
Central European Journal of Chemistry 

* E-mail: beam@dicp.ac.cn

Cent. Eur. J. Chem. • 8(1) • 2010 • 223–228
DOI: 10.2478/s11532-009-0118-8  

223

DFT investigation on mechanism of dirhodium 
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Abstract: The mechanism of the dirhodium tetracarboxylate-catalyzed O-H insertion reaction of diazomethane and methyl diazoacetate with 
H2O has been studied in detail using DFT calculations. The rhodium catalyst and a diazo compound couple to form a rhodium-
carbene complex. Of two reaction pathways of the Rh(II)-carbene complex with H2O, the stepwise pathway is more preferable than 
the concerted one. Formation of a Rh(II) complex-associated oxonium ylide is an exothermal process, and direct decomposition of 
the ylide gives a very high barrier. The high barriers for the 1,2-H shift of Rh(II) complex-associated oxonium ylides make the ylides 
become stable intermediates in both reactions, especially for the reactions in solution. Difficulty in formation of a free oxonium ylide 
supports experimental results, indicating that the Rh(II) complex-catalyzed nucleophilic addition of a diazo compound proceeds via a 
Rh(II) complex-associated oxonium ylide rather than via a free oxonium ylide.

      Keywords: �DFT�calculations�•�Diazo�compounds�•�Dirhodium�tetracarboxylate-catalyzed�O-H�insertion�reaction
©�Versita�Warsaw�and�Springer-Verlag�Berlin�Heidelberg

Dalian�Institute�of�Chemical�Physics,�
Chinese�Academy�of�Sciences,�Dalian,
People’s�Republic�of�China�116023

Zhenfeng Liu*, Jianyong Liu

Reserch Article

1. Introduction
Dirhodium(II) complex-catalyzed decomposition of 
α-diazo carbonyl compounds has found numerous 
applications in organic synthesis [1,2]. The generated 
Rh(II) carbene intermediates in these reactions can 
subsequently undergo diverse synthetically useful 
transformations such as ylide formation, and insertion 
into C-H and X-H (X=O, S, N, Si, etc.) bonds. The 
mechanisms of Rh(II) carbene inserting into C-H and 
Si-H bond have been studied by many experiments [3-
9]. Theoretical research on the Rh(II) carbene insertion 
into C-H bond has been performed in detail [10-12]. 
Both experimental and theoretical studies support the 
concerted insertion mechanism.

O-H bond insertion in Rh(II) complex catalytic 
reactions of α-diazo compounds has drawn 

considerable attention due to its ability to provide a 
direct entry to C-O bond formation [2,13], however, its 
detailed mechanism has not been fully investigated 
by either experiments or theory. Two pathways were 
proposed for this type of reactions (Scheme 1). In both 
ways, a rhodium-carbene complex first forms from 
coupling of rhodium catalyst with a diazo compound. 
This rhodium-carbene complex then might undergo one 
of two different pathways of O-H insertion reaction with 
H2O. One is that Rh(II) carbene formed from α-diazo 
carbonyl compounds takes a direct insertion into O-H 
bond similar to the concerted C-H insertion. However, 
this process was considered to be impossible due to the 
absence of similar reactivity/selectivity outcomes in this 
pathway [13-15]. A recent work reported the kinetic data 
of Rh(II)-catalyzed insertion of diazo compounds into 
the O-H band of a series of phenols [16]. The Hammett 
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best of our knowledge, there are still no theoretical 
studies on these mechanisms. We have gained some 
mechanistic insights into reactions of Rh(II) carbene 
with alcohol using theoretical methods to understand 
the dirhodium tetracarboxylate-catalyzed O-H insertion 
[30]. We learned that there were ylide intermediates 
before both concerted and stepwise transition structures. 
Moreover, the stepwise way was more preferable than 
the concerted one. In order to fully understand the 
mechanism of dirhodium tetracarboxylate-catalyzed 
O-H insertion of diazo compounds, it is necessary to 
study O-H insertion reactions of diazo compounds with 
phenols and H2O. Herein, we report our latest advance in 
the dirhodium tetracarboxylate -catalyzed O-H insertion 
of diazo compounds with H2O. 

