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ABSTRACT: Detailed kinetic studies on the functionalization of unactivated hydrocarbon sp3 C—H bonds by dirhodium-catalyzed reaction 
of aryldiazoacetates revealed that the C—H functionalization step is rate-determining. The efficiency of this step was increased by using the 
hydrocarbon as solvent and using donor/acceptor carbenes with an electron-withdrawing substituent on the aryl donor group. The optimum 
catalyst for these reactions is the tetraphenylphthalimido derivative Rh2(R-TPPTTL)4 and a further beneficial refinement was obtained by using 
N,N’-dicyclohexylcarbodiimide as an additive. Under the optimum conditions with a catalyst loading of 0.001 mol %, effective enantioselective 
C—H functionalization (66-97% yield, 83-97% ee) was achieved of cycloalkanes with a range of aryldiazoacetates as long as the aryldiazoacetate 
was not to sterically demanding. The reaction with cyclohexane using a catalyst loading of 0.0005 mol % could be recharged twice with addi-
tional aryldiazoacetate, resulting in an overall dirhodium catalyst turnover number of 580,000. 

Introduction 
A wide variety of transition metal-catalyzed C—H functionalization 
methods have been studied in recent years because they offer new 
strategies to synthesize complex targets.1-7 With the extensive range 
of applications, greater focus has been placed on increasing the prac-
ticality of this chemistry.8-14As the C—H functionalization step is of-
ten challenging, the catalytic cycle can be slow and the reactions re-
quire forcing conditions with relatively large amounts of the transi-
tion metal catalyst.15-18 In recent years we have focused on the inter-
molecular site-selective C—H functionalization induced by dirho-
dium-catalyzed C—H insertion with donor/acceptor carbenes.19 A 
variety of chiral catalysts of different shapes and sizes have been de-
veloped to control which C—H bond is functionalized.20 These re-
actions are catalytically very efficient and typically are conducted at 
ambient temperature with a catalyst loading of 1 mol %. Even though 
the catalyst loading compares well with the amount used in many of 
the other C—H functionalization methods,21 rhodium is expensive 
and finding ways to conduct the reactions with much lower catalyst 
loadings would be beneficial.  

The rhodium-catalyzed reactions of diazo compounds have broad 
applications in organic synthesis.22-27 Previously, we showed that do-
nor/acceptor carbenes offer new synthetic opportunities because of 
the attenuating influence of the donor group.28, 29 They can be used 
in several different types of enantioselective transformations, such as 
cyclopropanation, cyclopropenation, C—H and X—H insertions as 
well as a variety of reactions involving ylide intermediates.22, 30-34 In 
the past, questions arose about the feasibility of running large scale 
reactions with diazo compounds because they are highly energetic 
and potentially unstable.35-37 These safety concerns have been greatly 

alleviated in recent years on account of the advances in generating 
diazo compounds in flow.38-43 Considerable efforts have been made 
to replace the rhodium with cheaper metals, but the dirhodium cat-
alysts have special properties that are difficult to replicate.21, 43-47 They 
are kinetically very active at decomposing diazo compounds, yet per-
fectly stable to air and moisture. Many of the designed chiral ligands 
self-assemble around the dirhodium core to generate elaborate high 
symmetry chiral complexes capable of very high levels of asymmetric 
induction.19 Furthermore, these catalysts are especially well-suited 
for intermolecular site-selective C—H functionalization.20 

As dirhodium tetracarboxylates remain the most effective cata-
lysts for a wide range of carbene reactions, methods have been devel-
oped to either recover the catalysts or use very low catalyst loadings.9, 

22, 49-51 The donor group stabilizes donor/acceptor carbenes and con-
sequently, these carbenes are better suited for reactions conducted 
with low catalyst loadings because they are less likely to destroy the 
catalyst during multiple catalytic cycles.52, 53 Previously, we have 
shown that cyclopropanation can be carried out with low catalyst 
loadings without loss of enantioselectivity.22, 54 In carbene-induced 
C—H functionalization, however, high catalyst turnover number 
(TON) is more challenging because the activation energy for C—H 
functionalization is generally much higher than for cyclopropana-
tion causing the reaction to proceed at a considerably slower rate 
(Scheme 1).54-57 Thus, the relative rate of catalyst deactivation is 
likely to be more competitive with the C—H functionalization step. 
In this manuscript we describe a detailed optimization study that led 
to a high yielding and highly enantioselective process for the C—H 
functionalization (Scheme 1) that can be conducted with a catalyst 
loading as low as 0.0005 mol %. In order to achieve these results, a 
detailed kinetic study was required, which lead to the unexpected 



