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Abstract. The use of P-, Rh(ll)- and Ru(ll-basec
catalysts has been explored in the transition ruatlysed
intramolecular carbenoid C-H insertion afdiazoesterd

substrate, several C—H insertion pathways may be
available, the chemoselectivity and regioselegtivit
being dependent on the nature of both the substrate

leading to pyrrolidines. Although the outcome ofeth and the cataly$t Many transition metal complexes

reaction was highly substrate-dependent, in geniralas
possible to control the chemoselectivity of the gass
towards pyrrolidines by adequate catalyst selectibime
Pd(0)-catalysts were as efficient as [RRERO,),], in
promoting the C(sPp-H insertion of ortho-substituted
anilines. In contrast, for anilines bearinteta and para-
substituents, the Rh(ll)-catalyst provided the Q
chemoselectivities and reaction yields. On the rotfand,
[Ru(p-cymene)C], was the most efficient catalyst for t
insertion reaction of theN-benzylN-phenyl and N,N-
dibenzyla-diazoesters, while the C&pH insertion of the

N-benzylsulfonamide substrate was only promoted| b

[Rh(PRCCO,),].. According to density functional theo
(DFT) calculations, the mechanism involved in tha{()-
and Ru(ll)-catalysed C(8p-H insertions differg
considerably from that typically proposed for tha(R-
catalysed transformation. Whereas the Pd(0)-casdl
reaction involves a Pd-mediated 1,5-H migrationmfrthe
C(sp)-H bond to the carbenoid carbon atom leading g
formal oxidation of the transition metal, a Ru(pjemoted
Mannich type reaction involving a zwitterion
intermediate seems to be operative in the Ru(lidtgsed
transformation.

Keywords: carbenoid insertion; diazo compounds;
pyrrolidines; palladium-catalysis; density functitheory
calculations

have proven to be effective catalysts to generate

reactive  metal-carbenoids starting froma-
diazocarbon}/l compound®. Among them,
rhodium(I)™  copper(l)® and more recently

ruthenium(ll) catalystd have been particularly

useful for the development of highly selective
e<arbenoid C-H insertion methodologies via a variety
of reaction modes. Surprisingly, palladium, onéhef
most commonly employed metals in homogeneous
catalysis, has been scarcely applied to this tyipe o
processef! In this context, we recently reported that
palladium catalysts are able to promote the
intramolecular carbenoid C-H insertion afi-
diazoesters to produce pyrrolidines through &¢sp
C(sp) bond formation (Scheme £}”
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Scheme 1Palladium-catalysed C(¥pH insertion.

Introduction

The transition metal-catalysed intramolecu
carbenoid C-H insertion by decomposition @f
diazocarbonyl compounds constitutes a powe
methodology for C—C bond formatiéh.For a given

Most of the extensive research on the transition
metal-catalysed carbenoid C-H insertion has focused
on studying different diazo compounds or a range of
ligands, but without varying the nature of trarsiti

lametal™® The aim of the current work is to compare
the influence of the transition metal moiety on the

rfureactivities and selectivities of the carbenoid C-H
insertion of amino-tethered a-diazoesters to
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ultimately achieve selective catalyst-controlledDuring our optimization studies witti-diazoesterl
insertion reactions. Thus, herein we present a fu(lTable 1), we found that the carbenoid C—H insartio
account of our experimental and computationatan be promoted by both Pd(0) and Pd(ll) cataffsts.
studies on the transition metal-catalysedihese reactions afforded mixtures of pyrrolidide
intramolecular insertion a-diazoesters using Pd(0), and tetrahydroquinoling, arising from the activation
Rh(ll) as well as Ru(ll) catalysts, in the searohd of the C(sp)-H and G,(sp)-H bonds, respectively
suitable methodology for the synthesis of pyrroleti. (entries 1-5, Table 1). The best chemoselectivigy (
a 2:3 ratio of =2.7:1) was obtained when using a

) ) combination of Pgdba} with a bidentate phosphine

Results and Discussion (dppp, dppf or xantphos) as the catalyst.

Table 1. Transition metal-catalysed cyclizationafiazoestef.

@\ CO2Me
CO,Me
N2
©\ /\)]\ TM cat. Q @ T
rIl COMe — > N III
CHs 2 COMe 3 EHy s Ot
Entry [TM cat.] (mol%) Basé Solvent Temperature Time Productratio  Yield (%)™
ligand (mol%)
1 Pd(OAc) (10) CsCO; (2) CHCL  reflux 48h 2/3(2:1)% 2/3 (2:1, 45%)
2 Pd(dba), (2.5) CsCO;(2) DCE  80°C 24h 2/3(2.2:1)"
3 Pd(dba); (2.5) Cs$CO;(2) DCE  80°C 24h 2/3(2.6:1)° 2/3 (2.6:1, 57%)
dppp (5)
4 Pd(dba); (2.5) Cs$CO;(2) DCE  80°C 22h 2/3(2.7:1)" 2/3(2.7:1, 51%)
dppf (5)
5 Pd(dba), (2.5) CsCO;(2) DCE 80 °C 24h 2/3(2.8:1 2/3 (2.8:1, 55%)
xantphos (5)
6 Pd(dba) (2.5) = - DCE 80 °C 24 h 2/3(2.1:1) 2/3 (2.1:1, 55%)
7 [(IMes)Pd(NQ)} (2.5)  ---- CHC}  reflux 24h  2/3(1:1) 2/3 (1:1, 60%)
8 [Pd(allyl)CIL (5) CHCL  reflux 24h  2/3/4(1.5:1:1.2%"
9 Pd(OAc) (100) CsCO;(2) CHCE rit. 100 h 2/3(3.5:1)" 2/3 (3.5:1, 51%)
10 Pd(dba); (35) CsCO;(2) DCE r.t. 120 h 2/3(5:1)" 2/3 (5:1, 63%)
dppf (70)
11 Pd(TFA) (20) - CHC} rit. 24h 2/3/4(2.5:1:2.5Y"
12 [Rh(OACY, (4) - CHCl, r.t. 24h  2/3(2.4:1)" 2/3(2.4:1, 75%)
13 [Rh(TFAY, (4) - CHCl, r.t. 6h  2/3/4(3:1:5)" 2 (25%),4 (41%)
14 [Rh(PRCCO),)» (B)  ----- CHCl, r.t. 5h  2/3(9:1)" 213(9:1, 94%)
15 [Rh(PRCCO),)» (2)  ----- CHCIl, -10°C 5h 2/3(9:1f 213 (9:1, 95%)
16 [Rh(PRCCO),)» (2)  ----- CHCIl, -78°C 5h 2/3(9:1) 213 (9:1, 89%)
17 [Rup-cymene)Cl], (3) ----- toluene 40 °C 24 h 2! 2 (49%)