 

2. Experimental procedure
2.1. Chemical models and theoretical method  
In this work, we selected dirhodium tetraformate as 
a model of a common Rh(II) complex catalyst in the 
calculations as the previous theoretical reports on the 
Rh(II) complex catalyst did [10-12,30]. With this model 
catalyst, catalytic reactions of diazomethane and methyl 
diazoacetate with H2O were studied (Eqs. 1 and 2). By 
performing calculations on these models in gas phase 
and in the solvent CH2Cl2 in which real Rh(II) complex-
catalyzed O-H insertion takes place, the mechanism 
of Rh(II) complex-catalyzed O-H insertion of diazo 
compounds with H2O was probed.

In all calculations, the method and basis sets were 
employed which have been proved to be sufficient 
to give reasonable results in good agreement with 
the experimental data [10-12]. All density functional 
calculations were carried out with the Gaussian 98 
program [31]. Full geometry optimization and frequency 
analysis have been carried out using the Becke three-
parameter exchange functional [32] with the nonlocal 
correlation functional of Lee, Yang, and Parr [33], Hay 
and Wadt effective core potentials (ECP2) [34] and the 
LANL2DZ basis set contained in Gaussian 98 package 
were placed on Rh atoms, the 6-31g(d) basis set on all 
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correlation analysis of experimental data suggested 
a concerted reaction pathway rather than a stepwise 
reaction pathway for Rh(II)-catalyzed O-H insertion of 
diazo compounds with phenols [16]. The other pathway 
of Rh(II) carbene complex inserting into O-H bond 
is supposed to be stepwise through the formation of 
oxonium ylides [2,13,14,17-19]. Some recent reports 
about the Rh(II)-catalyzed three-component reaction 
of aryl diazoacetate, alcohol in water, and aldehyde, 
provided evidence of alcoholic oxonium ylide formation, 
where alcoholic oxonium ylides were trapped by electron-
deficient aryl aldehyde or imine [18,19].

An alcoholic oxonium ylide may react with other 
nucleophilic components such as aldehyde to form 
nucleophilic addition products [18-23], or perform a 
rapid 1,2-hydrogen shift reaction in the absence of  
nucleophilic components [14,15,18,19,24,25]. All these 
reactions can proceed directly through Rh(II) complex-
associated oxonium ylides or through free oxonium 
ylides derived from Rh(II) complex-associated ylides via 
direct decomposition. Although oxonium ylide reactions 
with nucleophilic components were long believed 
to proceed through the free oxonium ylide [26-28], 
experimental evidence suggested that the nucleophilic 
addition of oxonium ylides generated by catalytic diazo 
compound decomposition proceed via Rh(II) complex-
associated oxonium ylides instead of free oxonium ylides 
[18-23]. Although the Rh(II)-catalyzed insertion of diazo 
compounds into the O-H bond is important in organic 
synthesis [1,2,13-17,20-25,29], its mechanism is still not 
well understood, especially on a mechanistic level. To the 
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Scheme 2. Reaction pathways of an alcoholic oxonium ylide.
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other atoms, C, H, O, and N. The harmonic vibrational 
frequencies evaluated at the same level of theory were 
used to characterize the stationary points of the potential 
energy surfaces: all frequencies being real values indicate 
a minimum, and one imaginary frequency is characteristic 
of a transition state. The intrinsic reaction coordinate (IRC) 
analysis [35-37] was carried out throughout the reaction 
pathways to confirm that all stationary points are smoothly 
connected to each other. The energies of all stationary 
points under the study in the solution of CH2Cl2 are 
calculated by the same method and basis sets using the 
self-consistent reaction field (SCRF) method (based on 
the polarized continuum model (PCM) [38-40] with ε= 8.93 
for CH2Cl2) by a single point calculation with un-relaxed 
optimized gas-phase geometries of stationary points. The 
nonadiabatic effects, e.g., triplet state contribution, have 
been neglected in all the calculations although they are 
very important in some reactions [41-48].