 

finding that carbodiimides can play a pivotal role in enhancing the 
efficiency of the catalyst. 
Scheme 1. Carbene-induced C—H functionalization and the 
challenges associated with low loading.56,57 

 

Results and Discussion 
Computational studies have indicated that the kinetics of the dir-

hodium-catalyzed C—H functionalization with aryldiazoacetates 
are likely to be different from the cyclopropanation chemistry. 52, 58 
The barrier for the cyclopropanation step has been calculated to be 
very small and hence the nitrogen extrusion to form the carbene was 
predicted to be the rate determining step, and this was confirmed by 
means of kinetic studies.22 In contrast, the transition state for the 
functionalization of an unactivated C—H bond, such as those in cy-
clohexane, has been calculated to be much higher energy than for the 
cyclopropanation, and the C—H functionalization step was calcu-
lated to be the rate determining step.52 This could add a further chal-
lenge to achieving high TON in C—H functionalization reactions 
because it was expected that ineffective capture of the rhodium car-
bene would increase the likelihood for the carbene to destroy the dir-
hodium catalyst.  

The first stage of this study was to evaluate the catalytic efficiency 
of the most prominent chiral dirhodium catalysts to see whether 
they have similar reactivity profiles to what had been observed in the 
cyclopropanation reactions (Scheme 2). The evaluated catalysts 
were the C2 symmetric catalysts, Rh2(R-p-Br-TPCP)4 (1)59 and 
Rh2(R-p-Ph-TPCP)4 (2),60 the relatively flexible catalysts, Rh2(R-
DOSP)4 (3)  and Rh2(R-PTAD) (4),61 and the C4 symmetric bowl-
shaped catalysts, Rh2(S-2-Cl-5-Br-TPCP)4 (5),62 Rh2(R-
TCPATD)4 (6),63, 64 and Rh2(R-TPPTTL)4 (7).65 
Scheme 2. Dirhodium(II) catalysts used in this study 

 

The C—H functionalization of cyclohexane (9) with 2,2,2-tri-
chloroethyl aryldiazoacetate 8a was used as the reference reaction to 
evaluate the effectiveness of the catalysts (Figure 1). The trichloro-
ethyl ester was used in 8a because it has been shown to result in 
much more effective reactions with nonactivated C—H bonds 

compared to the corresponding methyl ester derivative.66 The initial 
evaluation was conducted in CH2Cl2 under reflux with 0.1 mol % cat-
alyst loading and 2.5 equiv of cyclohexane. The rates of the reactions 
were monitored by ReactIR following the disappearance of the diazo 
signal of compound 8a as the reactions progresses. Rh2(R-p-Br-
TPCP)4 (1) and Rh2(R-p-Ph-TPCP)4 (2) were the first catalysts to 
be tested because they had been shown to be the best catalysts for 
high TONs in the cyclopropanation reaction, routinely giving excel-
lent results at 0.001 mol % catalyst loading.22 However, as shown in 
Figure 1, the reactions with Rh2(R-p-Br-TPCP)4 (1) and Rh2(R-p-
Ph-TPCP)4 (2) both showed slow reaction rates (~20% conversion 
after 30 min) and moderately low levels of enantioselectivity (56-71% 
ee). Both of these catalysts are considered to be sterically demanding 
and capable of high asymmetric induction when conducted with 1 
mol % catalyst loading. Hence, it is assumed that the rhodium car-
bene intermediate is not trapped quickly enough with cyclohexane, 
leading to the poor performance at 0.1 mol % catalyst loading. The 
kinetically most active catalysts in the cyclopropanation study were 
Rh2(R-DOSP)4 (3) and Rh2(R-PTAD)4 (4), but neither performed 
well here.22 Rh2(R-PTAD)4 (4) achieved ~40% conversion after 30 
min, whereas Rh2(R-DOSP)4 (3) started fast but the reaction 
stopped after 10 min with ~40% conversion. Much more promising 
results were obtained with the C4 symmetric dirhodium(II) catalysts, 
which have become some of the dominant catalysts in our recent 
C—H functionalization studies. All three catalysts, Rh2(S-2-Cl-5-
Br-TPCP)4 (5), Rh2(R-TCPATD)4 (6) and Rh2(R-TPPTTL)4 (7), 
resulted in complete conversion in 20 min. By far the most impres-
sive catalyst of the three is Rh2(R-TPPTTL)4 (7), which completed 
the reaction in only 2 min and generated 10a in 94% yield and with 
95% ee. 

