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Allylic and Allenylic Dearomatization of Indoles promoted by

Graphene Oxide via Covalent Grafting Activation Mode

Lorenzo Lombardi,’ Daniele Bellini,’” Andrea Bottoni,” Matteo Calvaresi,’” Magda Monari,"
Alessandro Kovtun,' Vincenzo Palermo,’®® Manuela Melucci® and Marco Bandini

Abstract: The  site-selective allylative and  allenylative
dearomatization of indoles with alcohols is performed under
carbocatalytic regime in the presence of graphene oxide (GO, 10 wt%
loading) as the promoter. Metal-free conditions, absence of
stoichiometric  additive, environmentally friendly  conditions
(H.O/CH3CN, 55 °C, 6 h), broad substrate scope (33 examples, yield
up to 92%) and excellent site- and stereoselectivity characterize the
present methodology. Moreover, a covalent activation model exerted
by GO functionalites was corroborated by spectroscopic,
experimental and computational evidences. Recovering and
regeneration of the GO catalyst via simple acidic treatment was also
documented.

The dearomatization reaction of indoles is receiving growing
attention in the synthetic organic chemistry scenario, providing
rapid access to complex 3D molecular architectures starting from
widely available aromatic 2D-platforms."! In this context, the
combination of catalytic tools and environmentally benign
substrates is an ultimate goal in order to conjugate the intrinsic
synthetic utility of dearomative protocols with crucial requirements
of nowadays organic synthetic chemistry such as sustainability.

Undoubtfully, m-alcohols represent a convenient portfolio of
substrates for arene manipulations featuring the enviable
advantage of producing water as the only stoichiometric side-
product.” However, their employment has proven challenging
due to the intrinsic inertness towards nucleophilic substitution-
type reactions that makes mandatory the use of harsh reaction
conditions or stoichiometric co-additives.

In this segment, pioneering works on the use of allylic alcohols
deal with the combination of transition metal-based catalysts and
acid or base additives. In particular, Tamaru ([Pd(0))/BEts),?
Trost ([Pd(0)[/9-BBN-CsH13),* You ([Ru(ll)l/pTsOH),B? You
([Ir(N)/Fe(OTH),)PY and Bisai ([Pd(0)/BEts/KOtBu])*® documented
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very elegant methodologies (Figure 1). Additionally, Pd-mediated
allylic C-H activations*® and site-selective insertion into C-C triple
bonds!*"! deserve particular mention as parallel methodologies in
the indole allylative dearomatization realm.

Despite efficiency, these protocols suffer of some undoubted
limitations related to the need of noble-metal complexes,
stoichiometric acid or base additives and rigorous anhydrous
conditions. Consequently, the search for more economic and
environmentally benign 2D—3D chemical space mutations of
indoles with alcohols is ongoing.
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Figure 1. State of the art (metal-catalyzed allylative dearomatization of indoles
with alcohols) and schematic representation of the present GO-assisted
metal-free dearomatization of indoles with allylic/propargylic alcohols.

In this regard, we envisioned that the emerging field of
carbocatalysis could provide a concrete hint to address these
challenges.®™ As a matter of fact, the Brensted acidity provided
by some nanostructured functionalized carbon-based materials
could assist the selective alcohol activation and the network of
functional groups, together with the non-innocent n-matrix of the
carbon material, could synergistically contribute in fine-tuning
the arene reactivity.

In this context, graphene oxide (GO)™ is collecting growing
credit in the area of organic transformations being effectively



employed either as a catalyst or promoter (i.e. co-reagent)’® in
numerous C-C and C-X bond forming transformations.”®!

In this article, our preliminary findings in the GO-assisted
dearomatization of indoles with allylic alcohols as well as the
covalent activation mode exerted by the GO-surface will be
presented and supported by experimental, computational and
spectroscopic evidences (Figure 1 lower).

In light of our ongoing interest in catalytic dearomatization
reactions,"” we selected N(H)-2,3-Me,-indole (1a) and the
secondary allylic alcohol 2a as model substrates for the
optimization of the reaction conditions. Upon an extensive survey
of reaction conditions the use of 10 wt% loading of GO enabled
the selective formation of the desired C(3)-allylated dearomatized
compound 3aa in 70% yield under very mild conditions
(CHsCN:H,0 4:1, 55 °C, 6 h, entry 1, Table 1).'"

