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Product Control using Substrate Design: Ruthenium-Catalysed
Oxidative C—H Olefinations of Cyclic Weinreb Amides

Riki Das and Manmohan Kapur*®

Abstract: A new class of Weinreb amides has been devel-
oped as directing groups for the ruthenium-catalysed regio-
selective oxidative C—H olefination. The new Weinreb
amides successfully inhibit the N—O bond reductive cleavage
usually associated with the cationic ruthenium system,

thereby keeping intact the synthetic utility of Weinreb
amides. Mechanistic studies reveal interesting aspects of the
directing group capabilities of Weinreb amides when com-
pared to simple amides of similar structures.

Introduction

Weinreb amides™ are important building blocks in organic syn-
thesis. Their versatile utilities are well reported in literature.”
Nucleophilic addition to the Weinreb amides results in
a unique and stable five membered cyclic tetrahedral inter-
mediate which prevents the over-addition, leading to a selec-
tive transformation (Scheme 1).®! The Mizoroki-Heck reaction”
is one of the most remarkable discoveries in the field of C—C
bond forming processes. An attractive improvisation of this re-
action is the oxidative coupling of unactivated aryl C—H bonds
with olefins, termed the Fujiwara-Moritani or the oxidative-
Heck reaction.” Not limited only to palladium, other transition
metals have been successfully incorporated to expand the syn-
thetic utility of this transformation.®

TMS-CF;, CsF o)
then TBAF, H,O R1J'l\c,;3
LiAIH,, THF ﬁ\
E\ then H;O* R H
o —_
Lol o
R Ee Me R2MgBr, THF iy
then HzO* R!"TR?
o)
PPh;CHR?
RZ
then H;0* R'J\’
(o} M o
oM ®
0. NuM, THF - H30
R)Lry Me ———= |R-C. 0 | ——r RPN
Me Nu CH,

Scheme 1. Synthetic utility of Weinreb amides.
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Often, various directing groups are employed in this reaction
to effect a site-selective C—H activation.” Recently, Weinreb
amides have emerged as versatile directing groups, owing to
their inherent synthetic utility. Further, the use of external oxi-
dant could be avoided by utilising the sensitive N—O bond of
the Weinreb amide as an internal oxidant.®"'? However, the
synthetic identity of Weinreb amides is lost if the N-alkoxyl
group is missing and such a synthetic methodology may not
be useful if further utility of the Weinreb amide is desirable
after the C—H functionalisation reaction. In this regard, Wang
and co-workers have reported a rhodium-catalysed oxidative-
Heck of aryl Weinreb amides in which they used activated ole-
fins like acrylates as coupling partners®? Wang® and
Huang™ both reported palladium-catalysed double functional-
isation in the synthesis of isoquinolines. In these reports as
well as some other transformations, the sensitive N—O alkoxyl
group survived the reaction conditions.” In continuation to
our work in the area of C—H functionalisation,'” we disclose
herein, a new class of cyclic Weinreb amides which retain their
synthetic utility upon ruthenium-catalysed oxidative Heck reac-
tion. In a previously reported work, we had used simple Wein-
reb amides as substrates in the ruthenium-catalysed oxidative-

Heck reaction (Scheme 2)."
Previous work:
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Scheme 2. Product control using substrate structure design.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/chem.201603126

\\,* ChemPubSoc
st Europe

Although we had obtained very good transformation in the
form of ortho-olefinated products, the Weinreb amide func-
tionality was lost, with the N-alkoxyl group being reductively
cleaved to result in products that were ordinary amides.

Results and Discussion

Our ultimate aim was to develop a substrate system where the
Weinreb amide functionality would be unaffected at the end
of the ruthenium-catalysed Fujiwara—Moritani reaction. In our
previous work we had used five-membered cyclic Weinreb
amides, along with simple ones. In almost all cases, we had ob-
tained the ring-opened products. We postulated that the
reason for this was the facile insertion of the metal into the N—
O bond at the later stage of the reaction pathway. We there-
fore envisaged that inhibition of this insertion could lead us to
the products, in which the Weinreb amide functionality would
be retained at the end of the C—H functionalisation. One way
to do this would be to make this insertion product relatively
higher in energy and this would need a change in the struc-
ture of the substrate. To our delight, under our previously opti-
mised reaction conditions,"'? when the ring size was increased
from five-membered isoxazolidine to higher ring sizes (six-
membered oxazinane and seven membered oxazepane), it re-
sulted in a clean conversion to the C—H olefination product
without the destruction of the Weinreb amide functionality
(Table 1 and Table 2).