[ Equivalents in parenthesd3. Yields refer to products isolated by chromatoggaph For product mixtures the yield
refers to the combined yielf! Product ratio measured Bl NMR. ! Product ratio measured by G& Traces of3 were
also observed in the crude reaction mixture.,(dzh): Tris(dibenzylideneacetone)dipalladium(0). dppp;3-1
Bis(diphenylphosphino)propane. dppf: 1,1'-Bis(dipiiwhosphino)ferrocene. Xantphos: 4,5-Bis(diphehgkphino)-9,9-
dimethylxanthene. [(IMes)Pd(NQ)] = 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (1,4-
naphthoquinone)palladium(0) dimer.

With these data in hand, we decided to look mor2 and 6, Table 1). Other palladium catalysts lagkin
closely at the palladium-catalysed carbenoid inm@rt phosphine ligands were also explored in order to
of a-diazoesterl. Although these reactions wereincrease the selectivity of the insertion reaction.
performed in the presence of ;C&s, our previous Unfortunately, when using [(IMes)Pd(NQ)hs the
DFT computational studifs suggested that when catalyst a 1:1 mixture df and3 was obtained (entry
using a Pd(0) catalyst, this base is not necedsary 7, Table 1), while [Pd(allyl)C}]led to a mixture oP,
the C—H insertion reaction to take place. This wa8, and alkend™” (entry 8, Table 1).
experimentally confirmed by treatment dfwith a We found that the reaction can also proceed at
catalytic amount of PBf(dba} in the absence of room temperature, although longer reaction time and
CsCQO;, which afforded a similar result to that higher catalyst loading are required (entries 9-10,
obtained in the presence of the base (compareesntriTable 1). Thus, treatment df with an equimolar
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amount of Pd(OAg)in CHCkL at room temperature A similar chemoselectivity was observed when the
gave a 3.5:1 mixture of pyrrolidine2 and reaction was performed at lower temperatures @ntri
tetrahydroquinolineg (entry 9, Table 1), while using 15-16, Table 1). The best selectivity in the C-H
Pd(dba) (35 mol%) and dppf (70 mol%) in DCE insertion ofa-diazoesterl was obtained when using
provided a 5:1 mixture & and3 (entry 10, Table 1). [Ru(p-cymene)C]], as the catalyst, although the yield
Interestingly, the chemoselectivity of both reactio dropped to 49% (entry 17, Table 1).
was quite different from that obtained when usimgt  The results in Table 1 therefore indicate that the
same catalytic systems at higher temperaturearbenoid C—H insertion ofi-diazoesterl can be
(compare entries 1 and 4 with entries 9 and 1@romoted by either Pd(0) or Pd(ll), as well as by
respectively). On the other hand, treatment @fith  Rh(Il) and Ru(ll)-based catalysts, the CJspi rather
a catalytic amount of Pd(TFARt room temperature than G,(sp’)—H insertion being favoured in all cases.
afforded a mixture o, 3, and alkene (entry 11, In order to seek more information about the
Table 1). catalyst-controlled selectivity in the above cardidn
Some commercially available dirhodium(ll) C—H insertion ofa-diazoesters to form pyrrolidines,
carboxylate catalysts as well as [Bafymene)Cl],  we then explored the reaction starting from a varie
were also explored to promote the carbenoid irwerti of substrates. Firstly, we investigated the effefct
of a-diazoesterl. The use of RI{OAc), afforded a introducing substituents at the aniline ring on the
mixture of pyrrolidine2 and tetrahydroquinolin@  process. Table 2 gathers the reactions of substrate
(2.4:1 ratio), which were isolated in 75% combinedearing different substituents at the aryl ringttie
yield (entry 12, Table 1). Changing the catalystrfr presence of [(IMes)Pd(NQ)] [Rh(PRCCQ,),], or
Rhy(OAc), to Rh(TFA), resulted in the formation of [Ru(p-cymene)Cd], as the catalyst. For the sake of
alkene4 as the major product (entry 13, Table 1)comparison, the results previously obtained with
while [Rh(PRCCQ,),], gave a 9:1 mixture df and3  Pdy(dba), are also includel.
in a combined 94% reaction yield (entry 14, Table 1

Table 2. Transition metal-catalysed reactionsefliazoestersa-i.

= CO,Me _
Az 2y 00 QLY
| N YA
- /\)j\ TMcat. X j/ NTN"cooMe
X/s l?l CO,Me Q . Q\N X H 2
CHy ' '

X
. . ga(2)  8f (3-Cl)
Sa-i gai COMe 719 CHs CHy CHs 4 8c (2-Cl) 8h (4-Cl)

Entry 5 (X) [TM cat.] (mol%)/ligand (mol%) Solvent Tempéuae Product Yield [%}

1 5a(2-)  Pd(dba) (2.5 CHCL  reflux 6a(89)

2 5a(2-)  [(IMes)Pd(NQ)} (2.5) CHCl  reflux 6a(85)

3 5a(2-)  [Rh(PRCCQ)], (2)% CHCl, r.t. 6a(70)

4 5a(2-)  [Ru(p-cymene)Cl], (3) toluene 40 °C 6a (66"

5 5b (2-Br)  Pd(dba), (2.5} CHCL  reflux 6b (66)

6 5b (2-Br)  [(IMes)Pd(NQ)} (2.5)% CHCL  reflux 6b (70)

