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Abstract: The Friedel-Crafts-type benzylation of various n-exces-
sive heteroaromatic and aromatic compounds with trityl or benzhy-
dryl halides was efficiently promoted by a thiourea catalyst. This is
anovel example of thiourea catalysis of aromatic alkylation by way
of an Sy1 pathway.
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Since its discovery over 130 years ago, the Friedel-Crafts
alkylation of aromatic compounds has been widely recog-
nized as a basic tool for the construction of the organic
frameworks of valuable pharmaceuticals and functional
materials.! Conventionally, the Friedel-Crafts alkylation
of aromatic compounds has been performed by using al-
kyl halides as electrophiles in the presence of a strong
Lewis acid such as aluminum(IIl) chloride or iron(III)
chloride under strictly anhydrous conditions, where car-
bocation species are believed to form a tight ion pair or to
complex with a counteranion such as tetrachloroalumi-
nate (AICl,") (Scheme 1, A).?

Recent studies on green chemical transformations have
been devoted to the development of readily handled, non-
metallic, and catalytic methods for effecting Friedel—
Crafts alkylation.> Accordingly, considerable attention
has been focused on the synthetic versatility of organocat-
alytic variants.* Unfortunately, however, most of these
can be classified as conjugate addition-based Friedel-
Crafts alkylation reactions.® Only recently have McCub-
bin and co-workers® described exceptions to this norm
with regard to organocatalytic Friedel-Crafts alkylations.
In these reactions, allylic, benzylic, or propargylic alco-
hols served as reactive electrophiles and (pentafluorophe-
nyl)boronic acid was used as a Brensted acid catalyst (pK,
8.9 for phenylboronic acid itself).®

In our own efforts in this field, we have been interested in
the use of thiourea and urea derivatives because of their
ability to bind anions through double hydrogen bonding
(Scheme 1, B).”®* We expected that halophilic thiourea
catalysts might effectively induce ionization of alkyl ha-
lides as electrophiles to generate carbocation intermedi-
ates in an Syl-type Friedel-Crafts alkylation. In view of
the weakly acidic nature of the thiourea functionality (pK,
8.5 for thiourea catalyst 1),° the overall process would
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constitute a new and mild method for organocatalytic
Friedel-Crafts alkylation.
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Scheme 1 Friedel-Crafts alkylation strategy

Here we describe the realization of this expectation
through development of an organocatalytic Friedel-Crafts
alkylation of m-excessive heteroaromatic and aromatic
compounds in the presence of a thiourea as an organocat-
alyst.

First, we evaluated the tritylation of furan with trityl chlo-
ride (5)'° in dichloromethane containing various thioureas
and related organocatalysts 1-4 (Figure 1) at room tem-
perature as a model system. The results are summarized in
Table 1.!"
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Figure 1 Urea-related organocatalysts examined in Friedel-Crafts
alkylation
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As expected, stirring of trityl chloride (5) in neat furan as
a solvent in the presence of thiourea 1 (100 mol%) for 3.5
hours at room temperature gave a mixture of monosubsti-
tuted and 2,5-disubstituted products 6 and 7 in excellent
yield (6/7 = 62:38) (Table 1, entry 1). Next, we examined
the catalytic effect of 1 in the presence of an appropriate
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Table 1 Alkylation of Furan with Trityl Chloride

f \ catalyst, additive
/ \ + TrCl —m—————— @\ + /@\
O O Tr Tr O Tr
6 7

CHxCly, r.t.
5
Entry®  Catalyst  Additive Time Yield® Ratio
(mol%) (h) %) 67

e 1(100) - 35 99 62:38
2 1(10) cyclohexene! 3 63° 86:14
3 125  3AMS 35 99 63:37
4 1(10)  3AMS' 4 99 60:40
5 105 3 A Msf 5 79t 72:28
6 1(1) 3 A Mst 6 75¢ 65:35
7 - 3 A ms! 12 71 94:6
8 20100 3AMS 41 96 62:38
9 3(10) 3 A Msf 120 trace  —

10 40100  3AMS' 34 88 62:38

# Unless otherwise noted, all reactions were performed at 0.5 M with
5.0 equiv of furan at r.t., and quenched after consumption of Ph;CCl
(5).

b Isolated yield based on 5.

¢ Furan served as the solvent.

4100 mol%.

¢ Unidentified byproducts were formed.

£10 mg/1.0 mmol of 5.

