted in a 
maintained er	of 9a	at 95:5, while moving the Me group to 
the ortho	position in 10 resulted in an er of 90:10 for 10a. 
Electron-rich heterocycles were also tested in the asymmet-
ric nitrene transfer; furan 11a was obtained in good er, with 
the lower yield attributed to competing oxidative degrada-
tion of the sterically accessible furan ring. Finally, the indole 
derivative 12	was poorly reactive at -10 °C, but gave mod-
erate yield and er of 12a	at room temperature. 

   Substrates containing a stereogenic carbon were also in-
vestigated to probe how the nature of the catalyst impacts 
the diastereoselectivity of the silver-catalyzed amination. 
Carbamates 13	and 14 were prepared in enantioenriched 
form from the corresponding secondary alcohols and indi-
vidually subjected to the reaction conditions. Utilizing (S,S)-
Min-BOX with the (R) enantiomer 14 increased the dr for 
the syn diastereomer 14a to >20:1, compared to the 3.4:1 
syn:anti ratio observed when the same reaction was run 
with an achiral bis(oxazoline) ligand (see SI for details). 
Subjecting the (S) enantiomer 13	to standard reaction con-
ditions resulted in the catalyst selecting for the typically dis-
favored anti-diastereomer 13a in a 5.7:1 dr. This is particu-
larly noteworthy, as enantioenriched trans‐1,3-aminoalco-
hols are not accessible using other reported catalyst sys-
tems, which overwhelmingly favor the syn diastereomer.3 

   To further challenge our asymmetric amination chemis-
try, a carbamate 15 bearing a tertiary benzylic C–H bond 
was investigated. With a typical racemic catalyst, NT likely 
occurs via a concerted C–H amination or by H-atom abstrac-
tion, followed by rapid radical rebound. However, we were  

 

curious whether a mismatch between (S,S)-Min-BOX and 
the stereochemistry at a racemic tertiary C–H bond could 
lead to a longer-lived radical intermediate, where the initial 
stereochemistry could be ablated and reset by the catalyst. 
Running the amination of 15	under the standard reaction 
conditions resulted in 49% yield of the product 15a and 
49% recovery of the starting material 15. However, the er	
of both compounds were 74:26. This suggests a scenario in-
volving moderate kinetic resolution by (S,S)-Min-BOX, influ-
enced by the small difference between the two activation 
barriers for C–H amination of (R)-15 vs. (S)-15. However, 
(S,S)-Min-BOXAgClO4 did prove capable of desymmetrizing 
benzylic C–H bonds in good er.  Subjecting the achiral car-
bamates 17 and 18	to the standard reaction conditions re-
sulted in an effective desymmetrization of both compounds 
to provide the corresponding benzylic amines 17a	and 18a	
in excellent yield, dr and er. 	

   We were also curious if the (S,S)-Min-BOX ligand would be 
capable of furnishing good ee in the silver-catalyzed amina-
tion of homobenzylic carbamates that bear one less carbon 
in the tether to deliver enantioenriched 1,2-aminoalcohols. 
Reaction of 16 at room temperature gave a good yield of 
16a, albeit in a low 67:33 er. Additionally, the er was not im-
proved by lowering the temperature. Nonetheless, this re-
sult, when combined with results showing the impact of the 
sterics of arene substitution on the er (Table 2, 9a‐10a), 
provided valuable information to inspire our computational 
investigations on factors affecting catalyst–substrate inter-
actions and the effectiveness of enantioinduction in the se-
lectivity-determining transition states (vide	infra).  
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Computational	 explorations	 of	 asymmetric	 silver‐catalyzed	
C–H	bond	amination	with	(S,S)‐Min‐BOX. Density functional 
theory (DFT) calculations22 were performed to investigate 
the origin of enantioselectivity in the Ag-catalyzed benzylic 
C–H amination and to better understand why the Min-BOX 
ligand leads to high ee	with benzylic and heterobenzylic 
precursors, but is less effective with substrates containing 
sterically unhindered allylic (Table 1, 1b) or unactivated 
methylene C–H bonds (1c). DFT and local coupled cluster 
theory [PNO-LCCSD(T)-F12]23 calculations indicated that 
the singlet Ag nitrene C–H insertion pathway is more favor-
able than the competing triplet pathway (see Figure S1 in 
the SI for details).24 This singlet pathway involves concerted 
C–H bond cleavage and C–N bond formation without the for-
mation of an alkyl radical intermediate; therefore, the enan-
tioselectivity is determined in this concerted C–H insertion 
transition state (TS). The most stable C–H insertion TS iso-
mers with the benzylic substrate 1a (Figure 2) involve a 
four-coordinate square-planar Ag nitrene complex, where 
the carbamate carbonyl coordinates to the Lewis acidic Ag 
center. Several alternative TS isomers were also considered, 
including a trigonal planar Ag nitrene lacking the carbamate 
carbonyl–Ag coordination, a TS with a partially dissociated 
monodentate Min-BOX ligand having only one oxazoline ni-
trogen bound to the Ag, and finally, a TS having an N,O-bi-
dentate binding mode for (S,S)-Min-BOX (Figures S2 and 
S3). All of these alternative TS isomers are higher in energy 
than those involving the four-coordinate square-planar Ag 
nitrene complex where the carbamate carbonyl group is co-
ordinated to Ag. This C–H insertion mechanism involving a 
singlet square-planar Ag nitrene is consistent with our re-
cent computational study of nitrene transfer using an achi-
ral 2,2ˈ-isopropylidenebis(4,4ˈ-dimethyl-2-oxazoline)-sup-
ported (dmBOX) Ag catalyst. 