7 5b (2-Br)  [Rh(PhCCQ,),], (2)“ CH,Cl, r.t. 6b (82)

8 5b (2-Br)  [Ru(p-cymene)Cl], (3) toluene 40 °C 6b (61)

9 5c(2-Cl)  Pg(dba), (2.5)/dppf (5" DCE 80 °C 6¢ (69)

10 5¢(2-Cl)  [(IMes)Pd(NQ)} (2.5) CHCL  reflux 6¢ (85)

11 5¢(2-Cl)  [Rh(PhCCO,),], (2)% CH,Cl, r.t. 6¢ (88)

12 5¢(2-Cl)  [Ru(p-cymene)Cl, (3) toluene 40 °C 6¢ (57)%

13 5d (2-F)  Pd(dba), (2.5)” DCE 80 °C 6d (62)

14 5d (2-F)  [(IMes)Pd(NQ)} (2.5) CHClL  reflux 6d (71)

15 5d (2-F)  [Rh(PhCCQ,),], (2)@ CHCl, r.t. 6d (87)

16 5d (2-F)  [Ru(p-cymene)Cl], (3) toluene 40 °C 6d (56)

17  5e(2-Me) Pd(dba) (2.5 DCE 80 °C 6e(58)

18  5e(2-Me) [(IMes)Pd(NQ)} (2.5§° CHClL  reflux 6e(68),4' (10)
19 5e(2-Me) [Rh(PhCCO),], (2)“ CH,Cl, r.t. 6e(56),4' (27)
20  5e(2-Me) [Ru(p-cymene)C]], (3) toluene 40 °C 6e (46)

21 5f (3-Cl)  Pd(dba), (2.5\" DCE 80 °C 6f/7f (2.7:1, 45)
22 5f (3-Cl)  [(IMes)Pd(NQ)} (4)“ CHCL  reflux cmi

23 5f (3-Cl)  [Rh(PhRCCO)], (2)* CH,Cl, r.t. 6f (92)

24 5f (3-Cl)  [Ru(p-cymene)Cl], (3) toluene 40 °C 6f (33)"

25 5g(3-MeO) Pd(dba), (2.5 DCE 80 °C 69/79(1.5:1, 47)
26 5g(3-Me0) [Rh(PhCCO,),], (2)% CH,Cl, r.t. 69 (81)

27 5g(3-MeO) [Ru(p-cymene)Cl], (3) toluene 40 °C 69 (55)




28  5h(4-Cl)  Pd(dba), (2.5)/dppf (5% DCE 80 °C 6h (35)"

29  5h(4-Cl) [Rh(PhRCCO,),], (3)¥ CH,Cl, r.t. 6h (78)
30 5h(4-Cl) [Ru(p-cymene)Cl], (3) toluene 40 °C 6h (344
31  5i(4-MeO) Pd(dba), (2.5 CHCL  reflux 6i (38"
32 5 (4-MeO) [Rh(PhCCO),], (3} CH,Cl, r.t. 6i (74)
33  5i(4-MeO) [Ru(p-cymene)Cl], (3) toluene 40 °C 6i (85)

[l vields refer to products isolated by chromatoggaphd for entries in which a product mixture wasagted, the yield
refers to the combined yiel! Reaction conditions: Catalyst/ligand (see tabie) @sCO; (2 equiv.) in CHCJ or DCE at
the indicated temperature for 24!.Reaction conditions: Catalyst (see table) in GHalreflux for 24 h!¥ Reaction
conditions: [Rh(P¥CCO,),], (see table) in CKCl, at r.t. for 5 h!® Reaction conditions: [Rp{cymene)CJ], (see table) in
toluene at 40C (bath temperature) for 24 fi.8a (~10%) was also obtainelf! 8c (=5%) was also obtainef! Complex
mixture in which trace amounts 6f and 7f were observed! Small amounts 08f were also observed in the reaction
mixture.!! 'H NMR analysis of the reaction mixture showed4al C(sp)—H/Ca(sp)—H activation ratio™ 8h (15%) was
also obtained” 'H NMR analysis of the reaction mixture showedbal C(sp)—H/Ca(sp’)—H activation ratio.

As can be seen in Table 2, the effect of thawhen this catalyst was used whly-i. In contrast, in
substituent on the course of the process varigtie presence of either the Rh(Il) or Ru(ll)-based
according to its position on the aniline ring adlwee catalysts, these anilines led to the corresponding
the nature of the transition-metal catalyst empdloye pyrrolidines with complete chemoselectivity but twit
Thus, theortho-substituted anilines chemoselectivelydifferent yields. Thus, whereas all the pyrrolidine
underwent C(sPp-H insertion to give the were obtained in good yields when using
corresponding pyrrolidines regardless of thdRh(PRCCQ,),],, in the presence of the Ru(ll)-
transition-metal catalyst or the nature of thecatalyst the yields for the substrates having a CI-
substituent (entries 1-20, Table 2). For thessubstituent were far worse than for those bearing a
substrates, the Pd(0)-catalysts were at least &0 group. Interestingly, in some of the reactions
efficient as [Rh(P¥CCQ,),],, while [Ruf- using [Rup-cymene)C], (entries 4, 12, 24 and 30,
cymene)C]], invariably provided the worst yields. Table 2) minor amounts of the secondary anilire (i.
When using either the [(IMes)Pd(NQ@Jyr the Rh(ll)- 8a,c,f,h), resulting from the demethylation and
catalyst to promote the reaction of the highlyprotonation of the starting diazoester, were also
crowded ortho-methyl substituted aniline 5  observed\(ide infra).
significant amounts of the rearranged alkdhevere The palladium-catalysed C—H insertion reaction
also isolated (entries 18-19, Table 2). It is wortlwas not limited tdN-methylanilines but also proved
noting that no product resulting from the potehyial suitable for secondary C&pH bonds. Table 3
competitive palladium-catalysed reaction of thel arygathers the results obtained in the reactions thi¢h
halide with thea-diazoester moietl’ was observed “anilines bearing diversi-methylene moieties when
in any of the palladium-catalysed reactiondafand using the palladium catalysts as well as
5b (entries 1, 2, 5 and 6, Table 2). This could alloWRh(PRCCGQ,),]. and [Ru(p-cymene)C],. Thus, N-
further synthetic transformation by transition nheta benzyl-2-iodoaniline9a chemoselectively afforded
catalysed coupling reactions from these substrates. pyrrolidine 10a (5.5:1 cig/trans ratio) in 66% yield

