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Abstract Fleeting lifetimes of reactive intermediates in C–H functionalization chemistry often 

prevent their direct characterization. For example, the critical nitrenoid intermediates that 

mediate Rh2-catalyzed C–H amination have eluded characterization for more than 40 years. In 

the absence of structural characterization of these species, methodological development is often 

computationally guided. Here we report the first X-ray crystal structure of a reactive Rh2 

nitrenoid, enabled by N2 elimination from an organic azide ligand within a single-crystal matrix. 

The resulting high-resolution data set demonstrates a long Rh–N bond, consistent with a triplet 

electronic structure. The demonstration of facile access to reactive metal nitrenoids within a 

crystalline matrix provides a platform for structural characterization of the elusive transient 

species at the heart of C–H functionalization. 

 

 

Unstabilized nitrenes are reactive, high-energy species that feature a hextet electronic 

configuration at nitrogen.1 Nitrenes participate in a diverse reaction manifold, including C–H 

insertion, addition to C–C multiple bonds, and various unimolecular rearrangements that render 

these species challenging to utilize as intermediates in selective synthetic chemistry (2). Synthetic 

chemists3-9 and biologists10-12 have advanced selective nitrene-transfer chemistry that is predicated 

on leveraging the reactivity of transition metal-stabilized nitrenoid intermediates. In particular, 

Rh2-catalysis has emerged as a broadly useful platform in nitrene-transfer catalysis (Fig. 1).13-20 



The critical Rh2 nitrenoid intermediate proposed to be responsible for C–H amination and olefin 

aziridination has been detected by mass spectrometry21 and time-resolved spectroscopic 

methods,22 but due to the fleeting lifetime of these species, structural data of these transient species 

has been unavailable. Critical issues, such as the preferred electronic configuration of Rh2 

nitrenoids, have not been resolved despite extensive theoretical interest.23-25  

  
 

Figure 1. Rh2-catalyzed nitrene transfer chemistry has emerged as a leading method for introducing nitrogen content 
in organic molecules. These reactions are proposed to proceed via transient Rh2 nitrenoids, which have thus far eluded 
structural characterization.  
 

Unambiguous molecular structure determination can be achieved by X-ray diffraction, but 

requires chemical samples that are sufficiently kinetically stable to be crystallized. The inherently 

transient nature of reactive intermediates largely precludes application of X-ray diffraction to the 

characterization of these species. Two methods have been advanced to gain structural information 

about reactive intermediates in the condensed phase: 1) structural characterization of synthetic 

derivatives designed to attenuate the reactivity of the intermediate of interest, for example via 

introduction of sterically encumbering ligands,26-29 and 2) spectroscopic characterization of 

photogenerated reactive intermediates by cryogenic matrix isolation.30 We envisioned that 

photogeneration of reactive intermediates within a crystalline matrix would combine classical 

matrix isolation with X-ray diffraction and enable structural characterization of these species 

without synthetic derivatization.31 Here, we demonstrate the successful application of this strategy 
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to the characterization of a Rh2 nitrenoid generated by N2 elimination from a Rh2 alkylazide 

complex within a crystalline matrix.  

We have pursued characterization of nitrenoid supported by Rh2(esp)2 (1), a complex in which 

the Rh2 core is supported by two chelating bis-carboxylate ligands.15 Complex 1 has emerged a 

particularly effective, and widely utilized, nitrene-transfer catalyst.15,17-20 We targeted the synthesis 

of Rh2 complexes with organic azide ligands based on the hypothesis the facile N2 extrusion would 

provide access to Rh2 nitrenoids. Exposure of Rh2(esp)2 to CH2Cl2 solutions of AdN3 resulted in 

sequential formation of two Rh2 azide adducts: Rh2(esp)2(AdN3) (2a) and Rh2(esp)2(AdN3)2 (2b). 

Concentration-dependent UV-vis spectra display isosbestic points connecting Rh2(esp)2 (1) and 

Rh2(esp)2(AdN3) (2a) at 0–12 mM [AdN3] and isosbestic points connecting 2a and 

Rh2(esp)2(AdN3)2 (2b) at 12–85 mM [AdN3] implying the absence of steady-state intermediates 

in these reactions (Fig. S1). Further spectral evolution was not observed upon further addition of 

AdN3. Jobs analysis confirms that 2a is a 1 : 1 adduct of Rh2(esp)2 and AdN3 (Fig. S2 and Table 

S1). Rapid exchange of free and bound AdN3 is evident in the room temperature 1H NMR spectra 

of 2a and 2b. Low-temperature 1H NMR spectroscopy and electrospray ionization-mass 

spectrometry (ESI-MS) support the formulation of 2a and 2b as mono- and bis-azide adducts, 

respectively (Figs. S3 and S4). The AdN3 ligands are weakly bound; titration of a tetrahydrofuran 

solution of Rh2(esp)2 with AdN3 results in no spectral changes, which suggests preferential binding 

of THF at the apical sites of Rh2(esp)2.  



