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Functionalization of Primary Carbon—Hydrogen Bonds
of Alkanes by Carbene Insertion with a Silver-Based
Catalyst
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The complexes [TpPr3Ag]l,*CH3COCH; (1) and TpPr3Ag(thf) (2) catalyze the insertion of
the :CHCOzEt group from ethyl diazoacetate (EDA) into the saturated C—H bonds of several
C5, C6, and C8 linear and branched alkanes. In addition to secondary and/or tertiary sites,
the unprecedented insertion into the primary C—H bonds of the substrates studied has been
observed with variable regioselectivity, toward the methyl groups, within the range of 40—
60% for branched and nearly 25% for linear alkanes.

Introduction

In the past decade, the intermolecular, metal-cata-
lyzed functionalization of C—H bonds by means of the
insertion of carbene units transferred from diazo com-
pounds (Scheme 1) has emerged.! After the seminal
work by Noels et al.,2 only a few reports have appeared
in the literature,3* until Davies and co-workers devel-
oped rhodium-based, chiral catalysts that have provided
high conversions as well as asymmetric induction with
many substrates.® Although first employed in this area,?
copper-based catalysts were clearly displaced by rhod-
ium on the basis of the observed differences in activity.
Only very recently has our group demonstrated the
catalytic capabilities of a family of complexes of general
formula Tp*Cu(L) (Tp* = homoscorpionate ligand) to
induce the above transformation, leading to the func-
tionalization of several C—H bonds of alkanes and
ethers.” After this work, related behavior has been
described with the analogues Tp°¥2M(THF) (M = Cu,
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Scheme 1. Transition-Metal-Catalyzed
Functionalization of Carbon—Hydrogen Bonds by
Carbene Insertion
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Ag).8 On the basis of the lack of effective catalytic
systems reported for the insertion of diazo compounds
into the primary C—H bonds, we have focused our
efforts on the development of a new catalyst that could
enforce the insertion of EDA into such primary, nonac-
tivated sites of regular alkanes. Previous studies have
shown that the transient metallocarbene species de-
picted in Scheme 1, generated in situ from the appropri-
ate transition-metal complex and a diazo compound, is
electrophilic in nature.?2~4%19 A recent work by Zhou and
co-workers!! has demonstrated with the M(CO)C] com-
pounds (M = Cu, Ag) that the silver center displays a
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Scheme 2. Preparation of Complexes 1 and 2

acetone
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2

lower electron density, a feature that, when translated
into the metallocarbene intermediate shown in Scheme
1, should increase the electrophilicity of such species.

Results and Discussion

With the above idea in mind, we carried out the
reaction of silver triflate and the thallium salt of the
TpPB3 ligand in acetone as the solvent (Scheme 2). After
several hours of stirring, a white solid precipitated from
the originally colorless solution. On the basis of the
spectroscopic and elemental analysis data, we propose
the formulation [TpB3Ag]e-CH3COCH; (1) for this new
compound. This complex displays very low solubility in
most common solvents, a fact that could be related to a
dinuclear structure similar to that observed for [TpCuls
and related complexes.!?2 However, it readily dissolves
in tetrahydrofuran, with the immediate formation of the
complex TpPr3Ag(thf) (2), which has also been isolated
and characterized. When CO was passed through a
solution of 2 in thf, the monocarbonyl adduct TpBr3Ag-
(CO) was formed, as inferred from the observation in
the IR spectrum of the solution of an absorption
centered at 2153 cm™~1. This value clearly indicates the
absence of back-donation from the metal to the CO
ligand,!? underscoring the extremely low density at the
silver center (the copper analogue displayed a v(CO)
value of 2107 em™1),”? a characteristic that we were
pursuing to enhance the potential catalytic activity.