Asymmetric	amination	of	benzylic	C–H	bonds. Next, we ana-
lyzed the origins of enantioselectivity in the benzylic amina-
tion of 1a. Two ring-flipped conformers of the seven-mem-
bered cyclic C–H insertion TS were located for the activation 
of each prochiral benzylic C–H bond (Figure 2). The com-
puted enantioselectivity is consistent with the experimental 
results, where the most favorable C–H insertion transition 
state TS1 (ΔG‡ = 6.6 kcal/mol with respect to the Ag nitrene 
intermediate) leads to the observed major enantiomeric 
product, (R)-2a. The two transition state conformers (TS2 
and	TS4) that lead to the S enantiomer of the product (S)-
2a are both 3.9 kcal/mol higher in energy than TS1. The en-
antioselectivity is attributed to steric repulsions between 
the Ph substituent on the benzylic substrate	 and the C2-
symmetric (S,S)-Min-BOX ligand that led to greater distor-
tion of the disfavored transition states. In all four C–H inser-
tion transition states (TS1–TS4), the nitrene moiety in the 
four-coordinate Ag complex is slightly distorted from the 
preferred square planar geometry due to steric repulsions 
with the Ar group on the (S,S)-Min-BOX ligand located in 
quadrant IV. This sterically induced distortion is more pro-
found in TS2 and TS4, where the Ph group of the substrate 
would be placed in a quadrant (IV) occupied by the bulky Ar 
group if the nitrene was not distorted. In the optimized 
structures of TS2 and TS4, the Ph group is placed in the less 
occupied quadrant I, resulting in a more distorted square-
planar geometry. Such distortion weakens the Ag–carba-
mate carbonyl coordination and leads to longer 

Ag⋯O(carbonyl) distances in TS2 and TS4 (2.22 and 2.20 Å, 
respectively) than those in TS1 and TS3 (both are 2.18 Å). 
In TS1 and TS3, the Ph group is placed in the unoccupied 
quadrant I, and thus such ligand–substrate steric repulsions 
are diminished. In addition, TS1 is stabilized by a C–H/π in-
teraction between the Ph group on the substrate and the t-
Bu group on the ligand. The ring-flipped TS conformer TS3 
is 2.2 kcal/mol less stable than TS1 because the Ph group is 
in a pseudoaxial position, rather than the pseudoequatorial 
position as in TS1.    

   Next, we investigated substrate effects on enantioselectiv-
ity by comparing the C–H insertion TS with the sterically un- 

 

 
Figure	2. C−H insertion transition state structures of the 
asymmetric NT of benzylic substrate 1a. Gibbs free energies 
of activation are with respect to the Ag nitrene intermedi-
ate. (S,S)-Min-BOX ligand was used in the calculations. 

 

hindered allylic substrate (1b) and a benzylic substrate 
with a shorter tether (16) (Figure 3). The computed enanti-
oselectivities for 1b and 16 are both lower than that of 1a 
(ΔΔG‡ = 0.7 and 2.5 kcal/mol for 1b and 16, respectively, 
compared to ΔΔG‡ of 3.9 kcal/mol for 1a), which is con-
sistent with the lower er observed experimentally. In the al-
lylic C–H insertion transition state (TS6) leading to the mi-
nor product (S)-2b, the smaller alkenyl group in 1b com-
pared to the Ph group in 1a diminishes the steric repulsion 
with the (S,S)-Min-BOX ligand. This means that the alkenyl 
group can be placed in the occupied quadrant IV without 
distorting the square planar geometry of the Ag nitrene. 
Moreover, in TS5 leading to the major product (R)-2b, the 