¢ Highly polar substances were formed.

acid scavenger. Whereas a combination of 10 mol% of 1
and 100 mol% of cyclohexene was ineffective, the use of
powdered 3 A molecular sieves as an acid scavenger was
found to be satisfactory for the present purpose (entries 2—
4).1213 Treatment of 5.0 equiv of furan with trityl chloride
(5) in the presence of 10 mol% of thiourea 1 and 3 A mo-
lecular sieves (10 mg/1.0 mmol of 5) in dichloromethane
gave 6 and 7 in almost quantitative yield after four hours
at room temperature (6/7 = 60:40; entry 4). Reducing the
catalyst loading to 5 mol% or 1 mol% retarded the reac-
tion and led to lower product yields (entries 5 and 6). It be-
came clear that there was a significant catalytic effect;
under catalyst-free conditions, twelve hours were needed
to obtain substantial amounts of the products, with high
monosubstitution selectivity (entry 7).'* Urea 2, thiourea
3, and the sulfamide analogue 4 were all less efficient cat-
alysts than thiourea 1 (entries 8-10)."3

Having identified the optimal conditions, we next exam-
ined a variety of m-excessive heteroaromatic compounds
to establish the general utility of our synthetic procedure.
To facilitate the desired alkylation, all reactions were per-
formed in refluxing 1,2-dichloroethane (DCE) containing
10 mol% of catalyst 1 and powdered 3 A molecular sieves
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(10 mg/1.0 mmol of 5 or 8) unless otherwise mentioned
(Table 2).1¢

Table 2 Alkylation of n-Excessive Heteroaromatics with a Range of
Benzylic Halides

P 1 (10 mol%) S -
S0 3AMS( 10mg) S
(\_.( \ o+ R%— G /‘)—QR
DCE (0.5 M) SNy Ph
5R= Ph X=Cl 83°C
8R=H,X=Br
Entry* Product(s) Time Yield®
h (%)
/Y Ph Ph [\ Ph
1 o o 0.5 40+59
Ph Ph Ph
9 10
/N Ph
o
c R d
2 Ph 1.5 37
11 R=H)
3 12(R=Ph) 02 98
Pn
Ph
Ph /@\/kph
4 /\ o Ph 12 49+ 19f
o)
14
13
I\ Ph Ph /N Ph
5¢ S S 2 44+55
Ph Ph Ph
15 16
/ Ph Ph /N Ph
S S
e Ph Ph Ph
6 Ph Ph Ph 6 43 + 56
17 18
/N Ph
S
R
7 Ph 36 95
19 (R = H)
8¢ 20 (R=Ph) 24 99
/N Ph Ph /N Ph
9" B, B, 2 37428
Ph Ph Ph
21 22
/N Ph
h N Ph —d
10 Bz Ph 2
23
Ph
I
11" 0 Ph 2 78
24
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Table 2 Alkylation of n-Excessive Heteroaromatics with a Range of
Benzylic Halides (continued)

FEEN 1 (10 mol%) PN

N

; 3AMS(1o0mg) /O Ph
(\.-f \ o+ R%—X Q. /‘\—QR
DCE (0.5 M) i x)

Ph
5R= PhX Ccl 83°C

8R=H,X=Br

Entry* Product(s) Time Yield®
(h) (%)
Ph
Ph
e (I

12h / N o 2 30+20¢

N Me

Me

26

25

# Unless otherwise noted, all reactions were performed at 0.5 M with
5 equiv of the nucleophile and 3 A MS (10 mg/1.0 mmol of 5 or 8) in
refluxing DCE, and quenched after consumption of 5 or 8.

b Isolated yield based on 5 or 8, except for entries 9—12.

¢ At 0 °C in CH,Cl,.

4 Unidentified complex byproducts were formed.

¢ 30 mol% of catalyst 1 and 30 mg of 3 A MS were used.

f Along with 10% of PhyCH.

SAtrt.

" 40 mol% of catalyst 1 and 40 mg of 3 A MS with 1.0 equiv of the
substrate were used; yields are based on the substrate.

The reaction of furan with 1,1’-(bromomethylene)diben-
zene (8) was completed within 30 minutes to afford the
monosubstituted product 9 and the 2,5-disubstituted prod-
uct 10 in yields of 40% and 59%, respectively (Table 2,
entry 1).!7 2-Methylfuran was also reactive under these
conditions. Although its reaction with bromide 8 gave
product 11 in only 37% yield as a result of undesired de-
composition (entry 2), tritylation occurred quite smoothly
at 0 °C to give the tritylated product 12 in almost quanti-
tative yield (entry 3). 2,5-Dimethylfuran reacted slowly
with trityl chloride (5) to give the expected product 13 in
49% yield (entry 4). Interestingly, in this case, we also ob-
served the formation of the novel side-chain-alkylated
product 14 in 19% yield, along with 10% of triphenyl-
methane. To account for the formation of these byprod-
ucts, it is conceivable that free-radical coupling at the
furanylmethyl carbon might also occur as a competing
pathway.'®