As a probe, we ran two experiments, using 1 and 2
as the catalyst, with 2,3-dimethylbutane as the sub-
strate and ethyl diazoacetate as the carbene source in
a one-pot experiment in which the catalyst, the sub-
strate and EDA were stirred for a few hours (eq 1). After

CO,Et

EDA
——
catalyst

+ )

CO,Et
catalyst=1, 2

workup, NMR studies revealed that, in addition to the
product derived from the insertion of the :CHCO2Et unit
into the tertiary C—H bond, a second, major product was
also obtained, as the result of its insertion into one of
the primary C—H bonds of the substrate. A 98% yield,
based on EDA, was observed, with a 59:39 primary to
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secondary ratio of products. After these completely
unprecedented results, we extended this study to several
C5, C6, and C8 linear and branched alkanes. Table 1
displays the results obtained with 1 as catalyst,!4
demonstrating the general insertion of :CHCOyEt (from
EDA) into the primary carbon—hydrogen bonds in all
cases.!’® The yields of the products formed from the
functionalization of the primary sites varied from nearly
25% in linear alkanes (entries 1 and 2) to 40—60% in
the remaining substrates, with the exception of 2,5-
dimethylpentane, which gave a 79% yield. Secondary
and tertiary sites were also activated, when available
(entries 3—8). The high chemoselectivity induced by
these catalysts is also worth mentioning, since overall
conversions into the insertion products ranged from 92
to 98%, with diethyl fumarate and maleate (from EDA
coupling) accounting for the balance of the initial EDA,
despite the absence of any slow addition device, a
feature specific to this silver-based system.

Some comments must be pointed out regarding the
regioselectivity obtained with the substrates employed
in this study. The primary to secondary ratio of products
obtained for n-pentane (29:71) is somewhat similar to
those obtained in metal-free, photochemical (32:68) and
thermal (33:67) processes.?¢ A similar behavior was
observed for 2,3-dimethylbutane, where the primary to
tertiary ratio of 60:40 compares well with the 61:39 and
59:41 ratios produced under photochemical and thermal
conditions, respectively. It could be thought that free
carbenes of type :CHCO3Et might be involved in this
process. In fact, Noels et al. reported,? in the case of
carbenes generated from diazomalonate, that free car-
benes could be formed in the presence of rhodium
catalysts. Although this was never proposed with EDA
as the carbene source, we decided to investigate this
route and carried out several experiments. First, we
have prepared the complex TpMsAg(CH,Cly) (3; TpMs =
hydrotris(3-mesityl)pyrazolylborate) and studied its cata-
lytic activity. When 2,3-dimethylbutane was used as the
substrate, we found that the TpMs-containing catalyst
provided a primary to tertiary distribution of products
of 35:65, nearly the opposite of that obtained with 1
(Table 1), therefore demonstrating the role of the Tp*-
Ag core in the carbene transfer reaction. Second, in a
competition experiment carried out with benzene and
cyclohexane using 1 as the catalyst, a 14:1 ratio of ethyl
cycloheptatrienecarboxylate and ethyl cyclohexyl ac-
etate (eq 2) was observed, very far from the expected

EDA
+ —»
1

CO,Et
CO,Et
+ 2)
14:1

1:1 described for thermally or photochemically gener-
ated free carbenes, and almost double that reported with

(14) Complex 2 can also be alternatively employed, identical results
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Table 1. Functionalization of Carbon—Hydrogen Bonds of Hydrocarbons by Insertion of Ethyl Diazoacetate Using 1 as the Catalyst®
. b b Tertiary C;tH ¢
Entry | Substrate Primary C-H Products Secondary C-H Products Prodicts? Others
53% COEt  13%
1 n-pentane 2% NN COE oA~ ? /\ACO 2k - 7%
COEt  21%
2 n-hexane 2% NN COuk e~ COzEt - 2%
59 %
3 CO,Et . 39 % 20
CO,Et
CO,Et
45 % 2 36 %
CO,Et 0
4 )\/ﬁ/ coum 20/,
]7 00
5 8% 7% CO,Et CO,Et 1% 204
\)\/\/cozm 32%
CO,Et
41 % (both) .
6 /k/ /\)\/ )\/\/cozm 36 //k; COEt /& 21 % 2%
EtO,C
’ CO,Et
46 % (both) 19 %
7 )\/\ o C/\)\/\ )\/\/\ 36 % M /&\ 8 %
Et
73 'CO,Et CO,Et CO,Et
6%
79 % o 0
8 /k/L /k)\/\co Et 13 /«.)\/ICCOZB 2%
’ CO,Et

