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ABSTRACT: Density Functional Theory was used to study the mechanisms of 
intramolecular C-H amination and olefin aziridination reactions of a variety of sulfamate 
esters. Particular emphasis is placed on the mechanism and factors governing amination of 
primary, secondary, tertiary and benzylic C-H bonds, the competition between tertiary and 
benzylic C-H amination, and the competition between allylic C-H amination and olefin 
aziridination. In these studies we used three different dirhodium paddlewheel catalysts, 
such as model (H2O)Rh2(O2CH)4 (I), (H2O)Rh2(AcO)4 (II), and (H2O)Rh2(esp)2 (III). In 
general, we found that all catalysts have a diamagnetic closed shell singlet state with a 
single Rh-Rh σ-bond. Active catalytic species in the studied amination reactions are triplet 
state dirhodium-nitrene complexes with the Rh–Rh single bond and Rh-N double bond 
(with one σ-bond and two “one-electron π-bonds”). From the active nitrenoid species, the 
C-H bond amination proceeds via triplet-to-singlet surface crossing and singlet state 
concerted C-H insertion mechanism. The calculated energy barriers correlate with the trend 
in homolytic bond dissociation energy of the activated C-H bonds. With the allylic 
substrate, the competing C=C double bond aziridination follows a stepwise pathway 
involving the formation of radical intermediate and radical coupling to produce singlet 
aziridination product. However, the allylic C-H bond amination occurs with a lower barrier 
which is consistent with experimental product distributions. 

Keywords: C-H bond amination, Aziridination, Dirhodium-carboxylate catalyst, Density 
Functional approach, Selectivity 
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INTRODUCTION 

Nitrogen-containing functional groups are ubiquitous in natural and pharmaceutical 
products, which makes C-N bond formation a main target in organic synthesis [1,2]. Direct 
C-H bond and an aliphatic C=C double bond functionalization through transition metal 
catalysis are appealing approaches to accomplish this important goal [3-6]. The use of C–H 
amination and C=C bond aziridination methods allow for direct access to the desired C–N 
functionality in a vast range of hydrocarbons and are cost-effective and environmentally 
friendly. Currently, there exist a number of examples of such processes utilizing various 
complexes of rhodium,[1-9] ruthenium,[1,2,10,11] cobalt,[2,12] iron,[2,13] copper,[2,14] 
and other metals.[2,15,16] Among these complexes, dirhodium paddlewheel complexes 
appear to be the most efficient. The structural motifs of dirhodium paddlewheel complexes 
and their stability during catalyst turnover allow selective functionalization of various C–H 
and C=C double bonds.[2,4-8,17] Indeed, a given substrate can possess different C–H 
centers and a competition between them during functionalization might arise. Common C–
H bonds are terminal (primary), secondary, tertiary, and benzylic C-H bonds. It is expected 
that the degree of reactivity of these types of C–H bonds is different with tertiary and 
benzylic C-H bonds being the weakest based on homolytic bond dissociation energy. The 
positioning of an allylic C-H bond adjacent to a double bond imposes additional practical 
and mechanistic complexity because of competition between the C–H bond amination and 
double bond aziridination under essentially the same reaction conditions. Generally, such 
reactions result in undesirable mixtures of several products with low or no chemoselectivity 
and the product distribution is strongly catalyst- and substrate substrate-dependent.[18-21] 

Thus, a deeper understanding of mechanisms and governing factors for selective amination 
of various C-H bonds, as well as C=C double bond in the presence of allylic C-H bond, is 
absolutely vital for designing selective transition metal catalysts for C-H and C=C bond 
amination. Therefore, one of goals of this paper is to elucidate the mechanisms and 
controlling factors for intramolecular amination of various (primary, secondary, tertiary, 
and benzylic, eq.1 in Scheme 1) C-H bonds in sulfamate esters catalyzed by dirhodium 
tetracarboxylates to generate oxathiazinanes, which was developed by Du Bois and co-
workers.[19a,c-e,g-j,21] Another goal is to understand the mechanisms and controlling 
factors of selectivity between intramolecular C-H bond amination and C=C double bond 
aziridination for allylic substrates. For this purpose, we study these processes for olefin 
sulfamate esters catalyzed by dirhodium tetracarboxylate catalysts (Eq.2, in Scheme 1). In 
order to better understand reasons and impact of nature of dirhodium catalyst to selective 
tertiary and benzylic C-H amination we also study reaction (3) (see Scheme 1), which was 
previously reported. [11,19l] 

In literature, several dirhodium catalysts were used to catalyze the targeted transformations. 
In earlier publications the simplest dirhodium tetracarboxylate Rh2(OAc)4 catalysts (see 
Scheme 2) has been widely employed.[19f,g,j ] Later, the Rh2(esp)2 catalyst (where esp = 
α, α, α’, α’–tetramethyl-1,3-benzenedipropanoate) as well as Rh2(OAc)4 catalyst [19e,h,j] 
is most extensively used. 
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Scheme 1. Schematic presentation of various C–H bond amination in sulfamate ester 
(Eq.1), the allylic C–H bond amination and C=C double bond aziridination (Eq.2), and 
selective tertiary and benzylic C-H amination (Eq.3), catalyzed by different dirhodium 
catalysts. Selected reactions previously were reported by Du Bois and co-workers. [19f,g,j, 
21] 

  

Therefore, here, we use three different catalysts (Scheme 2): the experimentally relevant 
catalysts (H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2, and the (H2O)Rh2(O2CH)4 model catalyst 
that is widely employed by theoreticians (see discussion below). We expect that 
comparison of the calculated data for real catalysts (H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2, 
with those model catalyst (H2O)Rh2(O2CH)4 will allow us validate the applicability of the 
model extensively used in previous 
studies.  

Scheme 2. Schematic representation 
of the used (H2O)Rh2(O2CH)4, 
(H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2 
catalysts in this study. 