Table 1. Variations from the optimal conditions in the allylic dearomatization

of indoles.
< 2_§ GO (10 mol%) < jme% INF
/©)\/ CHacN HQO @) N’ mOMe
(+/-)-2a (+/-)-3aa
Run® Deviations from optimal Yield (%)
3aa"
1 - 70
2 No GO, 36 h 12
3 5 wt% of GO 59
4 25 wt% of GO 69
5 Pre-sonication of GO 67
6 with GOr (25 wt%) 12
7 Dioxane instead of CH3CN, 25 wt% of GO 66
8 THF instead of CH;CN, 25 wt% of GO 30
9 CH;CN as the solvent, 24 h 25
10 H,O as the solvent, 25 wt% of GO 62
11 H,O as the solvent, 25 wt% of GO, rt, 16 h 47
12 H,O as the solvent, 25 wt% of GO, 80 °C 62
13 ACOH pH = 4 44
1419 Mn(OAc),#4H,0 and no GO traces
151 EDTA as an additive 68
16 Under N, and degassed solvents 69
170 Gram scale (5 mmol of 1a) 78

[a] All the reactions were carried out with reagent grade solvents, unless
otherwise specified (1a/2a = 1/2 on 0.15 mmol of 1a, 0.1 M). [b] Determined
after flash chromatography. [c] Sonication for 2 min, in probe sinicator. [d]
[Mn]: 1.8 mol%. [e] EDTA: 200 pL of 43 mM water solution. [f] GO (10 wt%)
3aa: 1.13 gr (16 h).

Remarkably, while the potentially competitive N(1)- and
C(5)-allylation products were observed only sporadically (traces),
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the indolenine (E)-3aa was recorded almost exclusively in a
stereospecific manner (Sy2’-like pathway).a

The background reaction was incomparable in terms of product
realization (12% yield, 36 h, entry 2) with respect to the optimal
GO-based protocol (70%, entry 1). Additionally, the oxygenated
groups of the GO surface proved essential for the condensation
(vide infra), indeed reduced GO analogous proved inert as a
promoter (yield = 12%, entry 6).

The high GO-loading is one of the critical aspects usually
encountered in GO-based carbo-catalyzed organic
transformations. Loadings commonly fluctuate around 100-200
wt% posing serious issues in term of process scalability. In this
methodology, we were pleased to verify that 10 wt% loading of
GO was elected as the best conditions. Here, while higher
amounts (25 wt%, entry 4) did not bring any benefit at the process,
the use of 5 wt% caused a slight drop in the isolation of 3aa (59%,
entry 3). The choice of the solvent was crucial too. In particular,
the addition of water (ca. 20% v/v with CH3CN) was found to be
essential for the protocol (entry 9 vs entry 1)."? The use of water
for this class of dearomatizations with alcohols is unprecedented
and remarkable.

Proofs of a genuine GO catalysis were gained via dedicated
control experiments. In particular, the inefficiency of a background
Brgnsted acid catalysis was empathized by running the model
reaction in the presence of AcOH (entry 13) and pTSA (Table
$1).13 Additionally, the potential co-catalysis promoted by metal
contaminations of GO (i.e. Mn**) was ruled out via designed
experiments with Mn(OAc),+4H,0 (entry 14) and cation-trapping
EDTA solution (entry 15). The suitability of the protocol towards a
gram scale variant was also verified in the presence of 5 mmol of
indole 1a (entry 17). In this case, notable 78% isolated yield (1.13
gr) of 3aa was obtained under model conditions.

Then, we focused on to the scope of the reaction by subjecting
several poly-substituted indoles (1b-n) to the GO-assisted
condensation with 2a (Scheme 1).

Scheme 1. Scope of the reaction: the indole.
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3ba, R’ = Et, yield = 68%

3ca, R’ = nBu, yield = 61%

3da, R’=Bn, yield = 47%

3ea, R’ = CH,CO,Et, yield = 57%

3fa, yield = 68%

3ja, X = 5-F, yield = 92%
3ka, X = 5-Cl, yield = 77%
3la, X = 5-Br, yield = 75%
3ma, X = 5-Me, yield = 60%
3na, X = 6-Br, yield = 70%

3ha, n =1, yield = 75%
3ia, n =2, yield = 58%



In terms of indole substitutions, different aliphatic as well as
aromatic groups could be accommodated at C(2) and C(3)-
positions (Et, nBu, Bn, CH,CO;Et) leaving almost untouched the
catalytic performances of the present methodology (yield up to
70%). Interestingly, tetrahydrocarbazole 1h and 7-membered-ring
analogous 1i worked smoothly in the allylic dearomative process,
delivering the corresponding indolenines 3ha and 3ia in 75% and
58% yield, respectively.!"