 

Figure 1. Kinetic profiles of C—H insertion of cyclohexane catalyzed 
by dirhodium(II) catalysts with various symmetric structures. 

In order to have a solid foundation for the further optimization of 
Rh2(R-TPPTTL)4 (7), detailed kinetic studies were conducted on 
the cyclohexane C—H functionalization reaction.67 The critical data 
are summarized in Figure 2 (see the Supporting Information for 
complete details). Reaction progress kinetic analysis (RPKA) was 
chosen for this purpose. A “same excess” was performed which ena-
bled us to evaluate the robustness of the catalyst by replicating the 
reaction product and starting material concentrations at 50% con-
version but with fresh catalyst. This analysis revealed that the cata-
lyst after completing 500 cycles still reacts similarly as fresh catalyst 
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(Figure 2a). This result shows that catalyst deactivation is minimal 
at standard condition with 0.1 mol % catalyst loading. A series of 
“different excess” experiments were then conducted to determine 
the overall kinetics of the reaction. In these experiments, the concen-
tration of each reagent is individually varied keeping all other condi-
tions constant to determine the reaction order with respect to each 
reaction component. Figure 2b shows that the rate of the reaction 
increases with a higher concentration of cyclohexane, indicating a 

positive order of cyclohexane in the reaction.67 The experiments 
with various equiv of diazo compound 8a, keeping the other reaction 
conditions constant, were then performed (Figure 2c). The kinetic 
profiles showed the reactions with different diazo compound con-
centration gave the same initial reaction rates, which suggested zero-
order rate influence of the diazo compound 8a. The variable time 
normalization analysis (VTNA) method was further 

 

 
Figure 2. Kinetic profiles of RPKA studies for Rh2(R-TPPTTL)4 (7) catalyzed C—H insertion of cyclohexane a. Same excess experiments at 0.1 mol % 
catalyst loading were carried out with [excess] = 0.075 M. Standard condition: [diazo]0 = 0.05 M, [cyclohexane]0 = 0.125 M; Same excess condition: 
[diazo]0 = 0.025 M, [cyclohexane]0 = 0.1 M. b. Different excess experiments determined a positive reaction order of cyclohexane ([diazo]0 = 0.05 M, 
at 0.1 mol % catalyst loading). c. Different excess experiments determined a zero-order of diazo compound 8a ([cyclohexane]0 = 0.125 M, at 0.1 mol 
% catalyst loading). d. The variable time normalization analysis (VTNA) determined that the dirhodium(II) catalyst 7 was first order([diazo]0 = 0.025 
M, [cyclohexane]0 = 0.1 M). (see the Supporting Information for details) 

Scheme 3. Proposed catalytical cycle of the dirhodium(II) cata-
lyzed C—H insertion of cyclohexane. 
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applied to obtain the dirhodium(II) catalyst order (Figure 2d).68 
The result indicated that, the Rh2(R-TPPTTL)4 (7) displayed first 
order kinetics at 0.2 and 0.1 mol % catalyst loading. When the cata-
lyst loading was 0.05 mol %, catalyst deactivation was considerably 
more evident (see the Supporting Information for details). Thus, the 
kinetic studies revealed the reaction had a positive order in catalyst 
and cyclohexane but zero-order in the diazo compound. These re-
sults would be consistent with the catalytic cycle shown in Scheme 
3, in which the carbene insertion to cyclohexane is the rate determin-
ing step. The zero-order influence of the diazo compound is because 
the reaction is operating under Michaelis-Menten conditions69 with 
the diazo compound in vast excess to the catalyst, and hence, not in-
fluencing the overall rate of the reaction. On the basis of these kinetic 
studies, the further optimization of the reaction conditions focused 
on how to enhance the carbene insertion step because this rate-de-
termining step was considered to be the weak link in the catalytic cy-
cle.  

