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Abstract: A synthesis of tetrahydroquinoline-4-carboxylic acid esters 
has been developed via the transition metal-catalyzed intramolecular 
aromatic C–H functionalization of α-diazoesters. Both 
[(IMes)Pd(NQ)]2 and the first generation Grubbs catalyst proved 
effective for this purpose. The ruthenium catalyst was found to be 
the most versatile, although in a few cases the palladium complex 
afforded better yields or selectivities. According to DFT calculations, 
the Pd(0)- and Ru(II)-catalyzed CArsp

2–H functionalization proceed 
through rather different reaction mechanisms. Thus, the Pd(0)-
catalyzed reaction involves a Pd-mediated 1,6-H migration from the 
CArsp

2–H bond to the carbene carbon atom, followed by a reductive 
elimination process. In contrast, an electrophilic addition of the 
ruthena-carbene intermediate to the aromatic ring and subsequent 
1,2-proton migration are operative in the Grubbs catalyst-promoted 
reaction. 

Introduction 

The transition metal-catalyzed intramolecular aromatic C–H 
functionalization of α-diazocarbonyl compounds[1] constitutes a 
powerful method of annulation of the benzene nucleus, with 
considerable appeal in medicinal heterocyclic chemistry. A 
number of successful reactions involving the formation of [6,5]-
bicycles have been reported, allowing the elaboration of both 
carbocyclic and heterocyclic backbones, including the 
oxindole,[2-5] indanone[6] and benzo-γ-sultam systems.[7] 
Traditionally, these intramolecular aromatic substitution 
reactions from α-diazocarbonyl compounds have been carried 
out in the presence of rhodium(II) catalysts,[2,6,7] although in 
recent times other transition metals, especially ruthenium,[3] 
have proved useful. 

In contrast, the use of the intramolecular aromatic C–H 
functionalization of α-diazocarbonyl compounds for the 
construction of [6,6]-bicycles has been less successful, probably 
because of the competition from the so-called Buchner 

reaction.[8] Nevertheless, rhodium-based catalysts have been 
effectively applied to selectively promote intramolecular aromatic 
C–H functionalization of α-diazo-β-dicarbonyl compounds to 
construct isoquinolinones,[9] dihydroquinolinones[10] and 
chromanones.[11] 

All the above processes, often inaccurately referred to as 
aromatic C–H insertions,[12] differ mechanistically from the 
aliphatic version in that they generally involve the electrophilic 
addition of the corresponding metal carbene intermediate to the 
aromatic ring, followed by a 1,2-proton migration.[13] 

In the last years, we have been exploring the use of 
different transition metal catalysts as alternatives to the widely 
used Rh(II)-complexes[14] for carbene C–H insertion of α-
diazocarbonyl compounds.[15] In this context, we have reported 
that palladium catalysts efficiently promote carbene CArsp2–H 
functionalization of α-diazo-β-(methoxycarbonyl)acetanilides to 
form oxindoles through a sequential insertion/alkylation process 
(Scheme 1a).[16] 
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Scheme 1. Pd and Grubbs catalysts in intramolecular C–H functionalization of 
α-diazocarbonyl compounds for heterocyclic synthesis. 

Mechanistically, this palladium-catalyzed insertion is 
clearly different from CArsp2–H functionalization based on other 
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transition metals and involves a palladium-mediated 1,5-H 
migration followed by reductive elimination. 

We have also studied the transition metal-catalyzed 
decomposition of α-diazoesters.[17] Thus, we have shown that 
palladium catalysts are also able to promote intramolecular 
carbene Csp3–H insertion of γ-anilino-α-diazoesters to produce 
pyrrolidines through Csp3–Csp3 bond formation (Scheme 1b). It 
should be noted that although the effectiveness of palladium 
complexes in catalyzing carbene C–H insertion reactions from α-
diazo carbonyl compounds was first demonstrated some time 
ago, there are few reports on the use of palladium catalysts in 
this particular kind of chemistry.[18] 

More recently, we have reported the first example of an 
unprecedented nonmetathetic chemistry of Grubbs 
complexes,[19] which were applied to promote the carbene Csp3–
H insertion of γ-dialkylamino-α-diazoesters to form pyrrolidines 
(Scheme 1c).[20] 