On the other hand, competition between €)dp  when the reaction was performed in the presence of
and G,(sp’)—H insertion was evident in the reactionsPd,(dba); (entry 1, Table 3). Changing the catalyst to
involving meta and para-substituted anilines when [(IMes)Pd(NQ)} gave a similar reaction (entry 2,
using Pd(dba), as the catalyst, despite the Cfspl  Table 3). [Rh(P¥CCQ,),], (entry 3, Table 3) and
insertion still being the preferred reaction pathwa [Ru(p-cymene)C], (entry 4, Table 3) also promoted
(entries 21, 25, 28 and 31, Table 2). The use dhe C(sp)—H insertion to give=3.3:1 mixtures of the
[(IMes)PA(NQ)} as the catalyst to promote thecigtrans isomers, the Rh(ll)-catalyst affording the
reaction of5f resulted in a complex mixture, in which higher yield.
only trace amounts of the insertion products were
observed (entry 22). Similar results were observed

Table 3. Transition metal-catalysed reactionsefliazoester9a-c

X CO,Me
X
Ak, ma. X
TM cat.
N
N/\)]\COZMe @\T
| \
B
n 12 Bn

R R
9a-c 10a-c CO-Me 1
Entry 9 [TM cat.] (mol%)/ligand (mol%§! Solvent Temperature Product Yield [%]
1 9a (X:l, R:CgHs) Pd(dba} (2.5) CHC}  reflux 10a(66,cigtrans’5.5:1)



2 9a (X:l, R:CgHs) [(IMes)Pd(NQ)} (2.5) CHC}  reflux 10a(70,cidtrans’5.5:1)
3 9a (X:l, R:CgHs) [Rh(PRCCO,),], (2) CHCl, r.t. 10a(75,cidtrans 3.3:1)
4 9a (X:l, R:CgHs) [Ru(p-cymene)Cl], (3) toluene 40 °C 10a(60,cigtrans 3.4:1)
5 9b (X:I, R:CH=CH,) Pdy(dba} (2.5) CHC}  reflux 10b (58, cis/trans 1.7:1)
6 9b (X:I, R:CH=CH,) [(IMes)Pd(NQ)} (2.5) CHC}  reflux 10b (68, cis/trans 1.8:1)
7 9b (X:I, R:iCH=CH,) [Rh(PRCCQ,).]: (2) CHCl, r.t. 10b (80, cis/trans 1.6:1)
8 9b (X:I, R:CH=CH,) [Ru(p-cymene)Cl], (3) toluene 40 °C 10b (43, cisltrans 1:1.2)
9 9c (X:H, R:GHs)  Pd(dba) (2.5) CHCL  reflux cis-10c(28)[7 11 (17)

10 9c (X:H, R:GHs)  Pdy(dba) (2.5)/dppf (5) DCE 80 °C cis-10c(19) 11 (19)

11 9¢c (X:H, R:GHs)  Pd(PPh)4 (5) DCE 80 °C cis-10c(10) 11 (25)

12 9c (X:H, R:GHs) [(IMes)Pd(NQ)} (2.5) CHC}  reflux cis-10d11(1:1.9, 75)

13 9¢c (X:H, R:GHs)  [Pd(ally)Cl], (5) CHCL  reflux Cis10011/12 (1:1.4:1.1¥"
14 9c (X:H, R:GHs)  [Rh(PRCCO,),)» (2) CHCl, r.t. cis-10011 (1:1.6, 73!
15 9c (X:H, R:GHs) [Ru(p-cymene)C]], (3) toluene 40 °C cis-10c(47),trans-10c (44)

Bl See Table 2 for reaction conditiof$.Yields refer to products isolated by chromatoggaphd for entries in which a
product mixture was obtained, the yield refershie tcombined yield”! Trans-10c (<5%) was also observed in the crude
reaction mixture!® Product ratio measured Byl NMR, yield not quantified® 12 (<10%) was also observed in the crude
reaction mixture.

Treatment of N-allyl-2-iodoaniline 9b with  N-isopropylaniline 13 (Scheme 2). The use of
catalytic amounts of either {dba} (entry 5, Table Pd(dba} as the catalyst led to the chemoselective
3) or [(IMes)Pd(NQ)] (entry 6, Table 3) in CHglat formation of tetrahydroquinolinel4, which was
reflux afforded pyrrolidine10b (=1.7:1 cigitrans isolated in 80% vyield together with alket8 (9%).
ratio) in acceptable vyields. The wuse ofChanging the catalyst to [(IMes)Pd(N@)gsulted in
[Rh(PRCCOQO,),]. increased the yield up to 80% (entrythe exclusive formation af4 (75%). In contrast, the
7, Table 3). When the reaction was promoted buse of [Rh(PKCCQO,),]. afforded a mixture of
[Ru(p-cymene)C], a slight change in theigtrans tetrahydroquinolineld (42%), alkenel5 (29%), and
selectivity and a decrease in the cyclization yiess  pyrrolidine 16 (6%). Unfortunately, no reaction was
observed (entry 8, Table 3). observed when 13 was treated with [Rpf

It should be pointed out that, similar to thecymene)C],, the starting material being recovered
reactions involving 2-iodoaniline5a and 2- unchanged.
bromoaniline 5b, no product resulting from the
competitive palladium-catalysed reaction of thel ary " coume
iodide with thea-diazoester moiety was observed in ComMe
any of the considered palladium-catalysed reactior@\ J)\COM @ @\j’ ©\N
of 2-iodoanilinea-b (entries 1, 2, 5 and 6, Table 3). NT ABOC b b H3C7‘:>
On the other hand, and more importantly, NnC we >cn, HiC” “CH;  HaC” CHy HsC Loume
competition between the possible allylic insertiom 13 14 1 16
cyclopropanatiofil was apparent in either of the & FiChas Gamer Cic elex 2t 11604 8 600
transition metal-catalysed reactions fallylaniline  c:[Rh(PhsCCO),l, (2 mol%), CH,Cly, rit., 5 h, 14 (42%), 15 (29%), 16 (6%)
9b (entries 5-8, Table 3).

