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ABSTRACT: A novel Ni-catalyzed reductive amidation
of C(spz)— and C(sp3)—0 electrophiles with isocyanates
is described. Such umpolung reaction allows for an un-
conventional preparation of benzamides by using simple
starting materials and easy-to-handle Ni catalysts.

Within a few years, C—O electrophiles have emerged
as powerful and environmentally friendly alternatives to
the use of organic halides in the cross-coupling arena.'
Among their advantages are the low toxicity, readily
availability and natural abundance of phenols together
with their unique pivotal role in organic synthesis, mak-
ing them particularly attractive for further applications.
Despite formidable advances, these processes are pri-
marily restricted to the use of nucleophilic entities such
as boronic acids, organozincs or Grignard reagents.”
Recently, catalytic reductive processes of organic hal-
ides with other electrophilic partners have received con-
siderable attention.*® These methods represent a formal
umpolung or a polarity inversion strategy by employing
unconventional substrate combinations while avoiding
the use of well-defined and stoichiometric organometal-
lic reagents, thus changing logics in chemical reactivity
and increasing our ever-growing synthetic toolkit. Strik-
ingly, metal-catalyzed reductive events employing aryl
C—O0 electrophiles are relatively scarce.”® This might be
due to the proclivity of C—O electrophiles to undesired
pathways and site-selectivity issues with multiple C-O
reaction sites, giving the notion that the use of aryl C-O
electrophiles in catalytic reductive protocols constitutes
a notorious difficult challenge. Therefore, the discovery
of new reactivity within this field would be a highly
desirable goal of utmost synthetic importance.

Scheme 1. Biological Significance of Benzamides

OH cl cl CF
7 3
Me__Me CO.H “ J:T
PhHN ~ N
7 "N OH Cl O Fluopicolide
o

HO,C HN
O O o
HO N (0]

Atorvastatin F Balsalazide

Benzamides are key structural units in a wide variety of
compounds that display important biological properties
such as Atorvastatin, Fluopicolide or Balsalazide, among
others (Scheme 1).” Recently, metal-catalyzed amidation
protocols using well-defined and stoichiometric organ-
ometallic species (Scheme 2, path a),'’ carbonylation
methods using CO (path b)11 or C-H functionalization
techniques promoted by suitable ortho-directing groups
(patch ¢)'? have shown to be viable synthetic alternatives
to classical methods for preparing such privileged mo-
tifs.'>!* We envisioned that benzamides would be within
reach by a reductive event using C-O electrophiles and
isocyanates, thus providing a unique opportunity to im-
prove the efficiency and applicability of C-O electro-
philes while offering an innovative bond disconnection
not apparent at first sight (path d).15 As part of our inter-
est in C—O bond-activation,'® we report herein the dis-
covery of a novel catalytic protocol that deals with such
challenge, exploiting a previously unrecognized oppor-
tunity in the field of C—O bond cleavage. The method is
characterized by its wide scope and excellent chemose-
lectivity profile, including challenging substrate combi-
nations. Likewise, the use of readily available and air-
stable compounds represents an additional bonus from a
practical and step-economical standpoint.

Scheme 2. Catalytic Cross-Coupling Routes to Benzamides
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We began our investigations by examining the reactiv-
ity of 1a with n-butyl isocyanate using Ni precatalysts
(Table 1) and the effect of all reaction parameters was
systematically examined.'” As for other catalytic reduc-
tive processes,4'6 we anticipated that the nature of the
ligand would play a critical role for success. As shown
in entries 1-5, this was indeed the case; while dppf pro-
vided promising results in DMA and Mn as reducing
agent (entry 1), the use of other related ligands was ra-
ther unsatisfactory, not affording even traces of 2aa and
invariably resulting in 2-naphthol or reduced naphtha-
lene (entries 2—5).17 Interestingly, the replacement of Mn
by Zn under otherwise identical reaction conditions
significantly improved the yield of 2aa (entry 6). Alt-
hough different Ni sources could be utilized (entries 6-
11), the best results were accomplished using
NiCl,-glyme (entry 11). Intriguingly, the inclusion of
K,HPO, in anhydrous DMF had a dramatic effect on
reactivity, providing 2aa in 81% isolated yield while
minimizing undesired reaction pathways such as carba-
mate formation or isocyanurates by trimerization of
nBuNCO (entry 14). To put these results into perspec-
tive, control experiments revealed that NiCl,-glyme,
dppf or Zn were absolutely required to promote the re-
ductive coupling event.'’