Table 1. Substrate scope for six-membered cyclic Weinreb amides.”’
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OMe
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2j81%
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[a] All yields are isolated yields.

The substrate scope was excellent and in most cases good
to moderate yield was observed. The regioselectivity was ex-
clusive and unlike the previous case,"' no diolefinated prod-
uct was observed. Electronic effects on both the coupling part-
ners were well tolerated. The reaction worked well with styr-
enes and other activated olefins. Halogen functionalities on
both the substrates were very well tolerated and were unaf-
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[RuCly(p-cymene)], (4 mol%)

Table 2. Substrate scope for seven-membered cyclic Weinreb amides.”
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Cu(OAC),.H,0 (2.2 equiv)

) dL Oike
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4d R = CO,Me, 44% 4h R =CN, 60%
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40 Ar = p-CO,MeCgHy, 42%
4p Ar = 2-Napth, 32%

o0

ar Ar = p- NOZCGH4 61%
4s Ar = p-CICgHy, 44%
4t Ar = p-BrCgHy, 41%

X-ray structure of 4hl12]

[a] All yields are isolated yields.

fected by the reaction conditions. Notably, the reaction did not
work with electron-neutral olefins. It was not unexpected
though, given the reactivity trend usually observed either for
the Heck or the oxidative-Heck reactions. A plausible mecha-
nism for this transformation is depicted in Scheme 3. The first
step is usually the generation of the cationic ruthenium com-
plex. Complexation of the metal to the more Lewis-basic
amide carbonyl oxygen followed by the acetate-assisted C—H
activation leads to the ruthenacycle. Interestingly, two different
pathways are possible, one involving a 5-membered ruthena-
cycle arising out of coordination to the carbonyl oxygen (B in
Scheme 3) and another pathway incorporating the 6-mem-
bered ruthenacycle arising out of coordination to the ring
oxygen (E in Scheme 3).
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Scheme 3. Plausible mechanism and two different modes of coordination.
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The first pathway is expected to dominate, due to the
higher relative stability of the 5-membered ruthenacycle. This
is followed by the coordination of the olefin, subsequent mi-
gratory insertion and then the (-hydride elimination.

Release of AcOH followed by the oxidation of Ru® to Ru" re-
generates the active catalyst. Although there could be various
postulated pathways for the N—O bond cleavage,**” we feel
that three pathways could be proposed (Scheme 4). In the first
pathway,®® an aldehyde by-product would be expected. Since
we do not observe this product in our reactions, this pathway
can be excluded. The second pathway,” involving hydride-
transfer, would be unlikely and is expected to be a rather high-
energy pathway. The third pathway*<" seems likely and can
provide a plausible explanation for the fact that the higher
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ring-size Weinreb amides resist the N—O bond cleavage. In this
mechanism, upon insertion into the N—O bond, the resulting
ruthenacycle (H, Scheme 4) would be destabilised in higher
ring systems and therefore this insertion would be disfavoured
for the 6- and 7-membered Weinreb amides.

To check the effect of the ring oxygen on the rate of the re-
action, a study of relative rates was conducted with the 6- and
7-membered cyclic amides (5a, 5b). The rate of reaction (initial
rates) of the 6- and 7-membered cyclic Weinreb amides (1a,
3a) was found to be lower than the corresponding piperidine
and azepane amides (5a,b, Scheme 5).