The reaction oN-benzylaniline9c, which has no Scheme 2TM-catalysed reactions of-diazoested 3.
substituent at thertho position, was also explored.

Similar to the reactions involviny-methylanilinel,

the C(sp-H and G.(sp)-H insertions competed Some comments on the above transition metal-
when using the Pd- or the Rh(ll)-based catalysteatalysed C—H insertion reactions of aniline-type
(entries 9-14, Table 3). Thus, for example, treattme substrates are warranted. As in similar Rh(ll)-
of 9c with catalytic amounts of either mediated transformatiofé! the site selectivity of the
[(IMes)Pd(NQ)}, (entry 12, Table 3) or metal-carbenoid insertions is probably governediby
[Rh(PRCCQ,),], (entry 14, Table 3) resulted in the combination of electronic, steric as well as
formation of mixtures of pyrrolidineciss10c and conformational factors. Thus, in freely rotating
tetrahydroquinolinell with similar C—H activation systems, like those considered in this work, the 1,
selectivities and in a yield up to 75% contrast, in C(sp)-H insertion is overwhelmingly predominant
the presence of [Rp{cymene)Ci],, the insertion due to the entropically favourable six-membered
proceeded selectively at the bond (entry 15, transition states (see below). However, the stityica
Table 3). Whilecis-10c was selectively produced encumbered N-isopropyl aniline overturns this
with the Pd- or Rh(ll)-based catalysts, nopreference in favour of the formation of the six-
stereoselectivity was observed in the Cxsd membered ring by insertion into the,Gp)—H bond.
insertion when using the Ru(ll) catalyst. Our previous DFT calculations suggested that the

Interestingly, the @(sf)-H insertion was Pd(0)-dppe catalysed C@&pH insertion of anilinel
favoured in the transition metal-catalysed reastioh proceeds via a genuine stepwise reaction mechanism



involving (i) the formation of an initial becomes clear that the C{sgH insertion reaction
pallada(O)carbene complex, (ii) a Pd-mediated 1,5roceeds through an identical mechanism to that
hydrogen migration, which results in the formalreported previously for the Pd(0)-dppe catalytic
oxidation of the transition metal, and (iii) thendl system?® In the particular case of the Pd(NHC)
reductive elimination leading to the observedcatalyst, our calculations indicate that the ihifigh-
pyrrolidine 2 with concomitant release of the activeH migration is thermodynamically favouredAGg =
Pd(0)-dppe cataly&t. At this point, we first checked —5.0 kcal/mol) and ~the subsequent reductive
the generality of this unprecedented Pd(0)-mediateglimination becomes kinetically easiexsAG" = 5.7
mechanism using the model Pd(PMdsee Figure 1) kcal/mol) than the process involving PMas the
and Pd(NHC) (NHC = 1,3-bis(phenyl)-imidazol-2- ligand in the coordination sphere of palladium (see
ylidene) catalysts (see Figure S1 in the Supportingigure S1).

Information). From the data in Figures 1 and S1, it

AL W
)\ 2.513
2.364
)‘/&SZ-RU

INTO-Pd, [Pd] = Pd(PMe3), v Y —[Ru]
INTO-Ru, [Ru] = Ru(CgHg)Cl, ' / ™

\' ; Pl
Ph—N/_BJC';OZMe _INT1-Pd /3\ =855 _
\—[Pd] —20.2 ph-N Co,Me| 2

2 \

-41.0
\—

Figure 1. Computed reaction profiles for the formation ofnoidine 2. Relative free energieAG,qg at 298 K) and bond
distances are given in kcal/mol and angstroms i@gpectively. All data were computed at the PCM(GH®I06L/def2-
TZVPP//PCM(CHCY})-B3LYP-D3/def2-SVP level.

Similar to the Pd(0)-catalysed process, thés stabilized by conjugation from the lone-pairtioé
analogous carbenoid C-H insertion involving theaniline nitrogen atom, is produced. This findingd#
Ru(ll)-catalyst (Ru(GHe)Cl; in the calculations) also light on the crucial role of the heteroatom dirgctl
proceeds stepwise (Figure 1). However, from attached to the involved Csmtom in the Ru(ll)-
mechanistic point of view, the Ru(ll)-mediatedpromoted process, as will be discussed below. liyinal
transformation is completely different. According t INT1-Ru is easily transformed into the observed
our calculations, the initial ruthena(ll)carbelNerO-  pyrrolidine 2 via TS2-Ru (activation barrier of only
Ru evolves to the zwitterionic compledNT1-Ru 5.6 kcal/mol) in a strongly exergonic transformatio
through the transition stafi€S1-Ru with a rather low (AGr = —-30.8 kcal/mol) that releases the active
activation barrier of 4.9 kcal/mol in an exergoniccatalytic species. As depicted in Figure 1, théetat
transformation A4Gg = —4.7 kcal/mol). Although this saddle point is associated with the simultaneous C—
step can also be viewed as a 1,5-H migration, th'Bu bond rupture and C—C bond formatiGh.
resembling the Pd(0)-mediated process, it is ndtherefore, this transformation can be considered as
directly assisted by the transition metal, anddfege, an intramolecular Ru(ll)-promoted Mannich type
no oxidation of the ruthenium centre occurs. As a&eaction. The intermediacy of a zwitterionic
result, the zwitterionic intermediat®T1-Ru, which intermediate in the Ru(ll)-catalysed reactions is

6



experimentally supported by the formation of minorcatalysed) C—H insertions, which are assumed to

amounts of the secondary anilin8g,c,f,h in the proceed in a concerted but asynchronous manner that

insertion reactions ofi-diazoesterssa,c,f,h These directly releases the insertion product and theamet

anilines would be formed by the competitivecatalystin a single reaction st‘é??.

hydrolysis of the iminium moiety and simultaneous Once the influence of the catalyst on the process

protonolysis of the Ru(ll)-enolate function of thewas experimentally and computationally revealed, th

Zwitterionic species. carbenoid C(sP-H insertion reactions of some non-
Interestingly, both Pd(0)- and Ru(ll)-mediatedaniline substrates were investigated (Table 4).

mechanisms are fundamentally different from that

proposed for related Rh(ll)-catalysed (and also Cu-

Table 4. Transition metal-catalysed reactionsiefliazoesterd 7a-h.