Continuing our program of developing efficient 
methodologies for the synthesis of nitrogen heterocycles,[21] we 
sought to explore the construction of tetrahydroquinolines by 
transition metal-catalyzed decomposition of γ-anilino-α-
diazoesters (Scheme 1d). The extensive bioactivity of 
tetrahydroquinolines, including antitumor, antiviral, antibacterial, 
antimalarial and antifungal activity, is well documented, and the 
development of efficient procedures for their preparation is 
therefore of considerable interest.[22-23] The aim of the current 
work was to investigate the feasibility of using both palladium(0) 
and Grubbs catalysts to promote the intramolecular carbene 
CArsp2–H functionalization and to identify differences in the 
reactivities and selectivities between the two transition metals. 
Thus, herein we report a full account of our experimental and 
computational studies on the transition metal-catalyzed CArsp2–
H functionalization in the search for a suitable methodology for 
the synthesis of tetrahydroquinolines. 

Results and Discussion 

In our studies on the transition metal-catalyzed reactions of 
γ-amino-α-diazoesters,[17b] we found that the use of either 
Pd2(dba)3 or [(IMes)Pd(NQ)]2 as catalysts to promote the 
decomposition of N-isopropyl α-diazoester 1a resulted in the 
chemoselective functionalization at the arylic Csp2–H bond to 
give tetrahydroquinoline 2a (Table 1, entries 1-2). With these 
data in hand, we began by testing the use of Grubbs catalysts 
Ru-1, Ru-2 and Ru-3 (Figure 1) to promote the annulation 
reaction from 1a. Gratifyingly, treatment of 1a with first 
generation Grubbs catalyst Ru-1 resulted in the chemoselective 
formation of 2a in good yield (entry 3). Similar chemoselectivity 
and a slightly lower yield were observed with second generation 
Grubbs catalyst Ru-2 (entry 4), but when Hoveyda-Grubbs 
catalyst Ru-3 was used, competition from the Csp3–H insertion 
led to the formation of significant amounts of pyrrolidine 3a 
(entry 5). 

In order to investigate the scope of the CArsp2–H 
functionalization reaction for the preparation of 
tetrahydroquinoline-4-carboxylic acid esters, Pd2(dba)3, 
[(IMes)Pd(NQ)]2 and Ru-1 were tested as catalysts with a variety 

of substituted γ-anilino-α-diazoesters bearing different 
substituents at the aromatic ring as well as at the nitrogen atom. 
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Figure 1. Commonly used Grubbs catalysts. 

The examples in Tables 1 and 2 confirm the generality and 
functional group tolerance of these reactions. As can be seen in 
Table 1, no competition from the Csp3–H insertion was observed 
when starting from para- and meta-substituted N-
isopropylanilines (entries 6-25). Thus, when using either 
[(IMes)Pd(NQ)]2 or Ru-1 as catalysts, the para-substituted 
anilines 1b-d (entries 6-14) chemoselectively underwent CArsp2–
H functionalization to give the corresponding 
tetrahydroquinolines regardless of the nature of the substituent. 
In contrast, whereas the use of Pd2(dba)3 selectively led to 
tetrahydroquinolines 2b and 2d (entries 6 and 12), when starting 
from the para-fluoro aniline 1c, a mixture of tetrahydroquinoline 
2c and the Buchner product 4c was observed (entry 9). For 
para-substituted anilines, Ru-1 invariably afforded the best 
results whereas the least efficient catalyst was Pd2(dba)3. 

meta-Substituted anilines 1e-i also underwent 
chemoselective CArsp2–H functionalization to give the 
corresponding tetrahydroquinolines with either the Pd(0)- or Ru-

1 catalysts, the latter once again affording the highest reaction 
yields (entries 15-25). With these substrates, the regioselectivity 
of the insertion (5-X/7-X ratio) seems to be controlled by a 
combination of steric and electronic effects. Thus, similar 
moderate regioselectivities were obtained in the reactions of 
anilines 1e and 1f, which bear a m-methoxy and m-chloro 
substituent, respectively, using either [(IMes)Pd(NQ)]2 or Ru-1 
(entries 15-19). However, with the m-iodo substituted aniline 1g, 
the Pd(0)-catalyst afforded better regioselectivity than Ru-1 
(entries 20-21). On the other hand, in the reactions of anilines 
1h and 1i, which bear the highly electron-withdrawing groups m-
CO2Me and m-NO2, respectively, almost complete 
regioselectivity was observed with both [(IMes)Pd(NQ)]2 and Ru-