The first adjustment was to increase the likelihood of an effective 
trap of the carbene by using  cyclohexane as solvent. This caused a 
dramatic enhancement of the reaction, allowing the reactions to be 
routinely conducted with an order of magnitude lower catalysts 
loading. The reaction using cyclohexane as solvent at 40 °C with only 
0.01 mol % catalyst loading generated the product in under 1 min in 
essentially quantitative yield and 98% ee (Figure 3a). Increasing the 
temperature to 60 °C further enhanced the reaction. With even less 
catalyst loading (0.005 mol %) the reaction took only 20 sec and 
gave the C—H functionalization product in 96% ee. However, the 
reaction with 0.0025 mol % catalyst loading did not go to completion 
at 60 °C and further increasing the temperature (80 °C) did not help 
the reaction (see the Supporting Information for details). In the case 
of the cyclopropanation reaction, electron rich donor groups on the 
diazo compound, such as p-methoxyphenyl enhanced the rate of the 
reaction because the rate-determining carbene formation step would 
be accelerated.22 In the current study, the carbene insertion step is 
rate determining and so we reasoned that a more electrophilic car-
bene would be advantageous. In order to test this hypothesis, the ar-
omatic ring of the aryldiazoacetate was modified. As shown in Figure 
3b the reaction with p-(trifluoromethyl)phenyldiazoacetate 8b was 
more effective compared to the reaction with p-bromophenyldiazo-
acetate 8a. Now at the 0.0025 mol % catalyst loading the reaction 
did go to completion in 1 min, giving essentially a quantitative yield 
of 10a in 95% ee. As a negative control, the p-methoxyphenyl deriv-
ative 8c was also tested, and as predicted, virtually no reaction oc-
curred. A slight further improvement was obtained with the trifluo-
roethyl ester derivative 8d. It gave similar enantioselectivity to the 
trichloroethyl ester 8a at 0.0025 mol % catalyst loading, and it was 
still competent at 0.001 mol % catalyst loading, giving essentially 
quantitative yield of the product but with slightly diminished enan-
tioselectivity (91% ee). However, the reaction with even lower 
Rh2(R-TPPTTL)4 (7) catalyst loading (0.0005 mol %) only pro-
ceeded to about 5% completion(Figure 3c).
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Figure 3. Kinetic Profiles of condition optimization of C—H insertion of cyclohexane. a. Applying neat condition with various temperature and Rh2(R-
TPPTTL)4 (7) catalyst loading when R = Br, X = Cl. b. Effect of different aryldiazoacetates 8 structure on the reaction rate at 60 °C, 0.0025 mol % 
Rh2(R-TPPTTL)4 (7) catalyst loading c. Effect of Rh2(R-TPPTTL)4 (7) catalyst loading on the reaction rate when R = CF3, X = F at 60 °C. d. Kinetic 
profiles of C—H insertion of cyclohexane catalyzed by various dirhodium(II) catalysts under neat condition, 0.005 mol % Rh2(R-TPPTTL)4 (7) cat-
alyst loading, when R = CF3, X = F at 60 °C. 

Having completed the optimization studies, the seven catalysts 
were reevaluated (Figure 3d) to determine if the catalysts performed 
differently in these optimized conditions. The only catalysts that re-
sulted in an effective transformation at the 0.005 mol % catalyst load-
ing were the bowl-shaped catalysts, Rh2(R-TCPTAD)4 (6) and 
Rh2(R-TPPTTL)4 (7), with Rh2(R-TPPTTL)4 (7) being clearly su-
perior, completing the reactions in under 20 sec in essentially quan-
titative yield and 96% ee.  