As mentioned above the reactions (1), (2) and (3) (see Scheme 1), previously were subject 
of several computational analyses. Zhao and co-workers [22] used the density functional 
approach and studied mechanism of the Rh2(O2CH)4, Rh2(N-methylformamide)4 and 
Rh2(S-nap)4 catalyzed intramolecular benzylic C-H amination of 3-phenyl-propylsulfamate. 
The authors have shown that C–H amination starts from the Rh2-nitrene intermediate with 
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lower-lying singlet and triplet electronic states. In general, singlet state process occurs via a 
concerted C-H insertion mechanism, while triplet state process may proceed via a stepwise 
pathway involving (a) intramolecular H-abstraction to generate a diradical intermediate, 
and (b) radical recombination to form final product. In a subsequent paper, Zhao and 
coworkers extended their study to elucidate the mechanism of the intramolecular allylic C–
H amination and double bond aziridination in 4-pentenylsulfamate. [23] In this study, the 
authors used model catalysts Rh2(OAc)4, Rh2(NHCOCF3)4 and Rh2(NCH3CHO)4, and 
found: (a) the singlet concerted, highly asynchronous pathway for the C-H amination, and 
triplet stepwise pathway for the alkene aziridination reaction, and (b) the Rh2(OAc)4 and 
Rh2(CHCOCF3)4 catalysts show similar reactivity patterns. In general, for all three 
catalysts, C-H amination is found to be more favorable than double bond aziridination.  
 Just recently, Wang and co-workers [24] have reported a comparative study of inter- 
and intramolecular (reaction 3, in Scheme 1) C–H amination by the Rh2(esp)2 catalyst. The 
authors have concluded that: (a) inter- and intra-molecular C–H bond amination proceed 
via different spin-state pathways, and the difference in the spin states is a reason for the 
observed benzylic-to-tertiary site selectivity switch; (b) the singlet- and triplet-state 
mechanisms are concerted hydride-transfer and stepwise H-atom abstraction processes, 
respectively, and (c) for the intramolecular C–H amination, the singlet-state concerted 
mechanism is dominant.  
 Thus, the previous computational studies on the reactions presented in Scheme 1 
emphasize the utmost importance of investigating all three important reactions at the same 
level of theory and with the same model, as well as real, dirhodium tetracarboxylate 
catalysts. Furthermore, in the previously reported studies role of the axial water (or other 
coordinating molecules) ligand was mostly ignored. Therefore, our paper makes its goal to 
study these three reactions with the (H2O)Rh2(O2CH)4 model catalyst, and  with the 
experimentally relevant (H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2 catalysts. The discussion in 
this paper is organized as follows: At first, we briefly discuss geometry and electronic 
structures of all three catalysts and their nitrene complexes with saturated and unsaturated 
sulfamates. Then, we uncover intimate details of the reactions (1) and (2) catalyzed by 
model catalyst (H2O)Rh2(O2CH)4. Later, we elucidate catalyst impact to the mechanisms, 
and energy and geometry parameters of intermediates, transition states and products of the 
reactions (2) and (3). Lastly, we compare the results of the model catalyst to the 
experimentally relevant catalysts. 
 
Calculation Procedures 

Methods. In this paper, we used the M06L and M06 density functionals [25,26] in 
conjunction with the 6-31G(d,p) basis sets for C, H, N, O and S atoms [27] and LANL08(f) 
basis sets (with their corresponding ECPs) for Rh atoms (below called as basis sets BS1). 
[28] All reported structures were fully optimized without any geometry constraints. 
Previously, it was reported that the computational methods used in this paper accurately 
describe the energies and geometries of organometallic compounds. [11,29-33] Frequency 
calculations were carried out to verify the nature of the located stationary points. Graphical 
analysis of the imaginary vibrational normal modes, as well as the IRC calculations were 
used to confirm the nature of the located transition states.  
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Energetics of the reported structures were improved by performing single-point energy 
calculations at the M06L and M06 levels of theory in conjunction with the 6-311+G(df,p) 
basis sets for C, H, O, N, S atoms [27] and LANL08(f) for the Rh-centers (below called as 
basis sets BS2). In these calculations we used the M06L/BS1 and M06/BS1 optimized 
geometries, respectively. So, the final levels of methods used are M06L/BS2//M06L/BS1 
and M06/BS2//M06/BS1. The reported thermodynamic data were computed at the 298.15K 
temperature and 1atm pressure. Solvent effects in dichloromethane were modeled by means 
of the PCM method. In these calculations, the free energy of solvation was computed as:  

     ΔΔGsolv = Gsolv,PCM - Eel  
where the final free energy in solution is obtained as: 

Gsolv = Ggas + ΔΔGsolv 
All calculations were performed by the Gaussian_09 suite of programs. [34] NBO 3.1 
program, which is included in Gaussian_09 suite of programs, was used to obtain natural 
bond orbitals (NBOs), atomic net charges, densities of spin and Wiberg bond indexes at the 
M06L/BS1 and M06/BS1 optimized geometries.  

Our extensive analyses of the M06L and M06 calculated data and comparison of 
those with available experiments clearly demonstrates preference of the M06L functional 
over M06. Therefore, here we discuss only data obtained by the M06L density functional, 
i.e. by the M06L/BS2//M06L/BS1 method, while all energetics calculated at the M06 level 
are given in the Supporting Materials. 

 Below we use the following notations for the computed structures: xNm-y for pre-
reaction nitrene complexes, intermediates and products, and xN-TSm-y for transition states; 
where X = P(primary), S(secondary), T(tertiary), B(benzylic), A(aliphatic),  Al(allylic) and 
Az (aziridination); N = I for (H2O)Rh2(O2CH)4, II for (H2O)Rh2(AcO)4, and III for 
(H2O)Rh2(esp)2; m = 0, 1, 2… for the order of the structure on the reaction coordinate; and 
y = s (singlet electronic state) and t (triplet electronic state).  

RESULT AND DISCUSSION 

(a) The (tetracarbooxylate)-bridged-Rh2 catalysts (H2O)Rh2(O2CH)4, 
(H2O)Rh2(AcO)4 and (H2O)Rh2(esp)2: geometries and electronic structures. At first, we 
discuss the electronic structure and geometries of the dirhodium-tetracarboxylate 
complexes employed in this paper. Important structural parameters, the calculated atomic 
charges and spin densities of important atoms, as well as Wiberg indexes of vital bonds of 
these catalysts at their lowest singlet and triplet electronic states are collected on Figure 1 
(for full geometries of these systems see Supporting materials). In Table 1, we present the 
calculated singlet-triplet energy splitting for these catalysts.  

One should mention that the electronic structure of (tetracarboxylate)-Rh2 
complexes was previously discussed in detail. [8] Therefore, here we only briefly discuss 
electronic structure of complexes (H2O)Rh2(O2CH)4 (I), (H2O)Rh2(AcO)4 (II), and 
(H2O)Rh2(esp)2 (III). 
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Figure 1. Schematic representation of the dirhodium-tetracarboxylate complexes, their 
calculated selected geometry parameters (in Å), spin densities and charges (in |e|) of their 
important atoms, as well as Wiberg indexes of vital bonds, at the lowest singlet and triplet 
electronic states of the catalysts.  

