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ABSTRACT: Herein we describe the synthesis of a family of aryl-Co(IIl)-carboxylate complexes and their reactivity
with ethyl diazoacetate (EDA). Crystallographic, full spectroscopic characterization and theoretical evidence of unique
C-metalated aryl-Co(IIl) enolate intermediates is provided, unraveling a carboxylate-assisted formation of aryl-Co(III)
masked-carbenes. Moreover, additional evidence for an unprecedented Co(IlI)-mediated intramolecular Sx2-type C-C

bond formation in which the carboxylate moiety acts as a relay is disclosed. This novel strategy is key to tame the hot
reactivity of a metastable Co(llI)-carbene and elicit C-C coupling products in a productive manner.

INTRODUCTION

Directed C-H functionalization methodologies using
non-precious earth-abundant 3d transition metal cata-
lysts are currently attracting increasing attention.! In
particular, high-valent cobalt catalysis has emerged as a
valuable approach for the construction of a wide variety
of organic molecules, mainly due to the highly polarized
character of C-Co bonds when compared to the other
group 9 neighbours.2 Among the vast array of possible
transformations, the use of diazocarbonyl compounds as
coupling partners constitutes a particularly attractive
method due to their wide application as precursors for
several metal-catalyzed processes,® including cyclopro-
panation* and functionalization of inert C-H bonds.?
Although Co-carbene have been extensively studied,®
directed C-H functionalization involving high-valent
aryl-Co-carbene intermediates is still in its infancy and
their mechanistic understanding is based on limited
experimental evidences as well as computational stud-
ies.’

The synthesis of organometallic Co(Ill) species through
C-H activation is challenging and still remains underde-
veloped.® Legg and co-workers made the first contribu-
tion to the field being able to isolate an organometallic
alkyl-Co(IIl) complex through C-H activation starting
from Co(Il) salts and characterizing several intermedi-
ates in a step-wise manner.®¢ In our commitment to

unravel key intermediates,® our group has recently pub-
lished the synthesis and characterization of a family of
aryl-Co(IIl) complexes through C-H activation,” taking
advantage of the enhanced stability offered by a macro-
cyclic model substrate which has proven to stabilize
other organometallic high-valent aryl/alkyl-metal inter-
mediate species.! These complexes proved to be
catalytically competent during alkyne annulation
reactions, furnishing either 5- or 6-membered ring
products (Scheme 1, blue). Taking into account the in-
creasing attention to the use of carbene surrogates for C-
C bond formation reactions, we became interested in the
reactivity of our previously reported aryl-Co(IIl) com-
plexes towards diazo esters to elucidate the operative
mechanism as well as the nature of the key intermedi-
ates (Scheme 1, red).

Scheme 1. Previous work with alkynes as coupling
partners (top, blue) and current study disclosing the
reactivity of aryl-Co(III) complexes towards diazo es-
ters (down, red).
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Herein we describe the synthesis of a new family of aryl-
Co(Ill)-carboxylate complexes (2a-X) and their reactivity
with ethyl diazoacetate (EDA). Crystallographic, spec-
troscopic and theoretical evidences of a unique C-
metalated cis-aryl-Co(IlI)-alkyl enolate intermediate are
provided, unveiling a novel strategy to tame the hot
reactivity of cobalt-carbenes and construct C-C bonds
through an unusual intramolecular Sn2-like pathway.
Theoretical studies show the feasibility of this transfor-
mation, in which Lewis acids play an important role
turning the carboxylate moiety into a better leaving

group.
RESULTS

Stoichiometric Annulation Reaction with EDA. Initially,
we attempted to perform the stoichiometric annulation
reaction of the previously reported aryl-Co(III) complex
2a-OAc with 2.0 equiv of EDA."® When the reaction was
performed using ethanol, no reaction was observed (Ta-
ble 1, entry 1). However, the use of fluorinated alcohols
was beneficial for the formation of macrocyclic amide 3
(Table 1, entries 2-3). In addition, reaction with the aryl-
Co(III) complex bearing methylated tertiary amines, 2b-
OAc, was not successful and only trace amounts of
product 4 were detected by HRMS (4 corresponds to the
C-C coupling product with no intramolecular reorgani-
zation, see Scheme Sb).