N2 CO,Me 0
COoMe CO,Me _
COzMe Ph T CO,Me
TM cat. Bn\N Bn< Bno
Iij _— R/N | l}l N
R 17ab 18a-b Bn 19 Ts 20 te 21
Entry 17 [TM cat.] (mol%)/ligand (mol%%) Solvent Temperature Product Yield [%]
1 17a(R:Bn) Pd(dba} (2.5) CHCE  reflux 18a(35,cidtrans1:1)
19(22)
2 17a(R:Bn) Pd(dba) (2.5)/dppf (5) DCE 80 °C 18a(35,cigtrans1:1)
19(20)
3 17a(R:Bn) [(IMes)Pd(NQ)} (2.5) CHCE  reflux 18a(60, cigtrans 2:1Y
4 17a(R:Bn) [Rh(PRCCO,),l2 (2) CHCI, r.t. 18a(40,cigtrans1.1:1)
19 (54)
5 17a(R:Bn) [Rufp-cymene)C]], (3) toluene 40 °C 18a(90,cigtrans2.8:1)
6 17b (R:Ts) Pdy(dba) (2.5) CHCE  reflux 20(80,Z/E 1:1)
7 17b (R:Ts) [(IMes)Pd(NQ)} (2.5) CHCE  reflux 20(61,Z/E1:1.8)
8 17b (R:Ts) [Rh(PhCCO,)2)2 (2) CHCI, r.t. cis-18b (66)
9 17b (R:Ts) [Ru(p-cymene)Cl], (3) toluene 40 °C 21(38)

[l See Table 2 for reaction conditioff%.Yields refer to products isolated by chromatogsaphd for entries in which a
product mixture was obtained, the yield refershe tombined yield” Trace amounts af9 were also observed in the
crude reaction mixture.

When the decomposition ofN,N-dibenzyla-  stabilization required in the corresponding
diazoested 7awas promoted by Bftlba) either with  zwitterionic intermediate vide supra. In contrast,
(entry 1, Table 4) or without the phosphine ligandreatment ofl17b with the Rh(ll)-catalyst afforded
(entry 2, Table 4), pyrrolidinel8a (1:1 cig'trans pyrrolidine cis-18b as the only reaction product,
ratio), resulting from the C(8p-H insertion, was which was isolated in 66% yield (entry 8, Table 4).
isolated in 35% vyield, together with the rearrangedhis is also consistent with the distinct mechanism
alkene19. Changing the catalyst to [(IMes)Pd(N®)] proposed for the Rh(Il)-catalysed C—H inserti6fis.
increased the yield dfBa up to 60%, thesis isomer The reaction ofa-diazoester22, which bears a
being predominant (entry 3, Table 4). In the presen benzyloxy group instead of thié-substituted moiety,
of [Rh(PRCCQ,),],, alkenel9 was the main product was then explored (Scheme 3). The ,(Blda)-
(entry 4, Table 4), while [Rpfcymene)C]], led to catalyzed  decomposition  of 22  afforded
pyrrolidine 18a (2.8:1 cidtrans ratio) in high yield tetrahlydrofuran23 (1:1.8 cidtrans ratio) in 38%
(entry 5, Table 4). yield™ The use of [(IMes)Pd(NQ)Jas the catalyst

On the other handN-benzylsulfonamidel7b slightly changed the stereoselectivity of the
showed a notably different behaviour depending oannulation to give a 1.3:1 mixture ais-23 and
the transition-metal catalyst employed. Thus, the u trans-23 in a 50% combined yield. Better results
of Pd(0)-catalysts (entries 6-7, Table 4) resulied were obtained when using either [Rh{EE0,),], or
the exclusive formation of alkera, due to the 1,2-H [Ru(p-cymene)CJl,. However, while the Ru(ll)-
migration of the metal-carbenoid intermedidté! catalyst led to a 1:1 mixture afs-23 andtrans-23
while in the presence of the Ru(ll)-catalyst a cemp (79% combined vyield), the use of the Rh(ll)-
reaction mixture was obtained, from which onlycatalyst? resulted in the stereoselective formation of
ketone21 was isolated (entry 9, Table 4). The lack ofcis-23 (7:1cigtransratio, 90% combined yield).
the C—H insertion product in the latter case may be
ascribed to the delocalization of the nitrogen lone
pair into the sulfonyl group, which would hampee th



MeO,C 1,5-H migration, is similar for both systems, sirice
©\/o CO,Me occurs with nearly identical activation barriersisr
\/\ﬂ/ A.B,CorD_ Ph™ g might be somewhat surprising if we consider the
E 23 well-known higher C-H bond dissociation energy of
A: Pdy(dba)s (2.5 mol%), CHClIg, reflux, 24 h, 23 (38%, 1:1.8 cis/trans) the parent H—CHbOﬂd (42311 k‘]/mOI) with respect to
B: [(nnesgpd(NQ)]z(z.s mclyl%), CHCII3, reflux,h24h, 23 (50%, 1./3:1 cis/trans) H-CH,NH, (397 kJ/mOI)[. I However, due to the
C: [Rh(Ph3zCCO. 2 mol%), CH,Cly, r.t., 5 h, 23 (90%, 7:1 cis/trans, H 1 i - i i
D: {Rugp-cilmené))%?zgz (€ mol)%), tgluezzne, 40 °C,5f(1,23 (79%, 1:1 cis?trans) gﬁleoﬁﬁhzga:cl)?ﬂ) cl)lt] ]T,hethre“trggeHn blgﬂg psatI:er:gi(l?] Eﬂe
intermediates INTO-Pd and INTO-Pd” is quite
similar, as indicated by the computed corresponding
Wiberg Bond Indices (0.95 and 0.94, respectively).
Therefore, no significant differences in the basief
these processes should be expected. Nevertheless,
his 1,5-H migration is clearly thermodynamically
avoured for the reaction involving anilirle(AGr =
.1 kcal/mol). More importantly, the activation
arrier associated with the subsequent reductive