@ See Experimental Section. ® Percentage of products at the end of the reaction, determined by 'H NMR. ¢ Diethyl fumarate and maleate and ethyl glycidate as byproducts.
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Table 2. Observed Regioselectivity® for the Alkane
Functionalization by Carbene (from EDA)
Insertion Using 1 as the Catalyst

Entry Substrate Primary Secondary  Tertiary
sites sites sites
1 n-pentane 1 2.44 -
2 n-hexane 1 2.25 -

1 --- 3.66

CrrE £

1.33 1.8
6 1 3.95 4.17
7 1 1.76 3.71
8 1 0.45 0.98

@ Values normalized for the relative number of C—H bonds of
each type.

rhodium (6:1).1 These results are clearly in disagree-
ment with the involvement of free carbenes in this
process.

Table 2 displays the values of the selectivities toward
primary, secondary, and tertiary sites, corrected by the
number of C—H bonds of each type. It is observable that
the tertiary sites are more prone to undergo the inser-
tion of the carbene unit, with the primary sites being
the least reactive (2,4-dimethylpentane could be an
exception, due to the large number of primary sites).
This is in good accord with the sequence of bond
energies tertiary < secondary < primary and is in
contrast with the steric effect of those sites. This
sequence, identical with that already observed with the
TpB3Cu(NCMe) catalyst,” could be interpreted as the
prevalence of the electronic effects in this transforma-
tion. The steric hindrance influences the selectivity to
a certain degree, although it does not overcome the
electronic effect.

An obvious question arises after those results: what
makes the difference between the already reported
TpB3Cu(NCMe)™¢ and the silver catalyst? We believe
that the main factor is the different electronic density
located at the metal center. We base this proposal on
the following. The effective ionic radii for Cu(I) and Ag(I)
in a tetracoordinate environment are 0.74 and 1.14 A,
which would explain the existence of a higher catalytic
pocket in the case of silver. The styrene cyclopropana-
tion!” with EDA in the presence of both the copper and
the silver catalysts have provided cis:trans ratios of

(15) Pérez Romero, P. J.; Diaz-Requejo, M. M.; Belderrain, T. R.;
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Scheme 3. Styrene Cyclopropanation with EDA
Using Copper and Silver Catalysts

CO,Et
EDA
—_——
catalyst
cis + trans
catalyst cis:trans

TpB®3Cu(NCMe) 58:42
TpB3Ag(thf) 50:50

58:42 and 50:50 (Scheme 3), respectively, the yield of
the more sterically demanding trans isomer being
increased with 1 as the catalyst. Therefore, the observa-
tion of primary C—H bond functionalization in the silver
case, in comparison to copper, is mainly due to the
increase in electrophilic character, the steric hindrance
of the catalyst, and the substrate contributing in a
certain, but not decisive, degree to the selectivity.

Conclusions

We have developed very highly active silver catalysts
(1 and 2) for the functionalization of C—H bonds by
carbene insertion from ethyl diazoacetate. These cata-
lysts are capable of inserting the :CHCOqEt fragment
not only into tertiary and secondary sites but also into
the primary sites of alkanes. Their reactivities are
comparable to those of free carbenes, although the
carbene transfer proceeds from the metal center. The
design of new ligands with defined electronic and steric
effects that would enhance the activation of primary
sites is currently underway in our laboratory.