3. Results and discussion
The reaction of diazomethane with H2O was investigated 
for the first time. Figs. 1 and 2 show the reaction course 

and the energy profile of the dirhodium tetraformate-
catalyzed O-H insertion reaction of diazomethane with 
H2O. Rh2(O2CH)4 (1) and diazomethane first couple to 
form a Rh/diazomethane complex 2 and then proceed 
via transition structure 3 to give a complex intermediate 
4. Calculated activation barrier of this process is 
16.5 kcal mol-1, which is in good agreement with the 
results in previous reports [10-12]. The intermediate 
4 is a weak complex and extrudes nitrogen to form 
a rhodium-methylene carbene complex 5. Carbene 
complex 5 reacts with H2O to form a Rh(II) complex 
associated oxonium ylide 6. Formation of ylide 6 is an 
exothermic process with energy of 31.1 kcal mol-1, and no 
transition structure was found. Direct 1,2-H shift of ylide 
6 produces a weak complex 8 via transition structure 7, 
and the activation barrier is 32.4 kcal mol-1. The complex 
8 decomposes to the final product, methanol 9 and 
regenerated catalyst 1. From ylide 6 to transition state 7 
then to complex 8, the bond between the C atom in the 
carbene and the O atom in water is firstly elongated and 
then shortened, which is a dominant feature shown in 
the stepwise pathway of Rh(II) complex-catalyzed O-H 
insertion of diazo compounds with alcohols [30]. Direct 
decomposition of ylide 6 regenerates catalyst 1 and 

Figure 1. Optimized structures of stationary points in the O-H insertion reaction of diazomethane with H2O at the B3LYP/LANL2DZ/6-31G(d)   
level.
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forms a free oxonium ylide 10. 1,2-H shift of ylide 10 via 
transition structure 11 produces methanol and its 
activation energy is 1.2 kcal mol-1, in good agreement 
with previous calculation results [49]. The formation of 
free oxonium ylide 10 is an endoergic process and the 
energy needed is high, 68.4 kcal mol-1. Therefore, ylide 
10 is difficult to form from ylide 6.

Along the concerted pathway of Rh(II) complex-
catalyzed O-H insertion of diazomethane with H2O, the 
transiting H and the O atom in water simultaneously 
approach the C atom in the carbene. While there are 
ylides before the concerted transition states in the Rh(II) 
complex-catalyzed O-H insertion of diazo compounds 
with alcohols, the carbene 5 and H2O directly couple 
to produce methanol and no intermediates are located 
between transition structure 12 and reactants 5 and 
H2O. This concerted channel has the activation energy 
of 18.1 kcal mol-1.

Reaction course and energy profiles of Rh(II) 
complex-catalyzed O-H insertion of methyl diazoacetate 
with H2O are shown in Figs. 3 and 4. The data 
demonstrate that dirhodium tetraformate (1) and methyl 
diazoacetate surpass a barrier of 16.7 kcal mol-1 to form 
Rh(II) carbene 17, which is the same as that in earlier 
reports [10-12]. In the stepwise pathway, Rh(II) carbene 
17 and H2O proceed through an exothermic process with 
an energy of 32.3 kcal mol-1 to form a Rh(II) complex 
associated oxonium ylide 18. Since the coordinated 
carbene is not planar, there are two faces for water 
approach. In our calculation, H2O approaches carbene 
from the open side which is easier to form oxonium ylide. 
Direct 1,2-H shift of 18 via transition structure 19 has 

activation energy of 33.9 kcal mol-1. The other channel 
of direct 1,2-H shift of ylide 18 proceeds via transition 
structure 22 with an energy barrier of 37.5 kcal mol-1. 
The difference between transition structure 19 and 22 
is the position of residual H atom in the 1,2-H shift. The 
residual H is at the cis-position in transition structure 
19, and the trans-position in 22. The intermediate 23 
after 22 decomposes to catalyst 1 and an intermediate 
24 which gives final product 21 via transition structure 
25 with a low barrier, 0.4 kcal mol-1. Decomposition 
of ylide 18 to form 26 is dif f icult due to the high 
energy, 50.6 kcal mol-1, needed to accomplish this 
process. Therefore, it is reasonable to assume that the 
free oxonium ylide 26 is improbable. Just as in the O-H 
insertion reaction of diazomethane with H2O catalyzed 
by Rh2(O2CH)4, there are no intermediates before the 
concerted transition state 28 and the activation barrier 
of this concerted pathway is 18.6 kcal mol-1.