1 (entries 22-25). 
The CArsp2–H functionalization from dimethylaniline 1j was 

also selectively promoted by [(IMes)Pd(NQ)]2, while the use of 
Ru-1 led to the formation of significant amounts of pyrrolidine 3j, 
resulting from the Csp3–H insertion (entries 26-27). In contrast, 
competition between CArsp2–H and Csp3–H insertion was 
observed in the reactions of ortho-fluoroaniline 1k in the 
presence of [(IMes)Pd(NQ)]2 or Ru-1 catalysts (entries 28-29). 
Interestingly, as in the reaction of 1j, tetrahydroquinoline 
formation was enhanced by the use of the Pd(0)-catalyst, which 
afforded a 1:1 mixture of 2k and 3k. The high tendency of ortho-
substituted aniline 1k to undergo Csp3–H functionalization, 
which is in line with our previously reported results,[17a-b] can be 
mainly ascribed to steric factors. 
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Table 1. Transition metal-catalyzed CArsp
2–H functionalization of α-diazoesters 1a-k. 

N

CO2Me

N

N2

CO2Me

X

[TM cat.]

X
1a-k

2a-k

N

CO2Me

N

CO2Me

F

4c

X5

6

7

8

3a, X = H
3j, X = 3-Me, 5-Me
3k, X = 2-F  

Entry 1 (X) [TM cat.] Products (yield)[a] 

1 1a (H) Pd2(dba)3
[b] 2a, X = H (80%)[e] 

2 1a (H) [(IMes)Pd(NQ)]2
[c] 2a, X = H (75%)[e] 

3 1a (H) Ru-1
[d] 2a, X = H (82%) 

4 1a (H) Ru-2
[d] 2a, X = H (68%) 

5 1a (H) Ru-3
[d] 2a, X = H/3a (3:1, 53%) 

6 1b (4-Me) Pd2(dba)3
[b] 2b, X = 6-Me (64%) 

7 1b (4-Me) [(IMes)Pd(NQ)]2
[c] 2b, X = 6-Me (70%) 

8 1b (4-Me) Ru-1
[d] 2b, X = 6-Me (87%) 

9 1c (4-F) Pd2(dba)3
[b] 2c, X = 6-F (38%)/4c (15%) 

10 1c (4-F) [(IMes)Pd(NQ)]2
[c] 2c, X = 6-F (68%) 

11 1c (4-F) Ru-1
[d] 2c, X = 6-F (97%) 

12 1d (4-OMe) Pd2(dba)3
[b] 2d, X = 6-OMe (55%) 

13 1d (4-OMe) [(IMes)Pd(NQ)]2
[c] 2d, X = 6-OMe (69%) 

14 1d (4-OMe) Ru-1
[d] 2d, X = 6-OMe (88%) 

15 1e (3-OMe) Pd2(dba)3
[b] 2e, X = 7-OMe/X = 5-OMe (40%, 3.7:1) 

16 1e (3-OMe) [(IMes)Pd(NQ)]2
[c] 2e, X = 7-OMe/X = 5-OMe (70%, 3.7:1) 

17 1e (3-OMe) Ru-1
[d] 2e, X = 7-OMe/X = 5-OMe (86%, 3.7:1) 

18 1f (3-Cl) [(IMes)Pd(NQ)]2
[c] 2f, X = 7-Cl/X = 5-Cl (68%, 3:1) 

19 1f (3-Cl) Ru-1
[d] 2f, X = 7-Cl/X = 5-Cl (82%, 3:1) 

20 1g (3-I) [(IMes)Pd(NQ)]2
[c] 2g, X = 7-I/X = 5-I (70%, 8.5:1) 

21 1g (3-I) Ru-1
[d] 2g, X = 7-I/X = 5-I (81%, 3.5:1) 

22 1h (3-CO2Me) [(IMes)Pd(NQ)]2
[c] 2h, X = 7-CO2Me/X = 5-CO2Me (75%, ˃19:1) 

23 1h (3-CO2Me) Ru-1
[d] 2h, X = 7-CO2Me/X = 5-CO2Me (90%, ˃19:1) 