TS conformers leading to the favored product (R)-2a

TS conformers leading to the disfavored product (S)-2a

III

III IV

III

III IV

TS1
ΔG‡ = 6.6 
kcal/mol

C–H∙∙∙π interaction
d(C–H∙∙∙π) = 2.71 Å III

III IV

substrate
distortion

2.18
1.45

1.18

ligand–substrate 
repulsion

d(H∙∙∙H) = 2.18 Å

TS2
ΔG‡ = 10.5 

kcal/mol

III

III IV

substrate
distortion

ligand–substrate 
repulsion

d(H∙∙∙H) = 2.15 Å

2.22
1.43

1.19
weaker O–Ag 
coordination 
due to distortion

TS3
ΔG‡ = 8.8 
kcal/mol

2.18 1.44
1.19

2.20

weaker O–Ag 
coordination 
due to distortion

TS4
ΔG‡ = 10.5 

kcal/mol

1.48
1.17

N

O

H

Ph
O

H

Ag
N N
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stabilizing non-covalent interactions between the ligand 
and the smaller alkenyl group are weaker than the C–H/π 
interaction observed in TS1 with the benzylic substrate 1a. 
Therefore, both factors lead to diminished enantioselectiv-
ity with the allylic substrate. Similarly, in the C–H insertion 
with 16, the ligand–substrate steric repulsion in TS8 lead-
ing to the minor product (S)-16a is also diminished, because 
the six-membered cyclic TS is sterically less encumbered 
than the seven-membered TS with 1a. The greater ligand–
substrate distance allows the Ph group on the substrate to 
be placed in the occupied quadrant (IV) without distorting 
the Ag nitrene in order to maintain the preferred square 
planar geometry. TS7 that leads to the major enantiomeric 
product contains a ligand–substrate C–H/π interaction sim-
ilar to TS1; however, due to the smaller ring size, a greater 
substrate distortion is required to orient the Ph group to-
wards the Ar group in quadrant II. This distortion leads to a 
longer Ag⋯O(carbonyl) distance of 2.22 Å in TS7, compared 
to 2.20 Å in TS8. Taken together, the computed C–H inser-
tion transition states with substrates 1a, 1b, and 16 re-
vealed two concurrent factors affecting enantioselectivity: 
ligand–substrate steric repulsions that destabilize the TS 
leading to the minor enantiomeric product, and C–H/π in-
teractions between the t-Bu group on the Min-BOX ligand 
and the Ph group on the benzylic substrate in the TS leading 
to the major enantiomeric product. The lower er observed  

 

 
Figure	3. Origins of diminished enantioselectivity in the C–
H amination of allylic substrate 1b and benzylic substrate 
16 with a shorter tether. Gibbs free energies of activation 
are in kcal/mol with respect to the singlet Ag nitrene inter-
mediate. (S,S)-Min-BOX ligand was used in the calculations. 

 

with less sterically demanding substrates (e.g., 1b) and sub-
strates with a shorter tether (e.g., 16) is because one or both 
of these interactions are diminished. 

   We surmised that the enantioselectivities of challenging 
substrates, such as 1b, might be enhanced by rationally tun-
ing the substituents on the Min-BOX ligand or substrate ste-
ric properties to enhance the stabilizing non-covalent inter-
actions in the favored TS, as well as the steric repulsions and 
substrate distortions in the disfavored TS. Because the com-
puted TS structures indicated insufficient catalyst–sub-
strate interactions due to the smaller size of the allyl moiety 
in 1b	(Figure 3), we surmised that the desired interactions 
could be enhanced by using a more hindered (S,S)-Wen-BOX 
ligand, where the 3,5-di-tert-Bu phenyl substituents in 
(S,S)-Min-BOX were replaced with 3,5-di-Ar phenyl groups.  

 

 
Figure	4. Ligand and substrate effects on the enantioselec-
tivity.  
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Indeed, the computations indicated a small increase of en-
antioselectivity in the C–H amination of 1b (Figure 4, ΔΔG‡ 
= 1.3 kcal/mol compared to 0.7 kcal/mol in the reaction 
with Min-BOX). Here, the transition state (TS9) leading to 
the major product is stabilized by C–H/π interactions be-
tween the alkenyl C–H on the substrate and the newly intro-
duced Ph group on the ligand. In addition, the transition 
state leading to the minor product, TS10, suffers from 
greater ligand–substrate steric repulsions in the occupied 
quadrant IV that distort the Ag nitrene to the non-square-
planar conformation with a longer Ag⋯O(carbonyl) dis-
tance (2.19 Å, vs 2.15 Å in TS9). Although the er improve-
ment is small (Table 1, entry 8), in part due to the relatively 
small energy penalty for substrate distortion to avoid unfa-
vorable steric repulsions in the disfavored C–H insertion TS, 
this example highlights the feasibility of using computed TS 
structures to rationally design more selective amination 
catalysts by fine-tuning catalyst–substrate non-covalent in-
teractions.  