 
Figure 2. Treatment of Rh2(esp)2 (1) with AdN3 results in sequential formation of Rh2(esp)2(AdN3) (2a) and 
Rh2(esp)2(AdN3)2 (2b). (a) Thermal ellipsoid plot of 2b drawn at 50% probability with H-atoms and solvent removed 
for clarity; Rh(1)–Rh(1): 2.3968(8) Å, Rh(1)–N(1): 2.335(3) Å, N(1)–C(1): 1.509(5) Å, N(1)–N(2): 1.254(5) Å, N(2)–
N(3): 1.135(5) Å, N(1)–N(2)–N(3): 176.1(4)°. (b) UV-vis spectra collected during the photolysis of Rh2 complex 2a 
in CH2Cl2 (335 nm < l < 610 nm). Isosbestic points are observed at 411, 455, and 618 nm, which indicate the lack of 
a steady-state intermediate in the conversion of 2a to 4a. (c) Thermal ellipsoid plot of 4a·H2O drawn at 50% 
probability with H-atoms and solvent removed for clarity. Selected metrical parameters: Rh(1)–Rh(2): 2.3959(5) Å; 
Rh(1)–N(1): 2.303(4) Å. (d) UV-vis spectra collected during the photolysis of Rh2 complex 2b in CH2Cl2 (335 nm < 
l < 610 nm). An isosbestic point is observed at 603 nm, which indicates the lack of a steady-state intermediate in the 
conversion of 2b to 4b.  

 

Single crystals of 2b were obtained from cooling a CH2Cl2 solution of Rh2(esp)2 and AdN3. X-

ray diffraction analysis revealed the structure depicted in Figure 2a in which two symmetry-

equivalent AdN3 ligands are bound to the Rh2 core via N(a). Efforts to crystallize 2a by lowering 



the AdN3 loading consistently provided bis-azide adduct 2b as the exclusive crystallization 

product, which suggests the preferential crystallization of 2b over mono-azide adduct 2a. The Rh–

Rh distance in 2b is 2.3968(8) Å, which is similar to that previously reported for Rh2(esp)2S2 

complexes (see Table S2). The N3 fragment of the AdN3 ligand is nearly linear (N(1)–N(2)–N(3) 

= 176.2(4)°), the N(1)–N(2) and N(2)–N(3) distances are similar to those in free AdN3, and the 

infrared (IR) spectrum of 2b displays uN3 at 2120 and 2093 cm-1 (Fig. S5). These metrics are 

consistent with AdN3 binding as a s-donor with insignificant p-backbonding.32 

Rh2 complexes 2a and 2b are photoprecursors to Rh2 nitrenoids. Photolysis of a CH2Cl2 

solution of 2a (335 nm < l < 610 nm) resulted in new spectral features that are accessed via well-

anchored isosbestic points at 411, 455, and 618 nm (Fig. 2b). Crystallization of the photolysis 

reaction mixture afforded a single crystal of 4a·H2O (Fig. 2c). Compound 4a·H2O can be 

envisioned as arising from nitrogen-atom insertion into the C–C bond of the adamantyl group to 

generate a transient 2-azahomoadamant-3-ene ligand, which is trapped with water to give rise to 

the observed hemiaminal ligand. The observed structure is consistent both with the known low-

temperature rearrangement of adamantyl nitrene and with the electrophilicity of highly strained 

anti-Bredt imines.33 The UV-vis spectrum of a CH2Cl2 solution of 4a·H2O is well-matched to the 

UV-vis spectrum obtained following photolysis of 2a (Fig. S6). Similarly, photolysis of complex 

2b (335 nm < l < 610 nm) proceeds via a well-anchored isosbestic point at 603 nm (Fig. 2d). The 

product of photolysis was assigned as 4b by comparison of the final UV-vis spectrum obtained 

from photolysis of 2b with the spectrum generated by addition of AdN3 to 4a·H2O (Fig. S7). 

Matrix-assisted laser desorption-mass spectrometry (MALDI-MS) data provided additional 

evidence for the facile elimination of N2 from 2 (Fig. 3). Ablation of a sample of 2a produces an 

ion at m/z = 907.5, which is well matched to the expected mass of Rh2(esp)2(AdN)+ (calc = 907.2), 



and is well matched to the expected isotopic distribution. Ablation of a sample of [15N]-2a, 

prepared from monolabeled [15N]-AdN3, provided the expected +1 m/z (m/z = 908.4 (expt); 908.2 

(calc)). The isotope pattern is well-matched to a 1:1 mixture of 2a and [15N]-2a that is expected 

based on incorporation of 50% 15N at each of N(a) and N(g). In situ IR analysis of both photolyzed 

or thermolyzed KBr pellets of 2b further indicate facile N2 loss from 2b (Figs. S8 and S9).  

 

 
Figure 3. MALDI-MS data acquired for ablation of samples of 2a and [15N]-2a, which indicate the facile loss of N2 
from these complexes to generate Rh2(esp)2(AdN) fragments. 
 