i 1 mi ~ elimination process is clearly much higher for the
Ehésvf;sb%tg?;?hégsssﬁgﬁ ?Jslihlg rg'#ﬁ;iﬁﬁg)ga?%%m species lacking the het_eroatomsG‘ = 6.6 kcal/mol).
combined yield) or [(IMes)Pd(NQ)](72% vyield). Indeed, the hlgh” barrLer computed for the process
Similarly, in the presence of [Rh(EBCO)]o Z-25 involving TS2-Pd” (AG™ = 30.1 kcal/mol) indicates
(59%) was isolated together with a minor produch]hg;[cﬁg'ss tr‘:':ilx se;[(raifnelrfta?(faix%riﬁlys ?sae@%%rg\?é) which
(15%) identified as cycloheptatrie@®, which arises | P! th i 9 -
from "an intramolecular Buchner reactiéh. The tgl' summt?]ry,' ml € p{etsen Pg}pe{ We_tr_epg;] ?ur
[Ru(p-cymene)Cil-catalyzed decomposition a4 S-udies onthe impiementation of the transiighahe

: - 0 catalysed intramolecular carbenoid  Cjspl
![?)gett?]et:] \?Vit?]tiggig?((:il\;(()é/o)formatlon 6125 (53%) insertion by decomposition afi-diazoesters in the

synthesis of pyrrolidines. The use of Pd(0), Rh4H)
well as Ru(ll) catalysts was explored for this mpsg.

Scheme 3TM-catalyzed reactions af-diazoesteR2.

In order to further confirm the need for a
heteroatom directly attached to the C)spl moiety
involved in the carbenoid C—H insertion, we studie
the reaction ofa-diazoester24 (Scheme 4). Not
surprisingly, no C—H insertion product was isolate
in any of the transition-metal catalysed reactioith

N2 e 3 The results obtained in the annulation reactiomsvsh
coMe 7 come  that the transition metal catalyst of choice foe th
w M@r @ @L process was highly substrate-dependent. On the
Me 24 Me 25 26 Me Me 27 whole, although [Rh(RRCO,),], proved to be the
A: Pd;(dba); (2.5 Mol%), CHCy, reflux, 24 h, 25 (75%, 1:1 Z/E) most versatile catalyst, it did not always give the
g [[(F'z“rf;-‘;%fgg‘o‘?z))];] Z(Z(éSmf‘;?,j/j;?'CCH':g'lz: :etf'“;hz‘;“252(29(7/02)/261&5225)) highest yield and selectivity. In the reactionsNof
D: [Ru(p-cymene)Clol, (3 mol%6), toluene, 40 °C, 5 h, 2-25 (53%), 27 (17%) alkylaniline substrates, the insertion occurred
selectively on primary and secondary C)spl bonds
Scheme 4TM-catalyzed reactions of-diazoeste@4. rather than (sp)-H bonds, regardless of the

transition metal catalytic system. In general, the
Rh(l)- and Ru(ll)-based catalysts provided better
The transformations summarized in Schemes 3 arfdlemoselectivity than the Pd(0)-catalysts. However,

4 clearly show that in the intramolecular reactadn With ortho-substituted anilines, the Pd(0)-catalysts
a-diazoesters, regardless of the transition metayere at least as efficient as [Rh(RQ,);],, the
catalytic system [Pd(0), Rh(ll) or Ru(ll)], the C(sp)-H insertion being the only reaction observed.
presence of a heteroatom (N or O) in the tether iEhe generality and functional group tolerance @f th
essential for the successful carbenoid &dp insertion reaction for the synthesis ofN-
insertion. Regarding the nitrogen moiety, both thé@rylpyrrrolidines is well illustrated by the fadbat
Pd(0)- and Ru(ll)-catalysts need the presence of doth electron-donating and electron-withdrawing
amine nitrogen, while the Rh(ll)-catalyst alsogroups were perfectly accommodated on the aromatic
tolerates a sulfonamide function. For the Ru(ll)¥ing. The C(sP—H insertion was not limited to
promoted insertion reactions, these results ageau ~ anilines but also proved to be suitable for alkyten

agreement with those expected from the computedipe substrates. [Rp{cymene)Cll, was more
reaction profile depicted in Figure 1. efficient than the Pd- and Rh-based catalysts én th

DFT calculations were also carried out toinsertion reaction of thé&l,N-dibenzyla-diazoester,
understand the influence of the heteroatom on th&hile only [Rh(PRCCG,),], was able to promote the
palladium(0)-catalysed process. To this end, wisertion of theN-benzylsulfonamide derivative. The
compared the palladium(0)-catalysed reactiofnechanism involved in the C-H insertion process
profiles involving anilinel and compoun@4, which ~ strongly depends on the nature of the transitiotaime
begin with the corresponding palladacarbeifng0- ~ Whereas Rh(ll)-catalysts are reported to directly
Pd and INTO-Pd”, respectively. From the data in releases the insertion product and the metal cataly
Figure 2, it becomes clear that the first stephef t in a single reaction stéf§] either Pd(0) or Ru(ll)-
transformation, which involves the metal-mediatecatalysts involve stepwise reaction mechanisms.