   As our computational models (Figures 2-4) indicated that 
the substrate identity is expected to exert a large effect on 
the distortion or stabilization of the relevant flexible 7-
membered transition states, the enhancement of catalyst-
substrate interactions was investigated through the use of 
more sterically demanding alkenes. Gratifyingly, the com-
puted transition states of styrenyl substrate 19 with (S,S)-
Min-BOX ligand led to increased er (92:8, Table 3) com-
pared to the allylic substrate 1b with the same ligand (ΔΔG‡ 
= 2.2 and 0.7 kcal/mol for 19 and 1b, respectively). The 
newly introduced Ph group on 19 enables stabilizing C–H/π 
interactions with the tert-Bu group on the (S,S)-Min-BOX 
ligand (quadrant II) in TS11 leading to the major enantio-
meric product. In addition, replacing the vinyl group with 
the larger styrenyl moiety increases ligand–substrate steric 
repulsion in the TS12 that gives the minor enantiomeric 
product, leading to the same substrate distortion observed  

 

Table	3.	Scope of asymmetric silver-catalyzed amination of 
allylic C–H bonds. 

 
 

in other disfavored TS isomers, including TS2 and TS10. 
Therefore, the higher er with 19 indicates that the alkenyl 
substituent on the substrate also affects non-covalent lig-
and–substrate interactions and substrate distortion, and ul-
timately, the er of the amination product. This prompted us 
to experimentally explore the scope of diverse allylic substi-
tution patterns to further understand these effects on reac-
tivity and er.	

			As already shown in Table 1, amination of 1b gave higher 
er with (R,R)-Wen-BOX as compared to (S,S)-Min-BOX, even 
though the former reaction was run at higher temperature, 
which accounts for the increased conversion and yield with 
(R,R)-Wen-BOX. However, the trends in conversion and 
yield with substituted alkenes 19‐26	using (S,S)-Min-BOX 
proved puzzling. Unsubstituted, cis‐ or 2,2’-disubstituted al-
kenes (1b, 20, 21) gave poor conversions to the desired 2b, 
20a and 21a, with er values varying from 66:34 to 90:10. 
Interestingly, the presence of a trans-substituent on the al-
kene, whether aryl (19, 22-24) or alkyl/heteroalkyl (25, 
26), significantly improved the yield of the reaction and re-
sulted in good-to-excellent er. For example, an aryl group 
could be accommodated at the internal alkene carbon of 22	
to give 22a in 85% yield and 88:12 er, while moving the 
phenyl to the terminal carbon of 23 improved the yield and 
er to 90% and >99:1, respectively.  We hypothesize that the 
low conversion and er for 1b and 20‐21 may result from 
competing binding of the silver center to the alkene, as al-
kenes are well-known to serve as ligands for silver. Certain 
alkene substitution patterns may favor binding to the metal 
as a hemi-labile ligand that impedes reactivity and/or pro-
motes background reaction.25 Decreasing the size of the 
group cis to the group undergoing amination from Ph in 23 
to a Me in 24 resulted in a decreased in er of 24a to 89:11. 
A bulky TBS group in 25 gave 25a	in excellent er, suggesting 
that steric bulk in the trans position is important to achieve 
high er. Replacing the trans H group of 1b with a cyclohexyl 
group in 26 improved the er of the allylic amine products 
from 73:27 in 2b to 93:7 in 26a. Unfortunately, attempts to 
utilize (R,R)-Wen-BOX to improve the er	of substituted al-
kenes 19 and 20 reduced the er for both substrates, high-
lighting the impact of small changes in the ligand that lead 
to larger and more varied energetic interactions in the en-
antiodetermining TS. 	