It is postulated that the ring-oxygen draws the electron den-
sity of the nitrogen towards itself, thus reducing the Lewis-ba-
sicity of the carbonyl oxygen. This would probably lead to
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Scheme 4. Plausible pathways for the N—O bond cleavage.
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a slightly weaker coordination of the carbonyl oxygen to the
metal as against that for the substrate with azepane, in turn
lowering the rate of the reaction. This also indicates that the
carbonyl of the regular amides possess better coordinating
ability than those of the Weinreb amides.

Study of the kinetic isotope effect provided a moderate KIE
of 1.85 for the oxazepane amide and a value of 4.42 was ob-
tained for the azepane amide (Scheme 6).'¥

o} o)
_OMe [RuCly(p-cymene)], (4 mol%) _H
NN AgSbFs (20 mol%) | NN
P Me X = Me
Hy/DL Cu(OAC) H,0 (2.2 equiv) A
7a,b dioxane, 50 min, 100 °C 8ab COOMe
> coome Kulko = 2.08
o}
RuCl,(p-cymene)], (4 mol%)
Y. [RuCl .
| Xy ON AgSbFg (20 mol%) | NN
/N Cu(OAG), H,0 (2.2 equiv) "
Hs/Ds 2-M20 (2.2 eq Ha/Dy |
dioxane, 2-2.5 h, 100 °C cN
Y = CHj, 5b, 9(Ds)
Y =0, 33, 10(Ds) PN ko = 442 for Y = CH, B, 11(D)

Kkulkp = 1.85 for Y = O, 4c, 12 (D)

Scheme 6. Kinetic isotope effect studies (parallel reactions).

The acyclic Weinreb amide also afforded a moderate value
of 2.08 for the KIE. This indicated that the C—H activation step
was probably proceeding through a concerted metalation de-
protonation (CMD) process."™ To check whether the metalation
step was reversible, we carried out the reaction in the pres-
ence of D,0 (Scheme 7). In general, the reaction was retarded
to some extent due to the presence of D,0. When the reac-
tions were carried out in the presence of the coupling partner,
low levels of deuterium incorporation were observed in the re-
covered starting materials. The products were devoid of any
deuterium incorporation in them. When the reactions were
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carried out in the absence of the coupling partner, deuterium
incorporation was significant, clearly indicating that the next
steps in the catalytic cycle were much faster than the reverse
reaction. This also indicated that in both the cases, the metala-
tion step was reversible.

The synthetic utility of the cyclic Weinreb amides was dem-
onstrated by converting the functionalised products to the cor-
responding aldehydes and ketones with reactions of excess
lithium aluminium hydride and Grignard reagents, respectively,
with high yields (Scheme 8). This indicated that the functional-
ised six- and seven-membered cyclic Weinreb amides possess
the same synthetic potential as original Weinreb amides.

Conclusions

In summary, we have developed a new class of Weinreb
amides which are not only excellent directing groups but also
inhibit ruthenium-catalysed N—O bond reductive cleavage to
provide C—H olefination products, retaining the important
Weinreb amide functionality. The transformation is highly site-
selective, provides good to moderate yields of monoolefinated
products with a broad substrate scope and is expected to
have important synthetic utility for organic chemists. The rela-
tive-rate studies as well as deuterium-incorporation studies
provide insight into the pathway of the reaction and indicate
that the ruthenacycle formation is reversible, with the subse-
quent steps being faster, thereby driving the reaction in the
forward direction.
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@ Product Control using Substrate
Design: Ruthenium-Catalysed
Oxidative C—H Olefinations of Cyclic
Weinreb Amides

O [RuCly(p-cymene)], (4 mol%)
AgSbFg (20 mol%)

In the right direction: A new class of
Weinreb amides has been developed as
directing group for the ruthenium-cata-
lysed regioselective oxidative C—H ole-
fination (see scheme). The new Weinreb
amides successfully inhibit the N—O
bond reductive cleavage usually associ-

Cu(OACc),.H,0 (2.2 equiv)
dioxane, 2-4 h, 100 °C
AN

R2

ated with the cationic ruthenium
system, thereby keeping intact the syn-
thetic utility of Weinreb amides. Mecha-
nistic studies reveal interesting aspects
of the directing group capabilities of
Weinreb amides when compared to
simple amides of similar structures.
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