 

For all studied catalysts, the diamagnetic closed shell singlet state is found to be the ground 
state. Frontier orbital and NBO analyses (see Figure S1) show that at their singlet states 
these complexes have an [σ(dzz+dzz)]2[π(dxz+dxz)]2[π(dyz+dyz)]2[δ(dxy+dxy)]2[δ*(dxy-
dxy)]2[π*(dxz-dxz)]2[π*(dyz-dyz)]2[σ*(dzz-dzz)]0 electron configuration. Thus, the Rh-Rh bond 
in these complexes is formally a single bond and the Rh-centers are in their +2 oxidation 
states. These conclusions are in good agreement with the previous studies. [7,8, 
,32,33,35,36]  

The computed charge on the Rh-centers is largely independent of the nature of the bridging 
ligands and is in range of +0.69 – +0.76 |e| for catalysts I, II and III, respectively. The Rh-
Rh atomic distances are also very close across these systems (2.409, 2.393 and 2.391 Å, 
respectively). The calculated value of Rh-Rh distance, 2.39–2.40 Å, is consistent with the 
single bond character of Rh–Rh bond. The calculated Wiberg bond indexes (WIs), which 
range from 0.82 to 0.83 also support this assignment. As it could be expected, the Rh2–Ow 
bond distance is very sensitive to the catalyst considered (it ranges from 2.305 to 2.335 Å, 
see Figure 1). The calculated WIs for the Rh2–Ow bond is 0.22 - 0.23. 

The computed triplet states of these species are about 15-18 kcal/mol higher in energy. For 
these excited states, each Rh center has almost one unpaired spin regardless of the catalyst. 

Distances
(Wiberg Indexes)

(H2O)Rh2(O2CH)4,:I (H2O)Rh2(AcO)4,#II (H2O)Rh2(esp)2,:III
Singlet Triplet Singlet Triplet Singlet Triplet

d(Rh1ARh2)
2.409
(0.83)

2.477
(0.55)

2.393
(0.82)

2.466
(0.54)

2.397
(0.82)

2.463
(0.54)

d(Rh1AOw)
2.305
(0.23)

2.542
(0.15)

2.335
(0.22)

2.595
(0.14)

2.326
(0.23)

2.591
(0.14)

<d(Rh1AO1x)>
2.079
(0.42)

2.084
(0.41)

2.075
(0.43)

2.078
(0.42)

2.091
(0.41)

2.096
(0.40)

<d(Rh2AO2x)>
2.079
(0.46)

2.099
(0.42)

2.075
(0.46)

2.093
(0.42)

2.089
(0.45)

2.111
(0.41)

Spin
(Charge)

(H2O)Rh2(O2CH)4,#I (H2O)Rh2(AcO)4,:II (H2O)Rh2(esp)2,:III
Singlet Triplet Singlet Triplet Singlet Triplet

Mull. NBO Mull. NBO Mull. NBO Mull. NBO Mull. NBO Mull. NBO

Rh1 0.00
(0.76)

0.00
(0.65)

0.90
(0.76)

0.89
(0.68)

0.00
(0.75)

0.00
(0.65)

0.91
(0.76)

0.90
(0.69)

0.00
(0.69)

0.00
(0.65)

0.89
(0.69)

0.88
(0.68)

Rh2 0.00
(0.75)

0.00
(0.59)

1.03
(0.77)

1.02
(0.68)

0.00
(0.72)

0.00
(0.59)

1.02
(0.75)

1.00
(0.68)

0.00
(0.73)

0.00
(0.61)

1.05
(0.76)

1.03
(0.71)

H2O
0.00
(0.17)

0.00
(0.16)

0.04
(0.14)

0.05
(0.10)

0.00
(0.17)

0.00
(0.16)

0.04
(0.13)

0.04
(0.09)

0.00
(0.18)

0.00
(0.16)

0.04
(0.13)

0.05
(0.09)

<S2> 0.00 2.01 0.00 2.01 0.00 2.02
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As usual, the Rh1-center has slightly (ca 0.1 |e|) less unpaired spin than the water-
coordinated Rh2-center. The charge supported by the Rh2-core is +0.69 – +0.76 |e|, which is 
same as that in singlet state. For all triplet state catalysts, the Rh-Rh bond has slightly larger 
than half-bond character according to the Wiberg bond indexes (0.54 – 0.55). Indeed, NBO 
analysis shows (see Figure S2) the existence of two beta Rh–Rh bonding orbitals. The first 
one is a Rh–Rh σ-bond (with population of 0.9 |e|), while the second one is a Rh–Rh π-
bond (with population of 1.0 |e|). Thus, the Rh–Rh bond with half σ- and half π-bonds has 
more than half-bond character. Bearing in mind that one-electron π-bond is intrinsically 
weaker than one-electron σ-bond, one can explain slightly longer Rh–Rh bond distances in 
triplet states compared to their singlet states. Based on this discussion and electronic 
configuration of singlet states, one can assign the singlet-to-triplet transition in these 
catalysts as an electron transfer from the double occupied Rh–Rh π*-orbital to unoccupied 
Rh–Rh σ*-orbital (which is symmetry-allowed only under C1-symmetry) Therefore, at their 
triplet state, these complexes have an 
[σ(dzz+dzz)]2[π(dxz+dxz)]2[π(dyz+dyz)]2[δ(dxy+dxy)]2[δ*(dxy-dxy)]2[π*(dxz-dxz)]2[π*(dyz-
dyz)]1[σ*(dzz-dzz)]1 electron configuration. 

Table 1. M06L/BS2//M06L/BS1 calculated relative electronic energies (ΔE), enthalpies 
(ΔH), free energies (ΔG) and free energies in CH2Cl2 (ΔGsolv) for the catalysts and active 
nitrene species. All values are given in kcal/mol.  

Struct. Mult. (H2O)Rh2(O2CH)4,   I (H2O)Rh2(AcO)4,   II (H2O)Rh2(esp)2,   III 
ΔE ΔH ΔG ΔGsolv ΔE ΔH ΔG ΔGsolv ΔE ΔH ΔG ΔGsolv 

Cat.  s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
t 17.6 16.9 15.5 16.9 16.8 16.3 16.6 17.9 16.3 15.7 14.1 15.2 

AI0 t -3.0 -4.2 -14.0 -10.3 -8.3 -9.5 -16.4 -13.2 13.6 -15.1 -24.0 -20.0 
s 2.6 1.2 -9.3 -6.2 -3.9 -2.7 -10.8 -7.8 -9.5 -10.9 -18.2 -14.6 

PI0 t -1.1 -2.5 -13.3 -10.0 - - - - - - - - 
s 3.6 2.1 -7.9 -4.9 - - - - - - - - 

SI0 t -1.7 -3.0 -13.3 -10.0 - - - - - - - - 
s 3.2 1.6 -8.7 -5.7 - - - - - - - - 

TI0 t -2.9 -4.4 -15.0 -11.4 -7.7 -8.9 -17.0 -13.7 -13.3 -15.2 -24.8 -20.0 
s 1.9 0.5 -9.8 -6.6 -3.1 -4.6 -12.6 -9.8 -9.7 -11.3 -19.2 -14.6 