24 1i (3-NO2) [(IMes)Pd(NQ)]2
[c] 2i, X = 7-NO2/X = 5-NO2 (48%, ˃19:1) 

25 1i (3-NO2) Ru-1
[d] 2i, X = 7-NO2/X = 5-NO2 (94%, ˃19:1) 

26 1j (3-Me, 5-Me) [(IMes)Pd(NQ)]2
[c] 2j, X = 5-Me, 7-Me (82%) 

27 1j (3-Me, 5-Me) Ru-1
[d] 2j, X = 5-Me, 7-Me/3j (3:1, 88%) 

28 1k(2-F) [(IMes)Pd(NQ)]2
[c] 2k, X = 8-F/3k (1:1, 64%) 

29 1k(2-F) Ru-1
[d] 2k, X = 8-F/3k (1:3.5, 98%) 

[a] Yields refer to products isolated by chromatography and for entries in which a product mixture was obtained, the yield refers to the combined yield. [b] 
Catalyst (5 mol%) in DCE at reflux for 24 h. [c] Catalyst (2.5 mol%) in CHCl3 at reflux for 24 h. [d] Catalyst (3 mol%) in CH2Cl2 at reflux for 24 h. [e] See ref. 17b. 
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The CArsp2–H functionalization was not limited to N-

isopropylanilines but also proved suitable for anilines bearing 
other substituents at the nitrogen atom (Table 2). Thus, N-
benzhydrylaniline 1l chemoselectively afforded 
tetrahydroquinoline 2l in 85% and 75% reaction yield in the 
presence of [(IMes)Pd(NQ)]2 or Ru-1, respectively. Similarly, the 
reaction of N-(1-phenylethyl)aniline 1m in the presence of either 
[(IMes)Pd(NQ)]2 or Ru-1 chemoselectively afforded 
tetrahydroquinoline 2m (mixture of stereoisomers) in good yields. 

 

Table 2. Transition metal-catalyzed CArsp
2–H functionalization of α-

diazoesters 1l-1t.[a] 

N

R

CO2Me

N

R

N2

CO2Me [TM cat.]

1l-t 2l-t

Ar Ar

N

CO2Me

2n, (A: 67% )
(B: 80% )

N

CO2Me

N

CO2Me
R'Ph

2l, R' = Ph- (A: 85% )[b]

(B: 75%)[c]

2m, R' = Me- (A: 87%, dr : 1:1)[d]

(B: 92%, dr : 2:1)[d]

N

CO2Me

2o/3o (A: 68%, 1.5:1)
(B: 73%, 5.2:1)

N
R

CO2Me

2p, R = tBu- (A: 44% )

(B: 88% )
2q, R = Ph- (A: 89%)

(B: 80%)
2r, R = Ts- (A: 0%)

(B: 0%)

N

CO2Me
N

CO2Me
2s/3s (A: 56%, 1:2.3)

(B: 93%, 2.2:1)  

[a] Yields refer to products isolated by chromatography and for entries in which 
a product mixture was obtained, the yield refers to the combined yield. [b] A: 
[(IMes)Pd(NQ)]2 (2.5 mol%) in CHCl3 at reflux for 24 h. [c] B: Ru-1 (3 mol%) in 
CH2Cl2 at reflux for 24 h. [d] dr = diastereomeric ratio. 

Both catalysts selectively promoted CArsp2–H 
functionalization of N-cyclohexylaniline 1n to give 2n, and 
although their use with N-cyclopentylaniline 1o led to mixtures of 
tetrahydroquinoline 2o and spirocyclic pyrrolidine 3o, the former 
was obtained in an acceptable yield of 61% when using Ru-1. In 
the presence of either [(IMes)Pd(NQ)]2 or Ru-1, N-tert-butyl α-
diazoester 1p and N,N-diphenyl α-diazoester 1q also underwent 
CArsp2–H functionalization to give tetrahydroquinolines 2p and 
2q, respectively, in good yields. However, both catalysts failed to 

promote the C–H functionalization reaction of p-toluene 
sulfonamide 1r. On the other hand, in the reaction of α-
diazoester 1s the use of Ru-1 afforded 
tetrahydrobenzo[h]quinolone 2s in 64%, whereas 
[(IMes)Pd(NQ)]2 reversed the regioselectivity, providing 
pyrrolidine 3s as the main product together with minor amounts 
of 2s. 