Experimental Section

General Considerations. "H NMR spectra were run at 400
MHz and 3C NMR at 100 MHz, using CDCl; as solvent. Mass
spectra were carried out in a Varian Saturn 2100T. GC
analyses were recorded with a Varian CP-3800. Solvents were
dried and degassed before use. All the hydrocarbons were
purchased and employed without any further purification.

Synthesis and Characterization of [TpB3Agls-
CH3COCH; (1). Silver triflate (128.5 mg, 0.5 mmol) was added
to a solution of TITp? (563.5 mg, 0.5 mmol) in acetone. After
20 h of stirring in the dark, a white solid precipitated from
the initially colorless solution. The solid was filtered off and
dried under vacuum to give complex 1 in 80% yield. Anal.
Caled for CZngNmOBrlngAg: C, 1190, H, 038, N, 7.93.
Found for 1: C,11.47; H, 0.33; N, 8.02. IR (Nujol mull): »(B—
H) 2552 em ™!, »(CO) 1704 cm™!. Complex 1 is quite insoluble
in most deuterated solvents. A solution of 1 in thf-dg was
readily achieved, however, due to the exchange of coordinated
acetone and the corresponding formation of 2.

Synthesis and Characterization of TpE=Ag(thf) (2).
Complex 1 (0.1 mmol) was stirred in thf (20 mL) for 30 min in
the dark. After the removal of the volatiles under reduced
pressure, a white solid was obtained in quantitative yield.
Anal. Calced for C13H9N¢OBryoBAg: C, 14.60; H, 0.82; N, 7.62.

(17) (a) Diaz-Requejo, M. M.; Caballero, A.; Belderrain, T. R.;
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Pérez, P. J. J. Am. Chem. Soc. 2001, 123, 3167—3168.
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Found for 2: C, 14.45; H, 0.76; N, 8.14. IR (Nujol mull): »(B—
H) at 2575 em L. B3C{H} NMR (100 MHz, 20 °C, thf-ds): 130.8,
123.9, and 100.1 ppm. Tetrahydrofuran exchanges rapidly with
thf-ds.

Synthesis and Characterization of Tp"sAg(CH,Cl,) (3).
Silver nitrate (84.95 mg, 0.5 mmol) was added to a solution of
T1TpMs (386 mg, 0.5 mmol) in acetone. After 8 h of stirring in
the dark, the solvent was removed under vacuum and the
product was extracted with CH3Cly from the crude reaction
mixture. The solid was dried under vacuum to give complex 3
in 70% yield. Anal. Caled for C3;H42N¢BClAg: C, 58.45; H,
5.57; N, 11.05. Found for 3: C, 57.74; H, 5.47; N, 11.37. IR
(Nujol mull): »(B—H) at 2397 cm~'. 'TH NMR (400 MHz, 20
°C, (CD3)2CO): 1.73 (s, 18 H), 2.42 (s, 9 H), 6.45 (br s, 3 H),
6.86 (s, 6 H), 8.18 (br s, 3 H). 3C{'H} NMR (100 MHz, 20 °C,
(CDs3)2CO): 19.7 (1C), 20.9 (2C), 108.6, 128.5, 154.0 (3C each,
pyrazolyl rings), 128.7, 135.5, 136.8, and 138.3 (3 aromatic
rings).

Catalytic Experiments. Complex 1 (20 mg, 0.019 mmol)
was suspended in 5 mL of the corresponding substrate, and
0.75 mmol of EDA was added in one portion to the stirred
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mixture. The flask was covered with aluminum foil to avoid
exposure to light. After 2—5 h of stirring, depending on the
substrate, no EDA was detected by GC. The solvent was
removed under vacuum, and the residue was investigated by
NMR. The products were characterized by NMR and GC-MS.
The representative resonances are given in the Supporting
Information. The ratios of products were obtained from the
comparison of the integral of the CH2CO2Et fragments and
double-checked by GC.
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