Dichloromethane (є = 8.93) is frequently used for 
the O-H insertion reaction and its solvent effect on 
the reaction energy was studied by performing SCRF 
calculations (PCM) on the gas phase geometry (Figs. 
2 and 4, results in italics). The energy profiles do not 
deviate a lot from the ones in gas phase calculations. 
As a result, the Rh(II) complex-catalyzed O-H insertion 
of diazo compounds with H2O follows the same trends 
in solvent CH2Cl2 as in gas phase.

 The results above demonstrate that, the formation of 
Rh(II) complex-associated oxonium ylides is favorable 
because this is an exothermal process. Considering 
both the barrier in the concerted channel and the 
existence of Rh(II) complex-associated oxonium ylides 
as stable intermediates in experiments, we suggest 
that stepwise pathway of Rh(II) complex-catalyzed 
O-H insertion of diazo compounds with H2O is more 
favorable. As shown in Figs. 2 and 4, there are barriers 
which are more than 30 kcal mol-1 for the 1,2-H shift 
of Rh(II) complex-associated oxonium ylides in both 
of the two reactions. In gas phase, the exothermal 
energy may be used immediately and directly for the 
1,2-H shift of Rh(II) complex-associated oxonium 
ylide, which makes the stepwise mechanism possible. 
However, in the solution, the exothermal energy may 
be discharged to ambient molecules, making the Rh(II) 
complex-associated oxonium ylides become stable 
intermediates so that these ylides can be trapped by 
other reactant components just as experiments have 
showed [18,19]. The mechanism of Rh(II) complex-
catalyzed O-H insertion of diazo compounds is different 
for alcohols and H2O [30]. This difference is due to 
whether there are intermediates before the concerted 
transition states. Compared with easy formation of 
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Figure 2.  Relative energies (kcal mol-1) for the Rh2(O2CH)4-catalyzed 
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Rh(II) complex associated oxonium ylide, formation of 
free oxonium ylides is improbable. This insight explains 
why the nucleophilic addition reactions in Rh(II) 
complex catalyzed reactions proceed through the Rh(II) 
complex-associated oxonium ylides instead of free 
oxonium ylides. 

4. Conclusions
In summary, density functional theory (DFT) calculations 
have been performed on Rh(II) complex-catalyzed O-H 
insertion of diazomethane and methyl diazoacetate with 
H2O. Calculated results demonstrate the easy formation 
of Rh(II) complex-associated oxonium ylides and the 
difficulty to form free oxonium ylides. The stepwise 
pathway is more preferable than concerted one. The high 
barriers for the 1,2-H shift of Rh(II) complex-associated 
oxonium ylides cause the ylides to become stable 
intermediates in both reactions especially in solution. 
One reason is also given to explain that, nucleophilic 
addition in Rh(II) complex catalyzed reactions takes 
place via Rh(II)-associated oxonium ylides rather than 
via free oxonium ylides.
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Figure 3. Optimized structures of stationary points in the O-H insertion reaction of methyl diazoacetate with H2O at the B3LYP/LANL2DZ/6-                                                                      
31G(d) level.

Figure 4. Relative energies (kcal mol-1) for the Rh2(O2CH)4-catalyzed 
reaction of methyl diazoacetate with H2O at the  B3LYP/
LANL2DZ /6-31G(d) level. The results of single-point 
energy calculations with the SCRF method based on 
the polarized continuum model (ε = 8.93 for CH2Cl2) are 
shown in parenthesis.
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