To shed light on the reaction mechanism and selectivity of 
the Pd(0)- and Grubbs catalyst-promoted functionalizations 
described above, density functional theory (DFT) calculations 
were carried out.[24] To this end, we first explored the process 
involving 1a which, in the presence of [(IMes)Pd(NQ)]2, leads to 
the formation of tetrahydroquinoline 2a (see entry 2, Table 1). 
Similar to related Pd(0)-mediated C–H insertions of α-
diazocarbonyl compounds,[16-17] our calculations started from the 
corresponding pallada(0)-carbene intermediate INT0, formed by 
the reaction of the diazo compound 1a and a model Pd(0)-
catalyst where the bulky mesyl groups in the NHC ligand were 
replaced by phenyl groups. This species evolves into the seven-
membered palladacycle INT1 through the transition state TS1 in 
a highly exergonic transformation (∆GR = –25.3 kcal/mol). As 
shown in Figure 2, this saddle point is associated with a Pd-
mediated 1,6-H migration from the phenyl group to the carbene 
carbon atom which results in the formal oxidation of the 
transition metal. Then, INT1 is transformed into the observed 
tetrahydroquinoline 2a through a reductive elimination reaction 
via TS2. This final exergonic step (∆GR = –10.4 kcal/mol) forms 
the new C–C bond and releases the active catalytic species 
Pd(NHC), which is then able to enter in a new catalytic cycle. 
We also explored the possible Csp3–H activation from the initial 
pallada(0)-carbene. A similar Pd-mediated 1,5-H migration was 
found, leading to the corresponding six-membered palladacycle 
INT1’. However, the associated activation barrier involving TS1’ 
is clearly much higher than that computed for the CArsp2–H 
activation involving TS1 (∆∆G≠ = 8.9 kcal/mol), which is fully 
consistent with the complete selectivity observed experimentally 
(see Table 1). 

The process affording the same tetrahydroquinoline (2a) 
from 1a meditated by the first generation Grubbs catalyst (Table 
1, entry 3) was studied next. Similar to the above Pd-mediated 
transformation and related Csp3–H activations promoted by this 
Ru-catalyst,[20] our calculations also start from the analogous 
ruthenacarbene INT0-Ru (in which the bulky PCy3 phosphine 
ligand was replaced by PMe3, see Figure 3).[25] We located a 
similar Ru-assisted 1,6-H migration reaction. However, the 
rather high barrier required to reach the corresponding transition 
state (TS1’’-Ru, ∆G≠ = 56.4 kcal/mol) makes this reaction 
unfeasible. Alternatively, we found that INT0-Ru can easily 
evolve (computed barrier of only 5.5 kcal/mol) into the bicyclic 
intermediate INT1-Ru via TS1-Ru. This saddle point is 
associated with the formation of the new C–C bond and this 
reaction step can therefore be viewed as an electrophilic 
addition of the metal carbene intermediate to the aromatic ring in 
a typical SEAr reaction. Intermediate INT1-Ru is then 
transformed into the observed reaction product 2a through a 
direct 1,2-proton migration via TS2-Ru, which releases the 
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active Ru-catalyst in a highly exergonic transformation (∆GR = –
41.0 kcal/mol). Another alternative is that this 1,2-proton 
migration can proceed stepwise with the assistance of a chloride 
ligand attached to the transition metal. Thus, the proton first 

migrates to the chloride ligand via TS2’-Ru forming INT2-Ru, 
and then moves to its final position, affording 2a via TS3-Ru. Not 
surprisingly, our calculations indicate that the chloride-assisted 
proton transfer is slightly favored over the direct 1,2-migration. 

 

Figure 2. Computed reaction profile for the formation of tetrahydroquinoline 2a mediated by the Pd(0)-catalyst. Relative free energies (∆G298, at 298 K) and bond 
distances are given in kcal/mol and angstroms, respectively. All data were computed at the PCM(CHCl3)-B3LYP-D3/def2-TZVPP//PCM(CHCl3)-B3LYP-D3/def2-
SVP level. 