Table 1. Evaluation of stoichiometric reaction conditions.’?

N
| ~N
=
entry additives (equiv.) solvent  yield of 3 (%)
1 none EtOH 0%
2 none TFEP 10%
3 none HEFIPe 31%
4 AcOH (1.0) TFE 15%4
5 H20 (1.0) TFE 57%

6 H:0 (2.0) TFE 82%
7 H:0 (4.0) TFE 96% (91%)¢
8 Mg(OT#): (1.0) TFE 67%
9 H20 (1.0) + Mg(OTf)2 TFE 92% (87%)
(1.0)
10 Li(OTf) (1.0) TFE 95% (88%)¢
11 H:O (4.0) EtOH 88%
12 Li(OTf) (1.0) EtOH 91%

2 Yield determined using 1,3,5-trimethoxybenzene as internal
standard. b2,2,2-trifluoroethanol (TFE). <1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP). dProto-demetalation of 2a-OAc was observed.
¢[solated yield.

A variety of commonly used proton sources were inves-
tigated as additives. Unfortunately, acetic acid was not
successful (Table 1, entry 4), mainly showing proto-
demetalation of the starting 2a-OAc complex. However,
water as additive was proven to be effective, and 3 was
obtained in 91% isolated yield when 4.0 equiv of H.O
were added (Table 1, entry 7). To gain more insight into
the reaction mechanism, a variety of Lewis acids (LA)
were tested as additives (Table 1, entries 8-10), as they
proved to be beneficial in other methodologies using
cobalt as catalysts.” Interestingly, the addition of 1.0
equiv of Mg(OTf). allowed the formation of 3 in 67%
yield. Furthermore, when 1.0 equiv of both Mg(OTf):
and H20 were added, 3 was obtained in 92% yield. Fi-
nally, when a stronger Lewis acid such as Li(OTf) was
used in absence of water, 3 was obtained in 95% yield. If
H20O or Li(OTf) were used as additives, 3 was also
formed in good yields using EtOH as solvent (Table 1,
entries 11-12).

Catalytic Annulation Reaction with EDA. The annulation
reaction was also studied in a catalytic fashion (Table 2).
EDA was successfully coupled with 1a-H using 2a-OAc
as catalyst (20 mol%), under air in TFE with 4.0 equiv of
H:O, forming 3 in 93% yield (Table 2, entry 2). Product 3
was also obtained in excellent yield (Table 2, entry 3)
under an inert atmosphere (N2) using 2a-OAc as catalyst,
indicating a redox neutral mechanism where Co(III)
does not change its oxidation state. The role of external
oxidants was evaluated performing the catalysis with
readily available Co(II) salts. When 20 mol% of Co(OAc):
was used under air (Table 2, entry 4), 3 was obtained in
96% yield. On the other hand, under an inert atmosphere
reactivity was completely inhibited (Table 2, entry 5),
thus indicating that Co(IIl) species are required to effect
the C-H activation to form 2a-OAc.!! Moreover, addi-
tives have also proven to be essential in catalysis (Table
2, entries 6-9). Thus, when 1a-H was reacted with EDA
using Co(OAc): as catalyst without water, only a 15%
yield was obtained. However, as it was previously ob-
served in the stoichiometric reaction, when la-H was
reacted with EDA in presence of 1.0 equiv of Mg(OTf):
using Co(OAc): as catalysts, 42% yield of 3 was obtained



(Table 2, entry 7). Interestingly, a cooperative effect be-
tween Mg(OTf): and H20 can be observed when 1.0
equiv of each of them is added, obtaining 3 in a 93%
yield (Table 2, entry 8). Furthermore, when 1.0 equiv of
Li(OTf) was added as additive in absence of water, 3 was
obtained in 96% yield, which indicate the key role of
Lewis acids in the reaction.