Finally, tolerance of the protocol towards electronic
perturbation of the benzene ring was assessed with indoles 1j-o.
Remarkably, good to excellent yields (up to 92%) were recorded
regardless the electronic properties of the substituents (F, Cl, Br,
Me) and their position (C(5) and C(6)).

The extendibility of the process to different allylic alcohols was
then elaborated. A series of secondary (2b-m) and tertiary (2n-p)
alcohols was treated with the 2,3-Mey-indole 1a and the
corresponding outcomes are collected in the Scheme 2. In all
cases, excellent regio- (both indole and alcohol sites) and
stereoselectivity was recorded, delivering the desired all-carbon
C(3) quaternary stereogenic center indolenines in up to 84% yield.

A key feature for the success of the protocol was the presence
of electron-donating groups on the aromatic system or electron-
rich heteroarenes (i.e. thiophene, benzothiophene). Contrarily,
unsubstituted arenes or benzenes carrying electron-withdrawing
groups did not react even under harsh conditions (120 °C, 6 h). In
these cases, substantial isomerization of 2d towards the linear
cinnamyl isomer occurred exclusively (vide infra for mechanistic
interpretation). Interestingly, also tertiary alcohols 2n-p did react
in a satisfactory manner with 1a furnishing the corresponding
dearomatized heterocycles in excellent yields (72-84%) via Sn2'-
type machinery.

Scheme 2. Scope of the reaction: the alcohol.
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3ai, X = 2,4,5-(OMe)g, yield = 81%

3al, yield = 53%“ 3am, yield = 61%

210% of C(3)/C(5)-diallylated product was formed. ” 120 °C. ° 70 °C.  RT. NR
= no reaction (branched/linear isomerization of 2d occurred). ° The absolute
configuration E of the C=C was determined via "H-NoE experiments, see SlI.
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Intrigued by these results, we focused on elucidating the
mechanism of the process. On the other hand, the use of multi-
functionalized nanocarbon promoters/catalysts poses several
issues in terms of mechanistic elucidation, since multiple reaction
channels can be envisioned.

At first, significative structural modifications of the GO-surface
functionalization were observed via XPS analysis (Figures 2a-e).
In particular, the treatments of GO in the reaction media alone
(Figure 2b) did not affect significantly the O:C content (pristine GO
0.32:1, GO after solvent 0.32:1). On the contrary, while the
treatment of GO with 1a decreased slightly the O:C ratio (0.28:1,
Figure 2c), marked O:C ratio variations were observed for GO/2a
treatment (0.22:1, Figure 2d) and GO/1a+2a treatment (0.24:1,
Figure 2e).

In particular, the chemical structure of GO changes
significantly after heating in the presence of 2a. Here, the epoxy
content decreases from 38.3% to 17.9% and hydroxyl groups
increase from 3.2% to 9.0% (See fit of C 1s in Figure 2). This
structure modification is compatible with a partial ring-opening of
the epoxide units during the reaction course."

In addition, a significant drop in carboxylic content of the GO
surface, upon treatment via alcohols 2a or 1a+2a (6 h, 55 °C),
was observed (Figure 2a vs Figures 2d/e). In particular, the
carboxylic groups decrease from 1.6% to 0 and 0.6%, respectively.
This behavior can be ascribed to the esterification of the
carboxylic group present and subsequent decomposition also via
decarboxylative events.?9™®!

Therefore, we combined all spectroscopic and experimental
information with the QM/MM study to elucidate in detail the
reaction mechanism that results in a two-step process (see Figure
36).[10,171

In step 1 a covalent grafting of the allylic alcohol on the GO
surface is observed. The protonation of the epoxide ring on the
GO surface leads to an unstable oxonium unit that opens
barrierless (Rx).I"®! Ring opening of the epoxide groups relieves
ring strain and forms a highly stabilized a-carbocation, as already
observed by Chen et al'" Then, the resulting a-carbocation
undergoes a facile nucleophilic attack by the allylic alcohol
(transition state Ts1).