The Davies group had recently developed a series of new C4 sym-
metric catalysts derived from bulky N-phthalimido amino acids. As 
they are related to Rh2(R-TPPTTL)4 (7), one of these newer cata-
lysts, Rh2(S-tetra-Br-TPPTTL)4 (11), was examined in this study, 
but the initial results were irreproducible. The first test reaction with 
Rh2(S-tetra-Br-TPPTTL)4 (11) with 8d and cyclohexane was very 
promising, completing the reaction in 3 min with only 0.0005 mol % 
catalyst loading and forming the C—H functionalization product 
10d in essentially quantitative yield and 95% ee (Figure 4). However, 
the result could not be reproduced when a new batch of the aryldi-
azoacetate 8d was used (repeated 7 times). After checking the purity 
of the starting material, it became clear that the original sample of 
diazo compound 8d was contaminated with a small amount of N,N'-
dicyclohexylcarbodiimide (DCC), a residue from an earlier esterifi-
cation step (see the Supporting Information for details). The unex-
pected discovery that DCC had a major influence on maintaining 
the catalyst performance under high TON conditions, motivated us 
to study this phenomenon further. 

 

Figure 4. Rh2(S-tetra-Br-TPPTTL)4 (11) catalyzed unreproducible 
C—H insertion reaction. blue: Rh2(S-tetra-Br-TPPTTL)4 (11) cata-
lyzed C—H insertion reaction succeed at 0.0005 mol % loading. or-
ange: The repeated experiment showed the results were unreproduci-
ble.  

The evaluation of the influence of carbodiimides was conducted on 
Rh2(R-TPPTTL)4 (7) to maintain consistency with the kinetic stud-
ies to date.  As shown in Figure 5, the addition of 1 mol % of DCC 
had a similar beneficial effect on the Rh2(R-TPPTTL)4 (7)-cata-
lyzed reactions.  The reaction with 0.0005 mol % of Rh2(R-
TPPTTL)4 (7) was complete in 2.5 min and gave the C—H func-
tionalization product in essentially quantitative yield and 96% ee. 
When the reaction was conducted with 0.1 mol % of DCC, the rate 
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of the reaction was even faster but the enantioselectivity was lower 
(91% ee). The use of 2 mol % of DCC slowed the reaction rate, but 
the reaction was still complete in 5 min and the high asymmetric in-
duction was retained. In contrast, the C—H functionalization with-
out DCC additive showed very little reaction progress when 0.0005 
mol % Rh2(R-TPPTTL)4 (7) catalyst was applied. A similar en-
hancement in performance was seen when N,N'-diisopropylcar-
bodiimide was used as an additive but N,N'-di-tert-butylcar-
bodiimide had no effect. The reaction at the 0.0005 mol % catalyst 
loading was also explored in the presence of other additives such as 
N,N'-dicyclohexylurea, tetramethylurea, pyridine, 2-chloropyridine, 
and pyrimidine but no conversion was observed (see the Supporting 
Information for details). 

 

 

Figure 5. Effect of different concentration of DCC additive on the reac-
tion kinetic profiles at 60 °C with 0.0005 mol % Rh2(R-TPPTTL)4 (7) 
catalyst loading.  

Further experiments were conducted to gain additional infor-
mation about the role of DCC in the reaction. As shown in Figure 6, 
the repeat reaction with 0.0005 mol % Rh2(R-TPPTTL)4 (7) cata-
lyst showed little progress. When 1 mol % DCC was added to the 
reaction, no further conversion was observed, which suggests that 
the original batch of catalyst has been destroyed. However, when a 
second batch of 0.0005 mol % Rh2(R-TPPTTL)4 (7) was added, the 
reaction reinitiated and went to completion. These control experi-
ments indicate that the catalyst loses its reactivity at a faster rate 
without protection from DCC and gave limited TONs. At this stage 
we suspect that the presence of DCC coordination prevents the rho-
dium-carbene intermediate from destroying the dirhodium catalyst 
under high TON conditions. 

 

Figure 6. The reaction with 0.0005 mol % Rh2(R-TPPTTL)4 (7) cata-
lyst loading gives no progress until 1 mol % DCC and another 0.0005 
mol % Rh2(R-TPPTTL)4 (7) catalyst added. 