BI0 t -3.5 -4.9 -14.5 -10.3 -10.0 -11.6 -20.1 -16.4 -15.8 -17.8 -26.4 -21.8 
s 1.5 -0.2 -10.3 -6.6 -5.5 -7.2 -14.9 -11.4 -11.5 -13.5 -21.7 -17.3 

 

(b) Geometrical and Electronic properties of the reactive nitrenoids, XN0-y.  Next, we 
briefly analyze the electronic properties of the active nitrenoids XN0-y. The electronic 
structures of these species also were subject of several previous studies. [7,8,11,22,23,24] 
Therefore, here we just briefly discuss our findings for the dirhodium-nitrene complex of 
the unsaturated sulfamate substrate, AN0-y (for more information see Figure S3-S6 of 
Supporting materials). Our calculations show that these species may have several 
energetically close isomeric forms, which were labeled as AN0a-y and AN0b-y, 
respectively (see Figure 2). 
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Figure 2. Catalytic active nitrenoids relevant for the allylic C-H amination and C=C double 
bond aziridination. Some selected geometrical parameters (Å) and spin population values 
are included into these tables for different dirhodium complexes used in this paper. 

 

For the sake of simplicity, here, we only discuss isomer AN0a-y (which will be called as 
AN0-y). We found that the triplet state nitrenoids, AN0-t, have nearly two unpaired spins 
(ranging from 1.76 |e| to 1.81 |e| α-spins) located on the Rh-Rh-N moiety (see Figure 2). 
However, these spins are delocalized slightly differently amongst the catalysts. The 
nitrenoid of (H2O)Rh2(esp)2 exhibits the highest degree of radical delocalization (with 57-
59% in N-center and 41-43% in Rh-Rh bond) among the three catalysts, while 
(H2O)Rh2(O2CH)4 exhibits the lowest delocalization (with 64-66% in N-center and 34-36% 
in Rh-Rh bond). Singlet state structures AN0-s of these nitrenoids are open-shell singlet 
states with about half a net α-electron on the nitrogen atom (0.5–0.6 |e|) and almost same 
amount of β-electron on the Rh2-moiety.  

As shown in Figure 2, for a given electronic state (for y = s or t) of the nitrenoid AN0-y, the 
longest Rh–Rh bond corresponds to the (H2O)Rh2(O2CH)4 catalyst (i.e. N = I) and the 
shortest one for the (H2O)Rh2(esp)2-catalyst (i.e. N = III). Furthermore, for a given 
substrate and catalyst, the Rh–Rh bond is shorter for the triplet state nitrenoid AN0-t, than 
for the singlet AN0-s, while the Rh–N bond is shorter for AN0-s than AN0-t. In order to 
explain these trends, we analyzed the nature of the bonding in the triplet and singlet 
nitrenoid complexes. For the sake of simplicity, here we discuss only the nitrene complexes 
for catalyst I with the expectation that the major conclusions for this system will be valid 
for all other active species presented here. A set of selected NBO orbitals (those associated 
with Rh–Rh and Rh–N bonds, and N lone pairs) of these complexes are collected in Figures 
S3-S5 of the Supporting Information. NBO analysis shows no Rh–Rh bonding pattern in 
AI0-s. However, for AI0-t there are NBOs with σ- and σ*-bonding Rh–Rh character (with 

Distances
(Wiberg Indexes)

(H2O)Rh2(O2CH)4,	I (H2O)(Rh2(AcO)4,		II (H2O)Rh2(esp)2,		III
AI0-t AI0-s AII0-t AII0-s AIII0-t AIII0-s

d(Rh1-Rh2) 2.432
(0.68)

2.452
(0.65)

2.415
(0.66)

2.430
(0.66)

2.419
(0.64)

2.439
(0.60)

d(Rh2-Ow)
2.387
(0.20)

2.431
(0.18)

2.412
(0.19)

2.458
(0.17)

2.448
(0.18)

2.457
(0.18)

d(Rh1-N) 1.981
(0.73)

1.960
(0.89)

1.976
(0.76)

1.966
(0.87)

1.972
(0.76)

1.975
(0.78)

Spin
(Charge)

(H2O)Rh2(O2CH)4,	I (H2O)(Rh2(AcO)4,		II (H2O)Rh2(esp)2,		III

AI0-t AI0-s AII0-t AII0-s AIII0-t AIII0-s

Rh1 0.40
(0.60)

-0.12
(0.61)

0.42
(0.63)

-0.13
(0.64)

0.40
(0.64)

-0.07
(0.63)

Rh2 0.22
(0.58)

-0.46
(0.62)

0.28
(0.60)

-0.46
(0.64)

0.40
(0.65)

-0.58
(0.69)

N 1.18
(-0.56)

0.54
(-0.59)

1.06
(-0.58)

0.55
(-0.61)

1.01
(-0.61)

0.61
(-0.63)

<S2> 2.02 0.62 2.02 0.62 2.02 1.01

AN0a-y	 =	AN0-y		

AN0b-y	 	
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populations of 0.66 |e| and 0.18 |e|, respectively). Thus, the Rh–Rh single bond, which was 
present in the catalyst is broken in the related nitrenoids although a trace of the Rh–Rh 
bond remains in the triplet state structure AI0-t (much less than half a single bond). 

The difference of Rh–Rh bonding in AI0-s and AI0-t as discussed above correlates with the 
nature of the Rh–N bond in these species. Both AI0-s and AI0-s possess one alpha and one 
beta NBO associated with the Rh–N σ-bond (i.e. one full σ-bond). Obviously, nitrogen 
contribution to these orbitals is greater than Rh contribution and they can be considered 
something in between a covalent and an electrostatic interaction between N lone pair with 
the Rh(II) center. The singlet AI0-s Rh–N also has one π-bonding orbital and one 
nonbonding N orbital (see Figure S3), thus, AI0-s complex can be characterized with Rh=N 
double bond (with one σ- and one π-bonds) and N-lone pair.  

In contrast, the triplet AI0-t has two nonbonding orbitals with one alpha spin each (instead 
of one double occupied nonbonding orbital in AI0-s), and two π-bonding orbitals with one 
beta spin each (instead of one double occupied π-bonding orbital in AI0-s) (see Figure S4). 
Thus, in triplet AI0-t the Rh–N bond has one σ-bond and two “one-electron π-bonds”. As a 
result, the Rh–N bond is stronger in AI0-s than AI0-t. Strikingly, the triplet nitrenoids (for 
all considered catalysts and substrates) are more stable than their singlet analogues, which 
could be a consequence of increased Rh–Rh bonding.  