Finally, we also considered the possible Csp3–H activation 
from the INT0-Ru, which proceeds via the expected Ru-assisted 
1,5-H migration reaction. Once again, the barrier associated with 
reaching the corresponding saddle point TS1’-Ru (∆G≠ = 14.4 
kcal/mol) is found to be much higher than that involving TS1-Ru 
(∆∆G≠ = 8.9 kcal/mol), which renders this alternative Csp3–H 
activation kinetically noncompetitive, as experimentally observed. 

Conclusion 

In summary, we herein report our studies on the implementation 
of the transition metal-catalyzed intramolecular carbene C–H 
functionalization of α-diazoesters for the preparation of 
tetrahydroquinolines. Although Pd(0)- and Grubbs catalysts 
proved effective for this purpose, the first generation Grubbs 

catalyst was more versatile, despite not always afforded the 
highest yields or selectivities. Starting from N-isopropylaniline 
substrates the insertion occurred selectively on the CArsp2–H 
bond to give the tetrahydroquinoline-4-carboxylic acid esters in 
good yields. The reaction was not limited to substrates with an 
N-isopropyl group but also proved suitable for anilines bearing 
other secondary alkyl groups at the nitrogen atom, as well as for 
the N-tert-butyl and N-phenyl anilines. According to DFT 
calculations, the mechanism involved in the CArsp2–H 
functionalization process strongly depends on the nature of the 
transition metal. Whereas the Pd(0)-catalyzed reaction involves 
a Pd-mediated 1,6-H migration from the CArsp2–H bond to the 
carbene carbon atom, followed by a reductive elimination 
process, in the Grubbs catalyst-promoted reaction an initial 
electrophilic addition of the ruthena-carbene intermediate to the 
aromatic ring and subsequent 1,2-proton migration are operative. 
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Figure 3. Computed reaction profile for the formation of tetrahydroquinoline 2a mediated by the ruthenium catalyst. Relative free energies (∆G298, at 298 K) and 
bond distances are given in kcal/mol and angstroms, respectively. All data were computed at the PCM(CH2Cl2)-B3LYP-D3/def2-TZVPP//PCM(CH2Cl2)-B3LYP-
D3/def2-SVP level. 

Experimental Section 

Representative procedure for the C–H insertion reaction (Table 1, 

Entry 3). A mixture of diazoester 1a (50 mg, 0.19 mmol) and Ru-1 (4.7 
mg, 0.0057 mmol) in dichloromethane (10 mL) was stirred at reflux under 
an Argon atmosphere for 24 h. The solvent was removed in vacuo, and 
the residue was purified by chromatography (SiO2, from hexanes to 
hexanes-EtOAc 97:3) to give 2a (44.6 mg, 82%). 

Computational Details. All the calculations reported in this paper were 
performed with the Gaussian 09 suite of programs.[26] Electron correlation 
was partially taken into account using the hybrid functional usually 
denoted as B3LYP[27] in conjunction with the D3 dispersion correction 
suggested by Grimme et al.[28] using the standard double-ζ quality def2-
SVP[29] basis set for all atoms. The Polarizable Continuum Model 
(PCM)[30] was used to model the effects of the solvent. This level is 
denoted PCM(solvent2)-B3LYP-D3/def2-SVP. Geometries were fully 
optimized in solution without any geometry or symmetry constraints. 
Reactants, intermediates, and products were characterized by frequency 
calculations,[31] and have positive definite Hessian matrices. Transition 
structures (TS’s) show only one negative eigenvalue in their diagonalized 
force constant matrices, and their associated eigenvectors were 
confirmed to correspond to the motion along the reaction coordinate 

under consideration using the Intrinsic Reaction Coordinate (IRC) 
method.[32] Frequency calculations were also used to determine the 
difference between the potential (E) and Gibbs (G) energies, G −E, which 
contains the zero-point, thermal, and entropy energies. Potential 
energies were refined, Esol, by means of single point (SP) calculations at 
the same level with a larger basis set, def2-TZVPP,[29] where all elements 
were described with a triple-ζ plus polarization quality basis set. This 
level is denoted PCM(solvent)-B3LYP-D3/def2-TZVPP//PCM(solvent)-
B3LYP-D3/def2-SVP. The ∆G and ∆G≠ values given in the text were 
obtained from the Gibbs energy in solution, Gsol, which was calculated by 
adding the thermochemistry corrections, G − E, to the refined SP 
energies, Esol, i.e., Gsol = Esol + G − E. 
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