The beneficial influence of DCC was a surprise because we would 
have expected it to poison the catalyst or react with the carbene to 
form an ylide.34, 70 To gain a deeper understanding of the role of DCC, 
DFT calculations were conducted. In these calculations we explored 
DCC (which promotes the reaction as shown above) and pyridine 
(a nucleophilic additive that poisons the catalyst) as additives (Fig-
ure 7). After extensive validation of the used density functionals and 
basis sets (see the Supporting Information), here, we discuss only 
the results acquired at the most practical [B3LYP-D3(BJ)]/BS1 
level of theory, where BS1 = 6-31(d,p) split-valence basis sets for 
main group atoms and LANL2DZ basis sets and effective core po-
tentials for Rh.71-74 All presented calculations include solvent effects 
at the PCM level. The CH2Cl2 was selected as a solvent.75   

As these calculations show, pyridine coordinates strongly to 
Rh2(OAc)4 catalyst (ΔG=-12.7 kcal/mol, not shown in Figure 7), 
which may hinder the diazo coordination to the Rh-centers, a neces-
sary step for the formation of the catalytic active rhodium carbene 
intermediate.76 Even if changes in experimental conditions, like high 
temperature, makes it possible to generate a rhodium carbene, the 
presence of pyridine may still prevent the reaction of carbene with 
alkanes because of the highly energetically favorable formation of a 
formal ylide (see Figure 7A, ΔG=-22.3 kcal/mol). As seen in Figure 
7A, the pyridine's axial coordination to the Rh2(OAc)4(Carbene) is 
only slightly favorable (ΔG=-1.9 kcal/mol). 

In contrast, DCC relatively weakly coordinates to the dirhodium 
catalyst and the dirhodium carbene intermediate: the calculated 
(DCC)–Rh2(OAc)4 (not shown in Figure 7) and (DCC)–
Rh2(OAc)4(Carbene) bond energies are  ΔG=-9.3 kcal/mol, and 
ΔG=-1.9 kcal/mol, respectively (see also Figure 7B). Interestingly, 
the coordination energy of DCC and pyridine to the open rhodium 
site of the carbene complex is the same (ΔG=-1.9 kcal/mol). How-
ever, the interaction of DCC with the carbene of the Rh-carbene 
complex is less energetically favorable (ΔG=-0.9 kcal/mol). There-
fore, the presence of DCC in proximity to the rhodium carbene does 
not initiate ylide formation as pyridine does, to the difference in elec-
tronics of the N-donor centers of pyridine and DCC, and the pres-
ence of the sterically bulky cyclohexyl groups in DCC.   Instead, the 
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performed calculations enabled us to hypothesize that DCC's weak 
coordination to the axial site of the dirhodium complex destabilizes 
the Rh-carbene bond (elongating it by 0.03Å), modifying the nature 
of the Rh-carbene bond, and changing the energy of the HOMO and 
LUMO (and other frontier orbitals. See the Supporting Infor-
mation). One should emphasize that similar conclusions have been 
made by Darko and coworkers in their study of the dirhodium cata-
lysts with tethered axial coordinating groups, thioethers in particu-
lar.77-80 Therefore, we explain the observed rate acceleration upon re-
action of the carbene and unactivated traps in our studies through 
axial coordination to the rhodium carbene.  

The above presented discussion provides the impression that the 
presence of any axially coordinating additive in dirhodium tetracar-
boxylate catalyzed carbene insertion would accelerate the reaction. 
However, one should not forget that many of such nucleophiles, like 
pyridine, may also poison the catalyst, preventing formation of the 
catalytically active Rh-carbene, or react with the carbene leading to 
undesired side-products. One should emphasize that the unique 
ability of DCC to enhance reactivity of the rhodium carbene inser-
tion into the C—H bond derive not only by the unique electronics 
of the N-donor centers, but also by the steric bulky nature of its cy-
clohexyl groups which prohibit ylide formation. More work will be 
done in future studies to further explore the role of DCC and other 
additives in greater detail. 