The Rh–N binding energy in AN0-s and AN0-t (see Table 1) increases via N = I (10.0 - 11.4 
kcal/mol) < II (13.1 – 16.4 kcal/mol) < III (20.0 – 21.8 kcal/mol) for given substrate 
(calculated from the ground states for all the active species). The singlet active species 
exhibit a similar but generally lower Rh-N formation free energy in solution: 6.6 – 4.9 
kcal/mol for catalyst I, 11.4 – 7.8 kcal/mol for catalyst II, and 17.3 – 14.6 kcal/mol for 
catalyst III. Therefore, the most stable active species is always formed with catalyst III and 
the least stable is the one formed with catalyst I. These trends are consistent with the 
geometric and orbital analysis presented above, and are expected to have an impact on the 
computed reactivity and selectivity in the next section. 

Dirhodium-nitrene complexes of the saturated sulfamate show similar bonding and 
electronic features, are presented in Supporting Materials (see Figures S7-S9) and will not 
be discussed here in details. 

Comparison of the above presented data for (H2O)Rh2-nitrene intermediates of 
(H2O)Rh2(O2CH)4 (I), (H2O)Rh2(AcO)4 (II) and (H2O)Rh2(esp)2 (III) catalysts with those 
of Rh2(O2CH)4, (Rh2(AcO)4, and (Rh2(esp)2, show that, in general, presence of axial water 
ligand has no significant impact on the calculated geometry, single-triplet splitting and 
electronic structures of the nitrenoid intermediates examined here. 

 (c) Mechanism of the reactions catalyzed by (H2O)Rh2(O2CH)4 model catalyst: C-H 
bond amination.   Next, we discuss the mechanisms of the intramolecular C-H bond 
amination catalyzed by the model catalyst I. A schematic presentation of free energy 
reaction profiles of the reaction (1) for both singlet and triplet state species are shown in 
Table 2 along with their relative energies. The structures involved in these reactions, their 
complete energetics, geometry parameters, and NBO population data can be checked on 
Figure S8-S10 of Supporting Materials.  
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Table 2. Schematic presentation of energy profile of the C-H bond amination (Eq.1, in 
Scheme 1) catalyzed by catalyst I. The calculated relative energies of pre-reaction nitrene 
complexes, C-H activation transition states, intermediates and products are presented as 
ΔH(ΔG)[ΔGsolv] in kcal/mol.  

                        

 Structure                   X = P          X = S            X = T                X = B 
 XI0-t 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 
 XI0-s 4.6(5.4)[5.1] 4.6(4.6)[4.3] 4.9(5.2)[4.8] 4.7(4.2)[3.7] 
 XI-TS1-t 13.0(13.9)[13.5] 9.1(10.1)[9.5] 6.4(8.1)[7.8] 4.3(5.2)[4.3] 
 XI-TS1-s 11.1(13.2)[11.5] 6.1(8.5)[7.1] 4.5(7.4)[6.5] 2.9(5.0)[3.4] 
 XI1-t 7.6(6.9)[6.6] 3.0(2.5)[1.7] -0.8(-0.9)[-1.7] -8.5(-7.5)[-8.6] 
 XI1-s         ----       ----        ----        ---- 
 XI2-t -32.4(-33.1)[-33.2] -34.6(-35.3)[-35.0] -34.8(-34.5)[-33.8] -32.9(-33.0)[-33.2]  
 XI2-s -54.6(-52.0)[-51.8] -56.9(-54.0)[-53.7] -56.4(-53.5)[-52.8] -54.6(-52.2)[-52.1] 
 

A quick look at the reaction profile and associated energetics (Table 2) reveals that the 
singlet and triplet states of the structures involved in the C-H bond amination are very close 
in energy, and the triplet and singlet energy surfaces are likely to cross (see also, [22-24]). 
Similar two-state reactivity was previously reported by us for the [Ru2Cl(hp)4]+ catalyzed 
C-H aminations. [11] Here, we did not locate this triplet-singlet crossing points, but it is 
evident that this occurs before the C-H activation transition state. [37] 

As shown in Table 2, for all the substrates studied here, the ground electronic states of 
active species (i.e., nitrenoids) are triplet states (XI0-t) while those for products are the 
singlet states (XI2-s). For the C–H activation transition states XI-TS1-y, the ground 
electronic states are singlet states (y = s). Thus, the reaction is initiated from the triplet state 
pre-reaction complex XI0-t and proceeds via the triplet-singlet surface crossing and singlet 
C-H activation transition state XI-TS1-s to form the singlet state products XI2-s. 

Close examination of the singlet transition state structure XI-TS1-s shows that it can be 
characterized as a concerted C-H insertion transition state, where hydrogen abstraction and 
C-N bond formation take place simultaneously (see Supporting Materials). As mentioned 
above, the triplet nitrenoids have a relatively weak Rh-Rh bond (with WI = 0.67 – 0.68) 
and a strong Rh1-N bond (with WI = 0.73 – 0.75). On the other hand, the product 
complexes XI2-s have a strong Rh-Rh bond (with WI = 0.80 – 0.81) indicating that 
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breaking the Rh1-N bond facilitates recovery of the Rh-Rh single bond of the active 
catalyst. As expected, the transition-state structures exhibit geometrical features that are in 
between those for the pre-reaction (XI0-t) and product (XI2-s). For instance, for the 
activated C-H bond the WI is calculated to be within 0.28 - 0.61, while it is in a range of 
0.24 – 0.55 for the nascent N-H bond (dNH = 1.147 - 1.501 Å).  

Comparison of the C–H activation barriers (calculated as the energy difference between 
pre-reaction complex XI0-t and corresponding transition state XI-TS1-s) shows that they 
decrease via the trend: primary (11.5 kcal/mol) > secondary (7.1 kcal/mol) > tertiary (6.5 
kcal/mol) > benzylic (3.4 kcal/mol). This trend is consistent with the observed trend in 
homolytic bond dissociation energy of the activated C-H bonds: [primary (CH3CH3 �  
CH3CH2

· + H·, 101.1 ± 0.4 kcal/mol)] > [secondary (CH3CH2CH3 �  CH3CH·CH3 + H·, 
98.6 ± 0.4 kcal/mol)] > [tertiary ((CH3)3CH �  (CH3)3C · + H·, 96.5 ± 0.4 kcal/mol)] > 
[benzylic (PhCH3 �  PhCH2

· + H·, 89.8 ± 0.6 kcal/mol)].[38] 

The C–H activation barriers for the triplet state, XI-TS1-t, are higher but follow the same 
trend based on the substrate as the singlet transition states (see Table 2). The triplet state 
transition states can be characterized as a hydrogen abstraction transition state leading to 
radical intermediate XI1-t (see Supporting Materials). Along the triplet state reaction 
coordinate, the spin population of the Rh-Rh-N fragments of pre-reaction complex XI0-t 
decreases from ~ 2 |e| to ~ 1 |e|: 1.80 |e| for XI0-t → (1.33 – 1.39 |e|) for XI-TS1-t → (0.85 – 
1.00 |e|) for XI1-t (see Supporting materials). On the other hand, the spin population of the 
generated radical centers (C1 atom, or C1Ph, or C1-C2-C3 groups) increases from ~ 0 |e| to ~ 
1 alpha |e|: (0.00 – 0.02 |e|) for XI0-t → (0.44 – 0.54 |e|) for XI-S1-t → (0.89 – 1.00 |e|) for 
XI1-t. Radical coupling in XI1-t completes the C-N bond formation with a six-membered 
ring final product. (We were not able to locate this ring-closure transition state, which is 
expected to occur with small energy barrier associated with alpha-to-beta spin-flip).  