The alkylation of thiophene or 2-methylthiophene with
chloride 5 or bromide 8 proceeded efficiently in the pres-
ence of 30 or 10 mol% of catalyst 1 to give the desired
products 15-20 in high yields (Table 2, entries 5-8). N-
Benzoyl-1H-pyrrole also served as a moderately reactive
heteroaromatic substrate and its reaction with bromide 8
gave adducts 21 and 22 in yields of 37% and 28%, respec-
tively; however, attempts at tritylation of this substrate
were unsuccessful (entries 9 and 10). Finally, we exam-
ined the reactions of 1-benzofuran and 1-methyl-1H-in-
dole as substrates. Heating these substrates for two hours
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in the presence of 1.0 equiv of bromide 8 gave adduct 24
and a regioisomeric mixture of adducts 25 and 26, respec-
tively, in yields of 78% and 50% (entries 11 and 12).

Next, we examined the application of our method to the
alkylation of reactive aromatic compounds with bromide
8 as the electrophile.!” We hoped that this would provide
a rapid route to triarylmethane derivatives of industrial
importance.?® The results are summarized in Table 3.

Unfortunately, anisole and p-xylene as representative aro-
matic substrates did not react, even under harsh conditions
(refluxing DCE for 24 h). However, the reaction of 1,4-di-
methoxybenzene with 8 proceeded in the presence of 10
mol% of 1 to afford the disubstituted product 27 and the
monosubstituted product 28 in yields of 34% and 17%, re-
spectively (Table 3, entry 1). The desired alkylation went
to completion within two hours (78% total yield) when the
amount of the catalyst was increased to 40 mol% (entry
2).2]

Similarly, treatment of 1,3-dimethoxybenzene with bro-
mide 8 gave the alkylation products 29 and 30 in good
combined yield (entry 3). In contrast, 1,2-dimethoxyben-
zene showed a comparatively low reactivity and, after two
hours, product 31 was isolated as a single regioisomer in
47% yield (entry 4). On the other hand, 1,3,5-trimethoxy-
benzene exclusively gave the monoadduct 32 in 91%
yield after two hours (entry 5).

Finally, we examined the reactions of a series of N,N-di-
methylanilines with bromide 8. N,N-Dimethylaniline it-
self reacted with an excess of bromide 8 to give product
33 in 23% yield (entry 6). The 3-methoxy analogue also
showed normal reactivity, albeit with low regioselectivi-
ty, and all possible regioisomers 34-36 were obtained in
good combined yield (entry 7).

In summary, we have developed a new and practical
method for the organocatalytic benzylation of various z-
excessive heteroaromatic and aromatic compounds by us-
ing chloride 5 or bromide 8 as reactive electrophiles and
thiourea 1 as a catalyst. A Friedel-Crafts alkylation of this
type might involve an Sy1-type mechanism with the for-
mation of a carbocation intermediate from 5 or 8 by ab-
straction of a halide anion with the aid of the halophilic
thiourea 1.2 We believe that this method might serve as
part of a novel strategy for Friedel-Crafts alkylation reac-
tions of aromatic compounds with thiourea-based organo-
catalysts. Further studies to extend the scope of this
method are now in progress.
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Table 3 Alkylation of m-Excessive Aromatic Compounds with 1,1’-(Bromomethylene)dibenzene

X 1 (40 mol%) X
©|— Ph 3 A MS (40 mg) == Ph
+ >7Br _—
\_7 PH DCE (0.5 M) \_7/ Ph
8 83°C
Entry* Product(s) Time (h) Yield® (%)
OMe OMe
Ph Ph Ph
1¢ 6 34+17
2 Ph Ph Ph 2 42+ 36
MeO MeO
27 28
OMe Ph
OMe Ph
Ph
Ph
3 MeO 2 51+28
MeO
Ph Ph
29
30
Ph
MeO
Ph
4 :©)\ 2 474
MeO
31
OMe
Ph
MeO
5 Ph 2 91
OMe
32
Ph
6 Ph 2 23¢
33
NMe, Ph._ _Ph
NMe, Ph
NMe2
Ph
7 OMe 2 33+18+ 11
OMe
Ph” “Ph OMe
36
34 35

2 Unless otherwise noted, all reactions were performed at 0.5 M with 1.0 equiv of the nucleophile and 3 AMs (40 mg/1.0 mmol) in refluxing

DCE, and quenched after consumption of bromide 8.

b Isolated yield based on reacted starting aromatics.