Despite that, the corresponding transformations ameductive elimination is suggested for the Pd(0)-
essentially different because the initially formedcatalysed process, while a Ru(ll)-promoted Mannich
metallacarbene complex follows a distinct reactiortype reaction is proposed for the Ru(ll)-mediated
pathway to produce the observed products, i.e. r@action.

metal-mediated 1,5-H migration followed by

TS1-Pd
26.7
! 26.6
! TS1-Pd”
TS1-Pd”
INTO !
0.0
[Pd] by
Ph. it
¥ COZMe
Me W\ i
INTO-Pd, X = N INT1-Pd" // 4
INT0-Pd”, X = CH H -Pd” /. " H[Pd]
Ph—XQcogMe;\ -17.1
[Pd] = Pd(PMeg), [Pd] ! , =z
INT1-Pd, X =N = Ph/QCO Me
INT1-Pd”, X =CH  —20.2 \ 27 772

N@ __=39.5
Ph~ CO,Me
2 —-41.0

Figure 2. Computed reaction profiles for the formation ofnpjidine 2. Relative free energiedG,qg at 298 K) and bond
distances are given in kcal/mol and angstroms i@gpectively. All data were computed at the PCM(GH®I06L/def2-
TZVPP//PCM(CHC})-B3LYP-D3/def2-SVP level.

Representative procedure for the [Rh(PIgCCOz)Q;Z-
catalysed (f:yc(ljll_zatlon reail__)ctlongo(Table 2b E‘Ttry 3 AI)
. . mixture o iazoester 5a mg, O. mmol),
Experimental Section [Rh(PRCCO,).], (4.0 mg, 0.00 mmo§ in CI&l, (5 mL)
was stirred at room temperature under Argon atneEreph
Representative procedure for the Pgdba)s-catalysed for 5 h. The reaction mixture was concentrated tred
cyclization reactions (Table 2, Entry 1).A mixture of residue was purified by chromatography (Sidrom
diazoester5a (60 m%, 0.17 mmol), R@dba) (3.8 mg, hexanes to hexanes-EtOAc 97:3) to give pyrrolidize
0.004 mmol), and GEO; (f110 mg, 0.34 mmol) in CH%I (32.5 mg, 70%).
10 mL) was stirred at reflux under Argon atmosghter
4 h. The reaction mixture was partitioned between Representative procedure for the [Rug-cymene)Ch],-
saturated NaHCOaqueous solution and &t The organic catalysed cyclization reactions (Table 2, Entry 4)A
extracts were dried and concentrated. The residag wmixture of diazoesteba (50 mg, 0.14 mmol), [Rpf
ﬁurlfled PEY chromatography (S} from hexanes to cymene)Cll, (2.6 mg, 0.004 mmol) in toluene (3 mL) was
exanes-EtOAc 97:3) to give pyrrolidiga (50 mg, 89%) stirred at 40 °C under Argon atmosphere for 24 e T
as a colorless oil. reaction mixture was concentrated and the residae w
ﬁunfled téy chromatography (S0 from hexanes to
exanes-EtOAc 97:3) to %Ne pyrrolidinga (30.5 mg,

Representative procedure for the [(IMes)Pd(N
8 ciizat \ K 2, I% ( 8% 66%) and anilinga (4 mg, 9%).

catalysed cyclization reactions (Table ntry
mixture of diazoester5a (50 mg, 0.14 "mmol),
[(IMes)Pd(NQ)&Z (4.0 mg, 0.0035 mmol) in CHEI(10 Computational Details
mL) was stirred at reflux under Argon atmosphe h.

The reaction mixture was concentrated and the wesichs

purifed by chromatography (S0 from, hexanes to in e’ Gaussian 09, suite of progreis. Election
8596) : give py! = MY, correlation was Partlally taken into account

ithee
hybrid functional usually denoted as B3L[$é|§ in
conjunction with 2tﬂe D3 dispersion correction sugjgd by
Grimme et alF? using the doublé-quality plus
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po?rizatiog def2-SVv@! basiﬁ set for alldatort?S. F\}eactants
an products were characterize y frequency _
calculatlons@éi and have positive definite Hessian matrices. Angew. Chem. Int. EQ016 55, 6530-6534.

Transition structures (TS’s) show only one negativ ; ;

eigenvalue in their diagqnaﬁzed force constantrived, F41H. ™. L I.Dav_les,. B. T. Parr, i€ontemporary Carbene
and the|rd assogated _e|gen|vectorhs were conflrmg_d to Chemistry Wiley: Hoboken, NJ, 2013, pp 363-403.
correspond to the motion along the reaction coatedin . : s

under  consideration O%%ng the Intrinsic Reactiorl9] @) Diaz-Requejo, M. M.; Pérez, P.Chem. Rev2008
Coordinate (IRC) method. Solvents effects were also 108 3379-3394; b) zZhao, X.; Zhang, Y.; Wang, J.

taken | ijo account using the Polarizable Continliodel Chem. Commur2012 48, 10162-10173.
(PCMY=* during the geometry optimizations. This level is

denoted PCM-(CHG)-B3LYP-D3/def2-SVP. Single-point [6]a) M. K-W. Choi, W.-Y. Yu, C.-M. CheQrg. Lett.

energ¥93o]refinements 5 were carried out at the 2005 7, 1081-1084; b) M. K-W. Choi, W.-Y. Yu, M.-

MO6L=**Ydef2-TZVPP* level of theory employing the ' : ' : y Wer T TH, VL

PCM model to account for solvation. This level wndted H. So, C.-Y. Zhou, Q.-H. Deng, C.-M. Ch&hem.
Asian J.2008 3, 1256-1265; ¢) C. Y. Zhou, J. S.

PCM(CHCE)-MO06L/def2-TZVPP//PCM-(CHG)-B3LYP-
Huang, C. M. CheSynlett201Q 2681-2700; d) A. R.

D3/def2-SVP.
Reddy, C.-Y. Zhou, Z. Guo, J. Wei, C.-M. Chegew.
Chem. Int. Ed2014 53, 14175-14180.

[7]1a) D. F. Taber, J. C. Amedio Jr., R. G. ShedllOrg.
Chem.1986 51, 3382-3384; b) M. L. Rosenberg, J. H.
F. Aasheim, M. Trebbin, E. Uggerud, T. Hansen,
Tetrahedron Lett2009 50, 6506-6508.

[8] D. Solé, F. Mariani, M.-L. Bennasar, |.
Angew. Chem. Int. E@016 55, 6467-6470.

[9] For the intramolecular Pd-catalysed A @p)-H

Luis, M. M. Diaz-Requejo, M. Costas, P. J. Pérez,
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