In summary, from the presented analysis we conclude that the primary (X=P), secondary 
(X=S), tertiary (X=T) and benzylic (X=B) C–H amination proceeds via the concerted C-H 
insertion mechanism. Furthermore, the calculated energy barriers correlate with the 
observed trend in homolytic bond dissociation energy of the activated C-H bonds. 

The above presented mechanistic conclusion for benzylic C–H amination by catalyst 
(H2O)Rh2(O2CH)4 (I) is in excellent agreement with that previously reported [22] for 
catalyst Rh2(O2CH)4  

(d) Mechanism of the reactions catalyzed by model catalyst: allylic C-H bond amination 
vs C=C double bond aziridination. As mentioned above, for the sulfamates that contain an 
allylic C-H bond, the C-H bond amination can compete with aziridination of the double 
bond (Eq.2). Here we present our computational findings for the Rh2(H2O)(O2CH)4 
catalyzed intramolecular allylic C-H bond amination and double bond aziridination in the 
same substrate. The free energy reaction profiles of these processes (schematically) and 
relative energies of reactants, transition states, intermediates and products are presented in 
Table 3. The structures involved in these reactions, their complete energetics, geometry 
parameters, and NBO population data can be checked on Figure S11-S13 of the Supporting 
Information. 
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Table 3. Schematic presentation of energy profile for competing allylic C-H amination and 
C=C double bond aziridination in unsaturated sulfamate studied in this paper, and 
calculated relative energies (presented as ΔH(ΔG)[ΔGsolv] and given in kcal/mol) of pre-
reaction nitrene complexes, transition states, intermediates and products for catalyst I.  

                
 
 Structure              X = Al                                  X = Az 
   ___________________________________ 
            Z = none                        Z = C2                      Z = C3 
 XI0a-t 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 
 XI0a-s  5.4(4.7)[4.1] ----- ----- 
 XI0b-t       ----- -1.7(-0.3)[-0.5] ----- 
 XI0b-s      ----- 3.3(5.1)[4.5] ----- 
 XI-TS2Z-t 3.5(5.6)[4.3] 5.0(7.6)[7.7] 4.5(6.7)[7.4] 
 XI-TS2-s 3.4(6.5)[4.5] 7.5(10.3)[9.8] 7.5(10.3)[9.8] 
 XI3Z-t -12.5(-11.5)[-12.4] -9.0(-6.5)[-5.5] -10.0(-8.1)[-6.8] 
 XI3-s   -----    ----- ----- 
 XI4-t -34.7(-33.5)[-32.6] -25.8(-23.6)[-21.5] -25.8(-23.6)[-21.5] 
 XI4-s -55.8(-53.6)[-52.6] -44.9(-40.5)[-38.6] -44.9(-40.5)[-38.6] 
 

Similar to the intramolecular C-H bond amination discussed above, intramolecular allylic 
C-H amination and double bond aziridation (see reaction 2) starts from the triplet state pre-
reaction complex AI0a-t and AI0b-t, respectively, but leads to the singlet state amination 
and aziridine products AlI4-s and AzI4-s, respectively (see Table 3). Thus, the triplet and 
singlet spin states are crossing again, and two-state reactivity is becoming a general feature 
of this catalyst. For these reactions, we located several transition states on the singlet and 
triplet PES, including two regioisomeric transition states on the triplet PES (AzI-TS2C2-t 
and AzI-TS2C3-t). As shown in Table 3, transition state AzI-TS2-s is energetically higher 
than its triplet state analogues (see Supporting materials for more details). This indicates 
that reaction proceeds via the triplet transition states (AzI-TS2C2-t and AzI-TS2C3-t) and the 
singlet-triplet surface crossing occurs somewhere after the rate-limiting transition state 
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structures. Therefore, this singlet-triplet surface crossing is not going impact to our overall 
conclusions and will not be discussed further. 

Briefly, analyses of the geometry, spin density and bond order along the energetically 
lowest triplet reaction coordinate (see Supporting Materials for more details) suggest 
stepwise aziridine formation through an initial radical addition to the olefin to form a 
diradical intermediate and subsequent radical coupling mechanism to cleave the Rh1-N 
bond and regenerate the Rh-Rh single bond of the active catalyst. The triplet transition 
states AzI-TS2C2-t and AzI-TS2C3-t connect pre-reaction complex AzI0b-t with the seven-
membered and eight-membered ring intermediates AzI3C2-t and AzI3C3-t, respectively. The 
difference between these two pathways stems from which N-C bond is formed first, either 
the N-C2 bond or the N-C3 bonds, respectively. Calculations show that solvation free 
energy barriers at the AzI-TS2C2-t and AzI-TS2C3-t are 7.7 and 7.4 kcal/mol calculated 
relative to the AzI0-t pre-reaction complex, respectively. However, both pathways lead to 
the same final aziridine product AzI4-t.  

Bearing in mind that the lowest allylic amination barrier is 4.3 kcal/mol (at transition state 
AlI-TS2-t) and that the lowest aziridination barrier is 7.9 kcal/mol, one can conclude that 
intramolecular allylic C-H amination is preferred over double bond aziridination for 
sulfamates where both are possible if catalyst I is used. This result (i.e. trend) is 
qualitatively consistent with the available experimental data employing catalyst II, 
(H2O)Rh2(AcO)4, which produces a 2:1 amination:aziridination product ratio. [19f,g,j] 

(e) From the model to reality: catalyst effect on the tertiary vs. benzylic C-H amination. 
In order to validate the conclusions made above for the model catalyst I, we also studied 
tertiary and benzylic C-H amination in equation (3) by the experimentally relevant catalysts 
II and III, i.e. (H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2, respectively. For the sake of 
simplicity, here we discuss only the effect of the nature of the catalyst on the most 
important structures of the reaction, namely, the active nitrenoid and the C-H activation 
transition states. Comparison of the potential energy surfaces of the tertiary and benzylic C-
H amination for the different catalysts are shown in Figure 3. The geometrical parameters, 
NBO spin populations and detailed energetic values of the main structures involved are 
collected in figure S14 of Supporting materials. 