The key role of electron-donating groups on the aromatic
system (i.e. 2a) is in agreement with the current mechanistic
hypothesis. The comparison of the energetic reaction profiles for
the GO grafting of different allylic alcohols showed that a
significantly higher barrier is observed for 2d (unsubstituted
benzene) compared to 2a (25.5 vs 10.9 kcal mol™, Figure S12).
The presence of electron-donating groups on the aromatic system
contributes to stabilize the positive charges delocalized on the GO
surface via strong n— interactions between GO and the aromatic
moiety of the alcohol.



4} a) GO Pristine
35}

3}

N
o

Intensity (CPS)
S

o
o o« =
Intensity (CPS)

05}

292 290 288 286 284 282 280 278
Binding Energy (eV)

292 290 288 286 284 282 280 278
Binding Energy (eV)

¢) GO after 1a 307 d) GO after 2a

25+

N
S

Intensity (CPS)
Intensity (CPS)

92 290 288 286 284 282 280 278
Binding Energy (eV)

-5
2!

f) Composition

Intensity (CPS)
% Abundance
N
o

292 290 288 286 284 282 280 278
Binding Energy (eV)

GO GOsolvent GO 1a GO2a GO 1a+2a

Figure 2. XPS C 1s signal of a) pristine GO; b) GO after ACN:H,0 4:1 at 55 °C;
c) GO after 1a; d) GO after 2a; e) GO after 1a+2a. f) composition of C-O groups
obtained from fit (a-e). More details on fit procedure in SI.

In step 2, the obtained protonated allyl ether undergoes a Sn2’-
type attack by indole derivatives leading to the observed C(3)-
allylated dearomatized compound. Step 2 follows a concerted
mechanism where either C(3) or N(1)-atom of the 2,3-Me.-indole
attacks the allylic position (Ts2), causing an overall reorganization
of the -system. The C(3)-carbon selectivity emerges clearly from
the calculated Ts2 and it is dictated by the GO catalyst.

In particular, the influence of GO on the regioselective attack
by indole is determined by the following factors: i) in the C(3)-
dearomatization a stabilizing interaction between the indole N(1)-
H atom and the GO m-system is established (Figure 3b). On the
contrary, the attack involving the N(1)-position, causes a
destabilizing interaction (steric clash) due to steric reasons
between the C(3)-methyl group and the graphene sheet (Figure
3¢).2% i) The above discussed interactions have also important
effects on the structure of the indole ring during the Sy2 attack:
when the reaction is carried out by the C(3), the indole ring shows
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an ideal geometry for a Sy2 attack, since it is orthogonal to the
graphene sheet and parallel to the electrophilic site. In contrast, if
the attack is carried out by N(1), a strong deviation from optimal
reaction geometry of the indole ring is necessary in order to
minimize the steric repulsion between the methyl group and GO.
As a consequence, Ts2 C(3) is significantly more stable than Ts2
N(1) (8.1 kcal mol™), in perfect agreement with the experimental
stereospecificity.

As observed in Step 1, also in Step 2 the presence of electron-
donating groups on the aromatic system (better leaving groups)
favors the reaction and a higher barrier is observed for the C(3)
allylic alkylation of 2d compared to 2a (28.0 vs 21.4 kcal mol”,
Figure S12).

Interestingly, at the end of the reaction the alcoholic O-H
group remains grafted on the GO surface (Pd) explaining the
overall increase of alcoholic moieties versus the oxirane ones
spectroscopically observed by XPS analysis before and after the
catalysis.

The covalent “grafting” activation model was further supported
by means of FT-IR analysis (Figure S2). In particular, the allylic
alcohol 2f bearing an azide group was reacted with GO in
CH3CN:H,0 4:1 at 55 °C (6 h) mimicking reaction conditions. The
recovered GO was then analysed via FT-IR and compared to GO
stirred with 2f (MeCN/H;0) at 0 °C for 30 min. In the former case,
FT-IR displayed the diagnostic Ns stretching at 2100 cm™ (Figure
4a). Contrarily, a significantly weaker signal was observed in the
GO sample treated with 2f at 0 °C (Figure S2).

a) Rx = [0.0]

Ts1=[10.9]
on

L

Int1 = [10.4]

Pd C(3) = [-28.6]
Pd N(1) =[-9.0] Ts2 C(3) =[21.4]

Ts2 N(1) = [29.5]
c)

Figure 3. (a) Schematic representation of the reaction mechanism. The
energies of the identified critical points in square bracket (kcal mol'1); 3D
representation of the identified transition states for the C(3) (b) and (N1) (c)
attack of the indoles.