Table 2. Evaluation of catalytic reaction conditions.!®

e

[Co] (20 mol%)

NH H NH EDA(20equv)  _ N NH
additive (x equiv)
N TFE, 100°C, 24h o Ng
l = l =
1a-H 3
entry [Co] additive (equiv.) yield of 3 (%)
1 - H20 (4.0) n.r.
2 2a-OAc H20 (4.0) 93% (87%)P
3e 2a-OAc H20 (4.0) 95% (84%)>
4 Co(OAc): H20 (4.0) 96% (89%)P
5¢ Co(OAc): H20 (4.0) traces
6 Co(OAc): none 15%
Co(OAc): Mg(OTf)2 (1.0) 42%
8 Co(OAc): Mg(OTf)2 (1.0) + H20 93% (84%)P
(1.0)
9 Co(OAc): Li(OTf) (1.0) 96% (88%)P

2NMR yield determined using 1,3,5-trimethoxybenzene as internal
standard. b Isolated yield. Reaction performed under nitrogen.

Isolation of Reaction Intermediates. A detailed study of
the reaction of 2a-OAc with EDA under anhydrous con-
ditions was performed. When 2a-OAc was reacted with
2.0 equiv of EDA at 100°C for 15 minutes, HRMS analy-
sis showed a single peak at m/z = 442.1183 (Figure 548),
corresponding to the molecular formula
[C21H25CoNsO4]*, suggesting the formation of a putative
aryl-Co(III)-carbene intermediate. Encouraged by this
result, this compound (5a-OAc) was analyzed by NMR
spectroscopy. A diamagnetic NMR spectrum was ob-
tained, which is consistent with an octahedral Co(III)
low spin species. Moreover, a singlet at a chemical shift
of 5.81 ppm precluded the presence of a Co(Ill)-carbene
species (Figure 541), as the a proton of the carbene moie-
ty is known to be strongly deshielded.® Attempts to
unravel the nature of 5a-OAc have been pursued by
crystallographic analysis without success. Nevertheless,
suitable crystals for XRD analysis were obtained by re-
placement of the acetate anion with p-substituted benzo-
ate. Reaction of 2a-OBz-R (R = OMe, Cl) with EDA
caused a rapid color change from red to orange, and
recrystallization in CHCls/pentane afforded 85-97% yield
of orange crystals corresponding to 5a-X (X = OBz-Cl,
OBz-OMe, Figure 1).

Figure 1. Crystal structures of 5a-OBz-R complexes. (A) 5a-
OBz-Cl. Selected bond distances [A] and angles [?]: Co-C(1)
1.846(3), Co-C(2) 1.972(5), Co-N(2) 1.891(4), Co-O(1)
2.008(3); C(1)-Co-C(2) 95.71(2). (B) 5a-OBz-OMe. Selected
bond distances [A] and angles [?]: Co-C(1) 1.84(1), Co-C(2)
1.97(1), Co-N(2) 1.878(8), Co-O(1) 2.004(7); C(1)-Co-C(2)
96.3(4)-atoms, anions and solvent molecules have been
omitted an only one of the enantiomers is depicted for clari-
ty; ellipsoids displayed at 50% (5a-OBz-Cl) and 30% (5a-
OBz-OMe) probability.

Strikingly, the solid-state structures showed an On aryl-
Co(III) center bearing a carbonyl and a chiral alkyl group
as ligands (5a-OBz-R). The formation of 5a-X (X = car-
boxylate) species is rationalized by the trapping of the
electron demanding Co(IlI)-carbene through the nucleo-
philic intramolecular attack of the carboxylate to C2.
Both 5a-OBz-OMe and 5a-OBz-Cl'* compounds show
spectroscopic features analogous to 5a-OAc, indicating
the same structure. In addition, EXAFS analysis of 5a-
OAc agrees with the structures in Figure 1 and the DFT
derived model (see below, Figure 4), showing a metal
center having two N/O/C scattering paths at 1.93 A and
four N/O/C scattering paths at 2.05 A (Figure 2 and Ta-
ble S9). In addition, the metal K- pre-edge and rising
edge of 5a-OAc occur at 7711.2 eV and 7720.2 eV respec-
tively, consistent with the presence of a Co(Ill) center.1
An analogous Rh intermediate (7b-OBz-Cl, Figures S67-
74) was obtained when the aryl-Rh(III)(Cl). complex 6b-
Cl'® was reacted with 4.0 equiv of EDA and Ag(OBz-Cl)
(Scheme S14). Although the formation of organometallic
Rh(III)-alkyl species from carbenes is rare, a similar nu-
cleophilic attack to carbenes using half-sandwich Rh-
carbene complexes has been recently described.'s