Like in model catalyst I, the nitrenoids of catalysts II and III also have the triplet ground 
states. Again, for all the six combinations of the three catalysts and two substrates (tertiary 
and benzylic), the singlet transition state structure XN-TS1-s is lower in energy than the 
corresponding triplet state structures. Thus, for all three catalysts the tertiary and benzylic 
C-H activation proceeds via the concerted mechanism. The experimental test with non-
allylic substrates previously reported by Du Bois and co-workers indicates that a concerted 
mechanism is more likely than a stepwise, which is in full agreement with our predictions. 
[11,19g,19j] This finding, once again, confirms applicability of (H2O)Rh2(O2CH)4 as a 
model to probe the electronic structure and reactivity of experimental catalysts 
(H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2. Also, we should indicate that our findings for the 
(H2O)Rh2(esp)2 catalyst are consistent with those recently reported by Wang and co-
workers [24]. 



14	
  
	
  

Comparison of the calculated solvation free energy barriers (calculated relative to the triplet 
state of active nitrene species) shows that they are 6.5, 6.4 and 5.6 kcal/mol for the tertiary 
C-H bond, and 3.4, 8.1 and 8.2 kcal/mol for the benzylic C-H bond, for catalysts I, II and 
III, respectively. Analyses of the energetically lowest singlet state barriers show that the 
ratio of tertiary:benzylic amination is affected by the nature of catalyst. Indeed, for model 
catalyst I calculations favor benzylic C-H amination by 3.1 kcal/mol, which is inconsistent 
with the available experiments. However, for catalysts II and III our calculations favor the 
tertiary C-H amination by 1.7 and 2.6 kcal/mol, respectively. These findings are in 
reasonable agreement with the available experiments showing 1.5:1 and 7:1 
tertiary:benzylic ratio for catalysts II and III, respectively. These findings suggest that the 
(H2O)Rh2(O2CH)4 catalyst is not an adequate model for predicting the selectivity of 
experimental catalysts, such as (H2O)Rh2(OAc)4 and (H2O)Rh2(esp)2. Thus, one should be 
careful about choosing a model based on the properties of interest.  

 

Figure 3. Calculated energy profiles (scaled to in solution free energies) for the tertiary and 
benzylic C-H amination catalyzed by the three different catalysts (a-c) studied in this paper, 
and (d) schematic presentation of the corresponding pre-reaction complexes and transition 
states. All energies given as ΔH(ΔG)[ΔGsolv] are in kcal/mol. 
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In order to further validate our conclusion, we performed KIE calculations for this reaction 
(see Table 4). Agreement with the available experiment is better for the transition state on 
the singlet surface than the triplet surface, which is consistent with concerted C-H insertion 
mechanism of the reaction. The origin of the errors in the calculated KIEs, most likely, 
arises from the true nature of the calculated transition state structures, which do not 
incorporate the spin-flip effect (see also [39]). 

Table 4. Kinetic Isotopic Effects (KIEs) computed at the M06L/BS1 level of theory  

Catalyst (H2O)Rh2(O2CH)4 (H2O)Rh2(OAc)4 (H2O)Rh2(esp)2 
TS1-s 3.4 4.5 2.6  

(Exp. 
Value)[11] 

5.0 

TS1-t 5.7 5.7 5.7 

 

(f) From the model to reality: catalyst effect on the allylic C-H amination vs. double bond 
aziridination. We also elucidated the impact of the nature of the catalyst on the 
mechanisms and competition between allylic amination and aziridination. In particular we 
studied the amination:aziridination ratio. In Table 5 we show the reaction profiles of the 
allylic C-H amination and double bond aziridination for catalysts I, II and III. In Figure 
S15 we show selected geometrical parameters and Mulliken spin populations for the most 
important structures of the reactions for each catalyst.  

Table 5. Schematic presentation of energy profile of the allylic C-H amination and C=C 
double bond aziridination in unsaturated sulfamate studied in this paper, and calculated 
relative energies (presented as ΔH(ΔG)[ΔGsolv] and given in kcal/mol) of pre-reaction 
nitrene complexes, transition states, intermediates and products for catalysts I (presented 
here again to make easier to compare results), II and III. 

                      
 
 Structure              X = Al                                  X = Az 
   ___________________________________ 
           Z = NONE                   Z = C2                      Z = C3 
  Catalyst = (H2O)Rh2(O2CH)4,   I 
 XI0a-t 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 
 XI0a-s 5.4(4.7)[4.1] ----- ----- 
 XI0b-t      ----- -1.7(-0.3)[-0.5] ----- 
 XI0b-s      ----- 3.3(5.1)[4.5] ----- 
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 XI-TS2Z-t 3.5(5.6)[4.3] 5.0(7.6)[7.7] 4.5(6.7)[7.4] 
 XI-TS2-s 3.4(6.5)[4.5] 7.5(10.3)[9.8] 7.5(10.3)[9.8] 
 
  Catalyst = (H2O)Rh2(OAc)4,   II 
 XII0a-t 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 
 XII0a-s 4.1(4.3)[4.0] ----- ----- 
 XII0b-t      ----- -0.6(0.3)[0.2] ----- 
 XII0b-s      ----- 4.0(4.4)[3.9] ----- 
 XII-TS2Z-t 5.3(6.8)[5.7] 7.3(9.0)[9.4] 7.4(8.3)[9.1] 
 XII-TS2-s 5.9(9.4)[7.5] 11.2(13.0)[12.8] 11.2(13.0)[12.8]  
 
  Catalyst = (H2O)Rh2(esp)2,   III 
 XIII0a-t 0.0(0.0)[0.0] 0.0(0.0)[0.0] 0.0(0.0)[0.0] 
 XIII0a-s 4.2(5.8)[5.4] ----- ----- 
 XIII0b-t      ----- -0.1(0.4)[1.5] ----- 
 XIII0b-s      ----- 4.2(6.3)[7.6] ----- 
 XIII-TS2Z-t 8.7(10.8)[10.5] 7.8(10.2)[11.3] 4.9(8.1)[9.1] 
 XIII-TS2-s 7.1(9.1)[7.6] 10.4(14.0)[14.4] 10.4(14.0)[14.4] 
   
Again, regardless of the catalyst used, the triplet states are the ground states for the catalytic 
active nitrenoids AN0 and AzN0. The triplet allylic amination transition states are lower than 
the singlet states for catalysts I and II. However, for catalyst III the singlet state of the 
allylic amination transition state is 2.9 kcal/mol lower than the triplet state. Thus, while for 
catalysts I and II, both the concerted and stepwise mechanisms are viable for the allylic C-
H amination, but for catalyst III the concerted mechanism becomes more preferable. 
Furthermore, data presented in Table 5 show that the allylic C-H amination reactivity of 
these catalyst changes via N = I [4.3 kcal/mol] < II [5.7 kcal/mol] < III [7.6 kcal/mol].  