Similar trend was recorded also via XPS N 1s analysis that
confirmed univocally the N; presence by the characteristic double
peak of azides: 404.1 eV, N=N=N and 401.1 for N=N=N (Figure
4¢).2" Contrarily, both pristine GO and the GO stirred with 2f
(MeCN/H20) at 0 °C, presented only residual amounts of amino
groups in the region 402-399 eV (Figure 4b).



The remarkable drop in catalytic performance of the
recovered GO upon the first run (12% yield of 3aa in 36 h) agrees
with the disclosed mechanistic pathway in which both epoxides
and carboxylic acids of the GO surface are involved.

a)
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Figure 4. (a) Violet: alcohol 2f. Red: GO + 2f after 6 h in CH3;CN:H,O 4:1 at
55 °C. XPS N 1s signal of pristine GO (b) and GO + 2f after 6 h in CH;CN:H,O
4:1 at 55 °C (c).

The evidences for a grafting activation mode exerted by the
GO-surface on the alcoholic moiety, prompted us to investigate
also the reactivity of propargylic alcohols in the dearomatization
process.?" In particular, the covalent binding of the carbynol unit
on the GO should leave exposed to the approaching indole only
the “external” acetylenic carbon (Scheme 3 inset), enabling an
unprecedented regioselective allenylative dearomatization of
indoles to occur.

Interestingly, we were pleased to verify that the optimal
reaction conditions adopted for the allylic alcohols 2 (i.e.
CHsCN:H,O 4:1, 55 °C)?? proved competent also in the
nucleophilic substitution with secondary and tertiary propargylic
derivatives 4a-e. The corresponding allenyl-indolines 5 were
delivered in good yields (40-94%) and diastereoisomeric ratio up
to 80:20 (Scheme 3). It is worth mentioning that this approach
represents the first example of indole dearomatization with
concomitant site-selective installation of bi-, tri-, and tetra-
substituted allenyl units.?*24

Additionally, to further explore the synthetic utility of the
present methodology, the regeneration of GO was investigated.
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Scheme 3. GO-assisted dearomative allenylaton of indoles.”
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Delightly, sonication of the recovered GO under acidic
conditions (HCI 1 M, 1 h, Figure 5a) enabled the simultaneous
restoring of the acidity profile and part of the epoxydic content of
the pristine GO. As testified by the XPS analysis, the epoxy group
increased from 24% to 30% upon acid treatment (Figures S7).1"
Once again, the feedback gained from catalysis was in agreement
with the structural characterization. As a matter of fact, the
regenerated GO worked similarly to the pristine one when tested
in the model reaction (3aa, yield = 63%, 36 h, Figure 5b).

le) HOHO _0 [e] _ O. _0
HO ' : + HO 3
S s LU s S i
a) Ho o%.ée%,o TH,0 WO ’%%e%‘
=0 OH =0 OH

Recovered-GO Regenerated-GO
Me Recovered-GO
GO (10 wi%) Yield 3aa (12%)
®) ) v 2 CH3CN : H,O (4:1)
Me 3N [ Ha :
1a H 55 °C, 36 h Regenerated-GO

Yield 3aa (63%)

Figure 5. (a) Schematic representation of acidic regeneration GO; (b)
Comparing the effectiveness of recovered- and regenerated-GO in the model
reaction.

In conclusion, a graphene oxide mediated allylic
dearomatization of 2,3-di-substituted indoles with alcohols is
presented. The protocol does not require noble-metal catalysis,
stoichiometric additives, rigorous anhydrous conditions and
comprises facile regeneration of the carbo-nano-material via
acidic treatment. From a mechanistic view-point, a synergistic
action of the functional groups decorating the graphene surface
was discovered providing insight towards a covalent activation-
mode. Studies towards the exploitation of this efficient GO-
mediated electrophilic activation of r-alcohols in other chemical
transformations are currently underway in our laboratories
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Graft-on. The covalent
“catalysis” exerted by graphene
oxide on the site-selective
dearomatization of indoles with
allylic/propargylic alcohols is
presented under metal-,
additive- and anhydrous-free
conditions (see scheme).

Mild conditions: 55 °C, water
Low GO loadings: 10 wt%
No acid or basic additives!!
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