@ _—ISa-nnc wuuu:‘ '__I 7 5a-Ohc O] .
g Sa-0Ac (scluticn} k r Data =0 '“I AoA T
@ - . ELERWATACTAV,
2410l o8 —Fit , .l I‘/U VY
o - - W v
= Y 4
o = 5¢ ol R R TR
El = I k(A"
i o4 i
° ] _.
Nosl 3 I
o i+ L
s £ /| A
E 2 J A
z 1t /J.-;, I|»|.r : 5 ]
0.0 —" A . % . A
7710 7720 7730 7740 1 2 4
Energy (eV) R (A)

Figure 2. XAS of 5a-OAc. Left: XANES region showing the
pelleted sample diluted in boron nitride and the 15 mM
solution sample. Right: Fourier-transformed EXAFS spectra
fit (inset: k>-weighted unfiltered EXAFS spectra).

Mechanistic Insight. To better understand the role of
additives in the formation of cyclic amide 3, a variety of
control experiments was performed starting from 5a-
OAc. Surprisingly, the isolated aryl-Co(Ill)-alkyl enolate
evolves to product 3 in good yields by addition of water,
organic acids and Lewis acids, involving the cleavage of
a C-O bond and the formation of a new C-C bond
(Scheme 2A and Table S5). As expected, when the same
reaction was carried out in absence of additives, poor
yields (14%) were obtained. The enhanced reactivity
observed in presence of additives (for instance, with
Li(OTf) an 89% yield of 3 is obtained, Scheme 2A) sug-
gests an activation of the carboxylate group through
hydrogen bonding or coordination to Lewis acids, which
converts it in a better leaving group. Indeed, when the
organometallic aryl-Co(IIl) complex 2a-TFA, which is
bearing an electron-poor carboxylate group such as tri-
fluoroacetate, was reacted with EDA (Scheme 2B), nei-
ther isolation nor detection of 5a-TFA by HRMS was
achieved and 3 was obtained in 79% yield in absence of
any external additive.

Scheme 2. (A) Evolution of 5a-OAc to 3 with additives
and rationalization of the observed reactivity and (B)
reactivity of intermediate bearing electron-poor car-
boxylate 5a-TFA.
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Furthermore, 5a-X complexes can be used as catalysts
(20 mol%) affording 3 in good yields (Scheme 3A), indi-
cating that organometallic 5a-X complexes are catalyti-
cally active species. In order to test the role of carbox-
ylate anions, dicationic complex 2a-CHsCN was reacted
with 2.0 equiv of EDA in TFE at 100 °C over 24 h
(Scheme 3B and Table S3, entry 5). A complex mixture of
decomposition products of EDA was obtained, suggest-
ing the formation of a very reactive, unstable Co(III)-
carbene intermediate. However, when 2.0 equiv of
NaOAc were added (Table S3, entry 6), 3 was obtained
in 41% yield. We hypothesize that when the Co(III) cen-
ter is bearing a carboxylate moiety, carboxylate-masked
aryl-Co(III) carbenoids species (5a-X) are formed, which
highlights the key role of carboxylate anions taming the
reactivity of a putative highly electrophilic aryl-Co(III)-
carbene intermediate.

Scheme 3. (A) Catalysis with 5a-X and (B) role of ace-

tate.
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Interestingly, INT-MI (Scheme 2B) could be detected by
high-resolution mass spectrometry (HRMS) studies
when MS/MS analysis was performed at the mass peak
corresponding to 5a-X (X = OBz-Cl, green; and OBz-
OMe, red; Figure 3). A single peak, which corresponds
to a fragment involving the loss of carboxylic acid ([INT-
MI-RCOOH]* = CiH21CoN3O2*; m/z = 382.0970) was
observed, regardless the carboxylate moiety present in
the isolated compounds (see also Scheme S11 and Fig-
ures S7-9). Relative intensity of INT-MI" at the same
collision energy (15 eV) is higher when an electron-poor
p-substituted benzoate is present in the molecule, sup-
porting the better-leaving-group hypothesis presented
above.
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Figure 3. Detection of INT-MI’ (experimentally obtained
m/z = 382.0970; simulated m/z = 382.0960) by MS/MS
studies of 5a-OBz-OMe (m/z = 534.1428, up) and 5a-
OBz-Cl (m/z = 538.0949, down) organometallic interme-
diates.