Asymmetric	amination	of	unactivated	C–H	bonds.  Chemocat-
alyzed asymmetric aminations of unactivated prochiral C–H 
bonds to form enantioenriched 1,3-aminoalcohols remain a 
challenge in the field of NT. We explored a series of alkyl-
substituted carbamates (Table 4) using (S,S)-Min-BOX and 
(R,R)-Wen-BOX as ligands. A small alkyl group proximal to 
the γ site for C–H insertion, such as the ethyl chain in 1c, 
gave a 69:31 er with (S,S)-Min-BOX, which improved to 
75:25 er using the bulkier (R,R)-Wen-BOX. Increasing the 
length of the alkyl group in 27 improved the er of 27a	 to 
79:21 using (S,S)-Min-BOX, with a slight decrease to 76:24 
er using (R,R)-Wen-BOX. The greater steric pressure ex-
erted by the (R,R)-Wen-BOX ligand was supported by the 
observation that reaction of 27 resulted in reduced reactiv-
ity even at rt, and also furnished 15% of the five-membered 
ring byproduct. Similar results were obtained with 28; in 
this case, the site-selectivity for 6- vs. 5-membered ring 
eroded to nearly 1:1 using (R,R)-Wen-BOX.  Moving the 
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steric bulk closer to the γ C–H bond gave 83:17 er for 29a in 
excellent yield, but too much additional bulk in 30a again 
decreased the er. Carbamates 31 and 32 were tested to as-
sess whether a pendant aryl group might engage in product- 

 

Table	4.	Scope of asymmetric silver-catalyzed amination of 
unactivated C(sp3)–H bonds. 

 
 

ive non-covalent interactions with the ligand to improve the 
ee; however, 31a	and 32a showed a surprising reduction in 
er to 68:32 and 72:28, respectively. These informative re-
sults highlight the challenges associated with the asymmet-
ric amination of unactivated C–H bonds when both site- and 
enantioselectivity must be controlled. The response of sub-
stituents of varying steric bulk to changing the ligand from 
(S,S)-Min-BOX to (R,R)-Wen-BOX, combined with computa-
tional insights into the major interactions in the transition 
states that control for site- and enantioselectivity, provides 
valuable insight for the design of second-generation ligands 
moving forward.  

   The utility of the asymmetric nitrene transfer was demon-
strated in a short synthesis of the drug Dapoxetine (Scheme 
3). The ability to access (R,R)-Min-BOX (Scheme 1) enabled  

 

 
Scheme	3.	Demonstration of asymmetric benzylic C–H ami-
nation via NT to a short synthesis of the drug Dapoxetine. 

 

preparation of the desired (S)-enantiomer of 2a. After re-
crystallization of (S)-2a to improve the ee to 99%, the car-
bamate ring was hydrolyzed with NaOH. The free amino al-
cohol product was carried forward without purification and 
subjected to Eschweiler-Clarke reaction conditions. Finally, 
Dapoxetine was synthesized in 48% overall yield and 90% 
ee via a SNAr reaction of the methylated amino alcohol with 
1-fluoronaphthalene. 

Conclusion 

   In conclusion, we report an enantioselective silver-cata-
lyzed amination of diverse C–H bonds that proceeds via a 
nitrene transfer pathway. The designer bis(oxazoline) lig-
ands Min-BOX and Wen-BOX are key to furnishing good ee	
for benzylic amination of both electron-rich and electron-
poor aromatic rings bearing a variety of functional groups. 
Other attractive features include high diastereo- and enan-
tioselectivity in the desymmetrization of benzylic C–H 
bonds, the ability of (S,S)-Min-BOX to override inherent sub-
strate control to access enantioenriched 1,3-anti-aminoal-
cohols. Computational studies showed that a combination 
of two key features promote high er, including substrate dis-
tortion from a square-planar geometry at silver and stabi-
lizing C–H/π interactions between the chiral ligand and the 
substrate. Computed transition state structures with sub-
strates that furnished lower er	showed weaker dispersion 
interactions that diminished stabilizing effects in TS, as well 
as smaller steric-induced silver nitrene distortion that led 
to ineffective enantiodiscrimination. In addition, the effects 
of tether lengths on catalyst–substrate interactions and en-
antioselectivity were also analyzed computationally. These 
insights were employed to identify other substrates that ul-
timately gave high er for amination of allylic C‒H bonds and 
moderate er for amination of unactivated alkyl C(sp3) C‒H 
bonds. Computations also shed insight into an improved lig-
and design (Wen-BOX), while highlighting the feasibility of 
using computed TS structures to rationally design more se-
lective catalysts by fine-tuning catalyst–substrate steric and 
non-covalent interactions to improve enantioinduction 
with challenging substrates that lack sufficient enantiose-
lectivity control with the previous generation catalyst, Min-
BOX. Finally, the utility of silver-catalyzed asymmetric ben-
zylic amination was demonstrated in a short synthesis of 
the drug Dapoxetine. Ultimately, the melding of experi-
mental and detailed computational studies revealed the im-
portance of subtle effects on er and sets the stage for the 
predictive design of second-generation silver catalysts. 
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