We hypothesized that low-temperature N2 extrusion from 2b within a single crystal habit 

would enable direct structural characterization of nitrenoid 3b. To this end, we examined the in 

situ structural evolution of a single-crystal of 2b by X-ray diffraction during irradiation with a 365 

nm light source. Data was collected at 100 K with 50 keV synchrotron radiation.34 Solid-state 

reaction progress was monitored by free refinement of the nitrogen occupancies, which indicate 

that while the occupancy of N(a) was unchanged with time, the occupancy of N(b) decreased. 

Concurrently, the space group was observed to transition from monoclinic P21/c to P21/n. 

Refinement of the resulting data indicated elimination of a molecule of N2 to afford Rh2 nitrenoid 

3b·N2 (Fig. 4). Upon N2 extrusion, Rh(1)–N(1B) (i.e. the nitrenoid linkage) contracts from 

2.335(3) Å (2b) to 2.12(1) Å (3b). Concurrent with N2 extrusion and Rh(1)–N(1B) contraction, 

significant contraction of N(1B)–C(1) (i.e. the N–C bond in the adamantyl nitrene fragment) is 

also observed from 1.509(5) Å (2b) to 1.41(2) Å (3b). No substantial changes in the C–C distances 



of the adamantyl fragment were observed, and both Rh(1)–Rh(1) (2.3968(8) Å (2b); 2.3903(4) Å 

(3b)) and Rh(1)–N(1A) (i.e. the Rh–N(Ad)N2 linkage; 2.335(3) (2b); 2.346(4) Å (3b)) are 

essentially unchanged. The Rh centers in 3b·N2 are symmetry equivalent, and thus following loss 

of N2 the AdN3 and AdN ligands of 3b are compositionally disordered (i.e. 50% occupancy of 

each AdN and AdN3 on each of the Rh centers). Solid-state conversion of up to 70% are well 

accommodated within the single crystal. Attempts to achieve higher conversions or to promote 

loss of a second equivalent of N2 to generate a bis-nitrenoid by prolonged irradiation were 

unsuccessful due to loss of crystallinity (see Supporting Information for details). 

 
 

Figure 4. Thermal ellipsoid plot of 3b·N2 generated by solid-state N2 elimination from 2b. Ellipsoids are drawn at 
50% probability. H-atoms and solvent are removed for clarity. The structure illustrated here results from refinement 
of a data set collected at 46% conversion; higher conversions can be achieved but at the expense of crystallinity (see 
Supporting Information). Comparison of the bond metrics derived from the X-ray structure with those of 3[3b] and 
1[3b] indicate much closer agreement with the triplet electronic configuration. 
 

Density Functional Theory (DFT) optimization of the geometry of 3b has been pursued both 

as a singlet and as a triplet electronic configuration (i.e. 1[3b] and 3[3b]; M06 functional, 

LANL2DZ basis set for Rh, 6-31G** for other atoms; see Supporting Information for 

computational details). The calculated Rh(1)–Rh(1), Rh(1)–N(1A), Rh(1)–N(1B), and N(1B)–



C(1) distances for 3[3b] are in excellent agreement with the experimentally defined parameters 

(Fig. 4). In contrast, the optimized structure of 1[3b] substantially underestimates the Rh(1)–N(1B) 

distance (1.934 Å (comp.); 2.12(2) Å (expt.)) and substantially overestimates the Rh(1)–N(1A) 

distance (2.605 Å (comp.); 2.346(4) Å (expt.)). The observation of 3[3b] is consistent with the 

relative stabilities computed for the 1[3b] and 3[3b]; the singlet structure is calculated to be 16.8 

kcal/mol above the triplet. We have also examined the impact of the apical ligand on the computed 

metrics for 3[Rh2=NAd] complexes by either removing the distal AdN3 ligand of 3b or replacing 

it with amine, imine, or nitrene ligands. These calculations reveal that the Rh=NAd distance is 

highly sensitive to the identity of the apical ligand on the distal Rh center (i.e. 2.022 Å with no 

ligand; 2.153 Å with an t-BuNH2) and that the best agreement between theory and experiment 

arises from an AdN3 ligand on the distal Rh center.  

Typically, structural characterization of the transient intermediates involved in the intimate 

bond-forming and -breaking processes during catalysis is not possible. Investigations of reaction 

mechanisms often rely on computational characterization of reactive intermediates using methods 

optimized for isolated catalyst intermediates. The characterization of nitrenoid 3b reported here 

establishes the electronic and three-dimensional structures of this critical intermediate, and as such, 

provides insights that we anticipate will inform ongoing development of C–H amination chemistry. 

The demonstration of crystalline matrix confinement as a platform for the structural 

characterization of reactive intermediates raises the tantalizing possibility that proper design of 

photoactive molecular precursors may represent a general strategy to directly characterize reactive 

species generated by elimination of small molecules within crystalline samples.  
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