Further insight on the subsequent proto-demetalation of
INT-MI was obtained by D-labeling experiments which
results are summarized in Table 3. When 2a-OAc was
treated with EDA and 4.0 equiv of DO were added in
TFE at 100°C (Table 3, entry 1), a 36% D-incorporation
was observed by NMR and HRMS analysis at the o posi-
tion of the carbonyl group in 3, in a stereoselective man-
ner (Figures S10-11). Increasing D-incorporation was
observed when H:0 (65%; table 3, entry 2) and D20

(86%; table 3, entry 3) were added as additives in TFE-ds
(Figures 512-19).

Table 3. Deuterium-labeling experiments.®

D-incorporation

entry  additive (equiv.) solvent

(%)
1 D20 (4.0) TFE 36%
2 H:O (4.0) TFE-ds 65%
3 D20 (4.0) TFE-ds 86%
4 Li(OTf) (1.0) TFE-ds 91%
5 Li(OTf) (1.0) MeOD-ds 93%

2 D-incorporation determined by '"H NMR integration and HRMS
analysis.

These results suggest INT-MI is involved in a deutero-
demetalation step to furnish INT-PD in a stereoselective
manner (Scheme 4), which is a strong evidence of a pre-
vious existence of a Csps-Co(IlI) bond. Interestingly, 91%
(Table 3, entry 4) and 93% (Table 3, entry 5) D-labeled 3
was obtained when the reaction was performed in ab-
sence of water but using 1.0 equiv of Li(OTf) in TFE-ds
(Figure S16-17) and in MeOD-ds (Figure S18-19), respec-
tively. These results suggest that Lewis acids may coop-
erate with the solvent, increasing its acidity as proton
source and favoring a plausible proto-demetalation of
INT-MI. After this step, as it was described in previous-
ly reported studies, INT-PD will evolve to 3 through a
LA-assisted cyclization reaction in which Co(IIl) or the
additive can act as catalysts (Scheme 4).7

Scheme 4. Proposed evolution of INT-MI to product 3.
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Theoretical Studies. DFT studies (See Supporting Infor-
mation for computational details) of the reaction profile
in Figure 4 show that 2a-OAc reacts with EDA to form
an adduct (2a-OAc-EDA), in which the carboxylate lig-
and is now coordinated in a monodentate fashion. Then,
2a-carbene is obtained after a first transition state TS1
(AGH = 23 kcal mol?), with the concomitant liberation of
N2. However, the transient aryl-Co(Ill)-carbene falls to
the isolated 5a-OAc organometallic species in an almost
barrierless manner (TS2, AGt = 0.8 kcal mol?). Indeed,
depending on the DFT method, 2a-carbene cannot be



optimized and TS1 directly evolves to the experimental-
ly isolated 5a-OAc (Figure S23). Therefore, TS1 can be
understood as a concerted asynchronous transition state
that leads to the formation of the new C-Co and C-O
bonds of 5a-OAc species. Then, in absence of additives,
5a-OAc evolves to INT-MI overcoming a barrier of AGt
= 28.9 kcal mol" (TS3). Indeed, TS3 shows the cleavage
of the C-O bond and formation of the new aryl-C bond
in a Sn2-type transition state, in which the aryl-Co bond
acts as a nucleophile and the acetate acts as a leaving
group. Thus, this energetic profile supports the accumu-
lation of 5a-OAc in absence of water (AAGHTS3-TS1) =
5.9 kcal mol?).

carbene enolate

Figure 4. Gibbs energy profile of the reaction. Relative
Gibbs energy values are given in kcal-mol.

Water resulted tremendously beneficial for the reaction
outcome and therefore we considered the explicit inclu-
sion of a water molecule in the calculations (Figure 5).
We hypothesized the nucleophilic character of water
could promote its coordination to the Co(IIl) centre and
enhance its Lewis acid character, favoring the Sx2-type
event. However, when H:0 is coordinated to 5a-OAc,
the carboxylate group is displaced and the overall ener-
gy of the resulting complex increases 10.2 kcal mol"! (5a-
OAc-H:0). Then, 5a-OAc-H:0 evolves to INT-MI-H:20
through the Sn2-like pathway with an activation barrier
of AGt = 33.9 kcal mol* (TS3-H:0), 5.0 kcal mol* higher
than in the absence of water (TS3).