 

  
Figure 7. In silico comparison between pyridine(A) and DCC(B) 
coordination to a rhodium carbene.  

Having established that the high TON reactions benefit from the 
addition of 1 mol % DCC, the scope of the reaction with a 0.001 mol % 
Rh2(R-TPPTTL)4 (7) catalyst loading was examined. As shown in 
Scheme 4, the C—H functionalization of cyclohexane could be car-
ried out with a range of aryldiazoacetates to form the C—H  
Scheme 4. Scopes of asymmetric C—H functionalization with 
0.001 mol % Rh2(R-TPPTTL)4 (7)  catalyst.  

 
a.The reaction was conducted with 10 equiv of adamantane in 4 mL 
CHCl3. 

functionalization products in very high yield and enantioselectivity.  
The notable exceptions are the tert-butyl derivative 21 and the 3,5-
trifluoromethyl derivative, 22, which results in low levels of enanti-
oselectivity and in the case of 21, low yield as well. Rh2(R-
TPPTTL)4 (7) is known to adopt a bowl-shaped structure and there 
could be limitation to what fits well into the bowl. Both 21 and 22 
are relatively bulky aryldiazoacetates and may not be accommodated 
well by the catalyst leading to the poor enantioselectivity. It is likely 
that the poor yield of 21 is due to the electron-donating nature of the 
tert-butyl group considering that groups like p-MeO lead to signifi-
cantly slower and less competent reactions (Figure 3).   

The turnover potential of Rh2(R-TPPTTL)4 (7) was further ex-
plored in a multiple substrate addition experiment. As showed in 
Figure 8, cyclohexane, 0.0005 mol % Rh2(R-TPPTTL)4 (7) and 1 
mol % DCC were added first into the reaction flask. 1 equiv of diazo 
compound 8d as a solid was subsequently added to the reaction in 
one potion and the reaction reached completion in 2.5 min. Two 
consecutive additional batches of diazo compound 8d were then 
added. The reaction rate for the second batch appears very similar to 
the first batch, but the reaction is somewhat slower for the third 
batch. The enantioselectivity after each addition remained the same 
at 96% ee, and the overall catalyst TON was 580,000.  
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Figure 8. Kinetic profile of multiple-addition experiment of the C—H 
insertion reaction. Three consecutive additions of diazo compound 8d 
were added into a solution of cyclohexane, DCC (1 mol %) and Rh2(R-
TPPTTL)4 (7) (0.0005 mol %) at 60 °C. 

Conclusion 
A comprehensive kinetic investigation of dirhodium(II)-cata-

lyzed C—H functionalization of cyclohexane provided a solid un-
derstanding of the reaction process. The rate law demonstrated car-
bene insertion was the rate determining step. Accordingly, rational 
optimization studies for higher catalyst TONs were conducted. Neat 
conditions, higher temperature, more electrophilic carbene interme-
diates were applied to help the dirhodium(II) catalysts effectively 
deliver the desired product under extremely low catalyst loading. 
Unexpectedly, DCC (1 mol %) as an additive was found to signifi-
cantly promote the reaction. The coordination effect of DCC to the 
carbene intermediate was proposed to stabilize the carbene, block-
ing undesirable reactions that would deactivate the catalyst. Under 
the optimized conditions, Rh2(R-TPPTTL)4 (7) with 0.001 mol % 
loading was applied to a range of C—H functionalization reactions 
and showed great efficiency. By using a multiple diazo compound 
addition sequence, Rh2(R-TPPTTL)4 (7) can achieve C—H func-
tionalization of cyclohexane with 580,000 TONs and in 96% ee. 
This study provided detailed insights into the C—H functionaliza-
tion mechanism. The kinetic profiles demonstrated the great reac-
tivity and selectivity of the C4 dirhodium(II) catalyzed C—H func-
tionalization. The DCC coordination has an unexpected capability 
to enhance the catalyst robustness under extremely high TONs. The 
above results will motivate further studies to extend the high TON 
C—H functionalization to a wider range of substrates and develop 
new methods to avoid the need of a vast excess of trapping agents.  
This would require further understanding of the role of additives and 
the design of even better dirhodium(II) bowl-shaped catalysts.   
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