Table 1. Optimization of the Reaction Conditions”

(o}
: Ni catalyst (10 mol %)
.OP .nB
~ o L (x mol %) N By
‘ + nBuNCO —————>» H
Z Reductant (2.0 equiv)

1a DMA, 80 °C 2aa
entry Ni catalyst L (x mol %) reductant 2aa (%)

1 NiCl,(dppf) dppf (10) Mn 18
2 NiCly(dppp)  dppp (10) Mn 0

3 NiCl,(PMe3),  PMe; (10) Mn 0

4 NiCly(PPh3),  PPhg (10) Mn 0

5 NiBra(bpy), bpy (10) Mn 0

6 NiCl,(dppf) dppf (10) Zn 38
7 Ni(acac), dppf (20) Zn 28
8 Ni(OTf), dppf (20) Zn 21

9 NiBry-glyme dppf (20) Zn 46
10 NiBry'H,O dppf (20) Zn 42
11 NiCl,-glyme dppf (20) Zn 55
12 NiCl,-glyme dppf (10) Zn 4
1359 NiCly-glyme dppf (20) Zn 70f

149¢ NijCl,-glyme  dppf (20) Zn 81f

“ Reaction conditions: 1a (0.50 mmol), nBuNCO (2.0
equiv), [Ni] (10 mol%), L. (x mol%), Reductant (2.0 equiv),
DMA (0.25 M) at 80 °C for 24 h. "HPLC yield using ani-
sole as internal standard. “K,HPO, (1.0 equiv) was added. d
DMF as solvent. ° K,HPO, (2.0 equiv) was added. / Isolated
yield.

Encouraged by our initial results, we sought to exam-
ine the preparative scope and generality of our Ni-
catalyzed reductive amidation event using naphthyl
pivalates as substrates (Table 2).18 As shown for 2aa-
2ag, moderate to good yields were obtained regardless
of the substitution pattern on the isocyanate motif. Grati-
fyingly, minor modifications on the reaction conditions
allowed for effecting the more challenging Ni-catalyzed
reductive amidation of C(sp’)-O bonds at room tem-
perature (2d and 2e). Of significant interest is the suc-
cessful preparation of 2e; in this particular case, we
found that the reductive amidation event occurred exclu-
sivel¥ at the C(sp’)-O motif, leaving the proximal
C(sp’)—O bond intact. As for many other C—OPiv bond-
cleavage processes,lg however, we found that our proto-
col was restricted to the use of m-extended systems, an
observation that is tentatively attributed to the interme-
diacy of nz—arene or Meisenheimer-type complexes.20

Table 2. Catalytic Reductive Amidation of Pivalates®’

NiCly-glyme (10 mol%) o

dppf (20 mol% .R?
R'$-OPiv + RZNCO ppf (20 mol%) R1kN
KoHPO, (2.0 equiv) H
1a-e Zn (2.0 equiv), DMF 2a-e
80 °C, 24h

H
(o] . o o N\nBu
N MeO N/nBu
: O

81% (R2 = nBu, 2aa) 67% (2b) 48%° (2¢)

55% (R2 = Et, 2ab) H
OCCx™
X R10

63% (R? = nHex, 2ac)
56% (R' = H; R2 = nBu, 2d)?

56% (R2 = Bn, 2ad)°
54% (R? = (CH,),Ph, 2ae)°¢
61% (R! = OPiv; R? = Cy, 2e)?

64% (R2 = iPr, 2af)©
78% (R2 = Cy, 2ag)

“ Reaction conditions: as for Table 1, entry 14. ” Isolated
yields, average of at least two independent runs. 90 °C.
d R

Mn (2.0 equiv) at rt.

Challenged by the limitation to m-extended systems, a
further extension of the scope of this novel method was
envisaged to accommodate simple phenyl derivatives.
We hypothesized that the use of slightly more activated
C-O electrophiles such as aryl tosylates would be ideal
for our purposes.21 Owing to their higher reactivity,
however, we anticipated a certain degree of undesired
dimerization events using aryl tosylates. Indeed, this
turned out to be the case for most of the ligands ana-
lyzed;'” while the use of 2,2’-bypiridine provided homo-
coupling products quantitatively, the use of dppf as the