For the aziridination reaction, both triplet transition states, AzN-TS2C2-t and AzN-TS2C3-t, 
are lower in energy than the singlet one, regardless of the catalyst employed. The solution 
free energy gap between two lowest triplet transition state structure AzN-TS2C2-t and AzN-
TS2C3-t is 0.3 kcal/mol for catalyst I and II, but increases to 2.2 kcal/mol for catalyst III. 
Computed from AzN0-t, the free energies in solution of triplet transition state for the double 
bond aziridination are N=I [7.4 kcal/mol] < II [9.1 kcal/mol] = III [9.1 kcal/mol]. 

Comparison of above presented data for allylic C-H amination and double bond 
aziridination by three different catalysts show that all utilized catalysts favor allylic C-H 
amination over double bond aziridination (by 3.1, 3.4 and 1.5 kcal/mol for catalysts I, II 
and III, respectively). This finding is in good qualitative agreement with the experimental 
result showing preference for allylic C-H amination product and with the observed trend 
upon going from catalyst II to catalyst III. However, the presented computations 
overestimate the amination:aziridination ratio. 

CONCLUSIONS 

From above presented results we draw the following conclusions: 

1. Catalysts (H2O)(Rh2O2CH)4 (I), (H2O)(Rh2(AcO)4 (II), and (H2O)(Rh2(esp)2 (III) 
have a diamagnetic closed shell singlet state with 
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[σ(dzz+dzz)]2[π(dxz+dxz)]2[π(dyz+dyz)]2[δ(dxy+dxy)]2[δ*(dxy-dxy)]2[π*(dxz-dxz)]2[π*(dyz-
dyz)]2[σ*(dzz-dzz)]0 electron configuration. Thus, the Rh-Rh bond in these complexes 
is formally a single bond and the Rh-centers are in their +2 oxidation states. Their 
triplet states, with one unpaired spin on each Rh center, lie about 15-17 kcal/mol 
higher in energy. For all triplet state catalysts, the Rh-Rh bond has slightly larger 
than half-bond with half σ- and half π-bonds. Therefore, at their triplet state, these 
complexes have an [σ(dzz+dzz)]2[π(dxz+dxz)]2[π(dyz+dyz)]2[δ(dxy+dxy)]2[δ*(dxy-
dxy)]2[π*(dxz-dxz)]2[π*(dyz-dyz)]1[σ*(dzz-dzz)]1 electron configuration. 

2. Active species in all cases are the triplet state dirhodium-nitrene complexes with 
nearly two unpaired spins delocalized between the N-center and Rh-Rh bond. Upon 
nitrenoid formation, the Rh–Rh single bond of triplet catalyst has partially broken to 
form Rh-N bond with one σ-bond and two “one-electron π-bonds”. In the singlet 
state, the Rh-N bond of the nitrenoids can be characterized as a double bond (with 
one σ- and one π-bonds) and N-lone pair. Thermodynamic stability of nitrenoids 
increases via I < II < III for given substrate.   

3. The C-H bond amination in the studied nitrenoids proceeds via triplet-to-singlet 
surface crossing and singlet concerted C-H insertion transition state XI-TS1-s. The 
calculated energy barriers correlate with the trend in homolytic bond dissociation 
energy of the activated C-H bonds. 

4. In general, allylic C-H amination is also a concerted C-H insertion process. 
However, the competing C=C double bond aziridination follows a stepwise pathway 
involving the formation of an eight-membered cyclic radical intermediate and 
radical coupling to produce singlet aziridination product.  

5. Computed trends in electronic structure and reactivity are consistent across the 
studied catalysts. However, the computed selectivity is sensitive to the catalyst used 
in the calculations. Thus, one should be careful about choosing a model based on 
the properties of interest, especially selectivity. 

6. Comparison of the above presented results for catalysts (H2O)Rh2(O2CH)4 (I), 
(H2O)Rh2(AcO)4 (II) and (H2O)Rh2(esp)2 (III) with the available (limited) data for 
the Rh2(O2CH)4, Rh2(AcO)4, and Rh2(esp)2 catalysts (see [22-24]), show that, in 
general, presence of axial water molecule does not alter mechanistic outcomes. 
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Appendix A. Supplementary data 
Supplementary data related to this article can be found at: 
It contains: Selected singlet triplet state NBOs of (H2O)Rh2(O2CH)4 catalyst with their 
electron populations; Selected NBO orbitals of the AI0a-s and AI0a-t nitrene complexes; 
Selected canonical molecular orbitals of the AI0b-t nitrene complex; Catalytic active 
nitrenoids relevant for the allylic C-H amination and C=C double bond aziridination. Their 
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selected geometrical parameters (Å) and spin population values; Catalytic active nitrenoids 
relevant for primary, secondary, tertiary and benzylic C-H activation in dirhodium-
sulfamate systems. Their selected geometrical parameters (Å) and spin population values; 
Selected geometrical parameters (Å) and spin population analyses of the singlet and triplet 
state pre-reaction nitrenoids, transition states and products for the primary, secondary, 
tertiary and benzylic C-H amination by  catalyst (H2O)Rh2(O2CH)4  (I);  Selected 
geometrical parameters (Å) and spin population analyses of the singlet and triplet state pre-
reaction nitrenoids, transition states and products for the allylic C-H amination catalyzed by 
(H2O)Rh2(O2CH)4  (I); Selected geometrical parameters (Å) and spin population analyses 
of the triplet state pre-reaction nitrenoids, transition states and products for the allylic C-H 
amination and C=C double bond aziridination catalyzed by (H2O)Rh2(O2CH)4  (I);  
Selected geometrical parameters (Å) and spin population analyses of the singlet and triplet 
state pre-reaction nitrenoids, transition states and products for the tertiary and benzylic C-H 
amination catalyzed by (H2O)Rh2(O2CH)4  (I), (H2O)Rh2(OAc)4  (II) and (H2O)Rh2(esp)2  
(III); Selected geometrical parameters (Å) and spin population analyses of the singlet and 
triplet state pre-reaction nitrenoids, transition states and products for the C=C double bond 
aziridination catalyzed by (H2O)Rh2(O2CH)4  (I), (H2O)Rh2(OAc)4  (II) and 
(H2O)Rh2(esp)2  (III); and some technical comments on the performance of M06L vs. M06 
functionals;  
 
Appendix B.  
Cartesian Coordinates of all reported structures. 
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