L I
H,O-gssisted 5, 2-like pathwoy

Figure 5. Gibbs energy profile of the Snx2-type step in
presence of H20. Relative Gibbs energy values are given
in kcal-mol (see Figure S24 for details).

As the effect an explicit water molecule coordinated to
Co(III) on TS3 was not consistent with the experimental
results, the addition of Lewis acids to 5a-X to obtain 3
was also investigated by DFT (Figure 6). Indeed, in pres-
ence of 1.0 equiv of Li(OTf) in anhydrous conditions, the
reaction proceeded in excellent yields (see Table 1, entry
10). Thus, we considered the explicit inclusion of a lithi-
um cation in the computational analysis of the C-O
cleavage/C-C bond formation event. Strikingly, when a
Li*ion interacts with O2 and O3 (see Figure 1), the acti-
vation barrier for the Sx2-like pathway decreases 6.3 kcal
mol? (AAGt = 28.9 (TS3, Figure 4) - 22.6 (TS3-Li, Figure
6) kcal mol?). Thus, when Lewis acids are added to the
reaction media, they coordinate to the ester moieties in
5a-OAc, turning them into better leaving groups
through a LA-mediated carboxylate activation.

AG'= 22.6kcalmol' | ™

Li .. a7
Sa OACLi
NTARLI

Figure 6. Gibbs energy profile of the Sn2-like step in
presence of Li*. Relative Gibbs energy values are given
in kcal'mol™ (see Fugure S25 for details).

This result suggests that the interaction of a Lewis acid
with 5a-OAc triggers the concomitant C-O cleavage/C-C
formation event, probably by turning the carboxylate
moiety into a better leaving group. Actually, when a
weak base such as trifluoroacetate was used as coun-
teranion (Figure 7), 5a-TFA evolved to INT-MI-TFA
overcoming a small activation barrier of AGt = 19.7 kcal
mol? (TS3-TFA), which is similar to the barrier obtained



when 5a-OAc interacts with Li* (Figure 6). Thus, this
result supports the beneficial effect of having a better
carboxylate leaving group at the Sx2-type step, as well as
the carboxylate-activation observed when Lewis acids
such as Li* are present in the reaction media.

197

Lo TS3IER e

AG*=19.7kcal mol

00 -7 -
SaTFA
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Figure 7. Gibbs energy profile of the Sx2-type step for
5a-TFA. Relative Gibbs energy values are given in
kcal'mol (see Figure 526 for details).

Then, after the unprecedented Co(lIl)-mediated intramo-
lecular Sn2-type C-C bond formation in which the car-
boxylate moiety acts as a relay, INT-MI evolves to 3
through a protodemetalation step and a subsequent LA-
assisted cyclization, as it has been observed experimen-
tally. Furthermore, these results are supported by previ-
ously reported Co(IlI)-catalyzed protocols.”

CONCLUSIONS

In conclusion, unique C-metalated cis-aryl-Co(IlI)-alkyl
enolate species (5a-X), which can be considered carbe-
noids, have been synthesized using EDA. Crystallo-
graphic, full spectroscopic characterization and theoreti-
cal evidences show that masked carbenes 5a-X are neces-
sary intermediates to deliver the alkyl fragment and
elicit the new C-C bond, finally furnishing a 6-
membered cyclic amide product. To the best of our
knowledge, this is the first example of a C-metalated
aryl-Co(III)-alkyl enolate engaging in C-H functionaliza-
tion reactions. Moreover, these species are proven to be
catalytically active in the synthesis of final product 3.
DFT studies indicate that this transformation occurs
through a unique intramolecular Sn2-like pathway in
which the carboxylate acts as relay. The experimental
key role of Lewis acids, particularly Li(OTf), is reflected
in the theoretical studies, unveiling a Li-mediated car-
boxylate activation that triggers the C-O bond cleav-
age/C-C bond formation event. Efforts on transferring
this reactivity to other catalytic systems are currently
being performed in our laboratory.
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-metalated cis-aryl-Co(lll)-alkyl enolate carbenoid
- Complete characterization (XRD, EXAFS, NMR, DFT)
« Catalytically active
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