ligand was found to be critical to effect the rather chal-
lenging amidation of phenyl derivatives in high yields at
60 °C. Interestingly, the inclusion of Nal as additive
totally suppressed the competitive dimerization event, an
observation that is in line with other reports recently
described in the literature.”> Under these reaction condi-
tions, a wide variety of substituted phenyl tosylates
smoothly underwent the desired reductive amidation
process (Table 3). Blank experiments in the absence of
Nal clearly confirmed its beneficial effect on reactivity
(4¢ and 4f). The chemoselectivity profile is nicely illus-
trated by the fact that ethers (4b), thioethers (4e), ester
(4g), nitriles (4ja-jb), pivalates (4h) and tosylates (4i,
4n) were perfectly accommodated. Of remarkable inter-
est is the selectivity pattern observed for 4h and 4i, thus
leaving ample opportunities for manipulation via com-
mon cross-coupling techniques. As shown for 4c, the
reaction was not hampered by ortho substituents. Im-
portantly, the presence of nitrogen-containing heterocy-
cles such as pyrazole (4d), pyrrole (41) and carbazole
(4m) posed no problems, delivering the corresponding
amides in good to excellent yields. Even more instruc-
tive was the successful preparation of 4n, evidencing the
selectivity profile among different C—OTs bonds as well
as the practical utility of our method for late-stage modi-
fication of biologically relevant compounds. It is worth
noting that the catalytic reductive amidation of aryl chlo-
rides (4ja, 4jb, 4k and 41), particularly challenging sub-
strates in the cross-coupling arena,” could be conducted
at room temperature under otherwise identical reaction
conditions, an observation that clearly highlights the
robustness and generality of our protocol.24’25

Table 3. Reductive Amidation of Aryl Tosylates"”’

o

NiCl,-glyme (10 mol%)
.OTs 2 R2
\ 0, \ -
el & . Renco . dPPF(20 mol%) RIT
Mn (2.0 equiv) Pz

Nal (1.0 equiv)
3an DMA, 60 °C

d,w@ﬁ@

71% (R2 = nBu, 4aa)

Iz

67% (4b 70%¢ (40%)¢ (4
77% RZ-Cy 4ab) b (4b) o° (40%)° (4e)
O e
_ FiCo_ .
I | H
N
\N 81% (4d) o 75% (de) 82% (40%)7 (4f)

@ O P|v0\©)k Q @)\ /O
CO,Me 75% (49) 67% (4h) Ts 60% (4i)°

@ w©d©

20% R2 = Ph, 4ja)f 71% (4k)® 64% 4|)°f
67% (R2 = Cy, 4jb)ef Me OTs
e
= N
| H
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H

"
. Cf
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“ Reaction conditions: 3a-0 (0.50 mmol), R*NCO (1.0
mmol), NiCl,-glyme (10 mol%), dppf (20 mol%), Nal (1.0
equiv), Mn (2.0 equiv), DMA (0.25 M) at 60 °C for 24h. b
Isolated yields, average of at least two independent runs. ¢
48 h reaction time. ¢ In the absence of Nal. © Mn (1.20
equiv). /Reaction performed at rt using ArCl as substrate.

61% (4n)

Although a detailed mechanistic picture requires fur-
ther studies, several experiments were performed to gain
insights into the reaction mechanism. We found that the
catalytic reductive coupling of 1a, 3a and 3k was com-
pletely inhibited by the addition of TEMPO."” While
such observation might indicate that single electron
transfer processes come into play, care must be taken
when generalizing this, as other radical scavengers such
as BHT or galvinoxyl followed an opposite reactivity
pattern.17 Interestingly, we found no reaction of 1a or 3a
when replacing n-butyl isocyanate with butyraldehyde,
thus leaving some doubt about the intermediacy of in
situ generated of organomanganese or organozinc spe-
cies, respectively. At present, we tentatively believe the
reaction is triggered by Mn or Zn-assisted reduction of
Ni(Il) to Ni(0) followed by oxidative addition into the
corresponding C—O bond.”® Subsequently, isocyanate
insertion and a final transmetalation with Mn or Zn
would regenerate the active Ni(0) species with concomi-
tant formation of the corresponding zinc(manganese)



amide that upon hydrolytic workup would deliver the
expected product.”’28

In summary, we have described an unprecedented Ni-
catalyzed reductive amidation of C—O electrophiles with
isocyanates. This protocol constitutes a practical, user-
friendly and operationally-simple strategy for the as-
sembly of a wide range of synthetically relevant ben-
zamides. Such formal umpolung reaction complements
existing methodologies based on functional group ma-
nipulation, directing group methodologies, or the use of
well-defined and air-sensitive organometallics. Further
mechanistic studies and other related reductive coupling
events are currently underway in our laboratories.
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