¢ 10 mol% of catalyst 1 and 10 mg of 3 A MS were used.
4 Unidentified complex byproducts were formed.

¢ Unreacted N,N-dimethylaniline was recovered.

sity for performing the elemental analyses. This work was suppor-
ted in part by a Grant-in-Aid for Scientific Research on Innovative
Areas ‘Advanced Molecular Transformations by Organocatalysts’
from the MEXT (Japan) (No. 24105523).

Supporting Information for this article is available online at
http://www.thieme-connect.com/ejournals/toc/synlett.

© Georg Thieme Verlag Stuttgart - New York

References and Notes

(1) (a) Friedel-Crafts and Related Reactions: General Aspects;
Vol. II, Part I; Olah, G. A., Ed.; Wiley-Interscience: New
York, 1964. (b) Roberts, R. M.; Khalaf, A. A. Friedel—
Crafts Alkylation Chemistry: A Century of Discovery;
Marcel Dekker: New York, 1984. (c) Olah, G. A. 4 Life of
Magic Chemistry: Autobiographical Reflections of a Nobel
Prize Winner; Wiley-Interscience: New York, 2001.

Synlett 2014, 25, 438442

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



442

N. Watanabe et al.

LETTER

@
3)

4)

®)

(6)

(M

®)

©)
(10)
(11)

Smith, M. B. March’s Advanced Organic Chemistry; John
Wiley: Hoboken, 2013, 7th ed., 609-615.

For reviews, see: (a) Bandini, M.; Melloni, A.; Tommasi, S.;
Umani-Ronchi, A. Synlett 2005, 1199. (b) Almasi, D.;
Alonso, D. A.; Néjera, C. Tetrahedron: Asymmetry 2007, 18,
299. (¢) Vicario, J. L.; Badia, D.; Carrillo, L. Synthesis 2007,
2065. (d) You, S.-L.; Cai, Q.; Zeng, M. Chem. Soc. Rev.
2009, 38, 2190. (e) Terrasson, V.; Marcia de Figueiredo, R.;
Campagne, J. M. Eur. J. Org. Chem. 2010, 2635. (f) Lu,
H.-H.; Tan, F.; Xiao, W.-J. Curr. Org. Chem. 2011, 15,
4022. (g) Lu, L.-Q.; Chen, J.-R.; Xiao, W.-J. Acc. Chem.
Res. 2012, 45, 1278.

For monographs, see: (a) Berkessel, A.; Groger, H.
Asymmetric Organocatalysis: From Biomimetic Concepts to
Applications in Asymmetric Synthesis; Wiley-VCH:
Weinheim, 2005. (b) Enantioselective Organocatalysis:
Reactions and Experimental Procedures; Dalko, P. 1., Ed.;
Wiley-VCH: Weinheim, 2007. (c) Science of Synthesis:
Asymmetric Organocatalysis: Workbench Edition; Vol. 1;
List, B., Ed.; Thieme: Stuttgart, 2012. (d) Science of
Synthesis: Asymmetric Organocatalysis: Workbench
Edition; Vol. 2; Maruoka, K., Ed.; Thieme: Stuttgart, 2012.
(e) Comprehensive Enantioselective Organocatalysis;
Dalko, P. 1., Ed.; Wiley-VCH: Weinheim, 2013.

(a) McCubbin, J. A.; Hosseini, H.; Krokhin, O. V. J. Org.
Chem. 2010, 75, 959. (b) McCubbin, J. A.; Krokhin, O. V.
Tetrahedron Lett. 2010, 51, 2447. (c) McCubbin, J. A.;
Nassar, C.; Krokhin, O. V. Synthesis 2011, 3152. See also:
(d) Zheng, H.; Ghanbari, S.; Nakamura, S.; Hall, D. G.
Angew. Chem. Int. Ed. 2012, 51, 6187.

(a) Westmark, P. R.; Gardiner, S. J.; Smith, B. D. J. Am.
Chem. Soc. 1996, 118, 11093. (b) Kheirjou, S.; Abedin, A.;
Fattahi, A. Comput. Theor. Chem. 2012, 1000, 1.

For areview, see: (a) Zhang, Z.; Schreiner, P. R. Chem. Soc.
Rev. 2009, 38, 1187. For some recent examples on halide
anion capture in thiourea catalysis, see: (b) Raheem, I. T.;
Thiara, P. S.; Peterson, E. A.; Jacobsen, E. N. J. Am. Chem.
Soc. 2007, 129, 13404. (c) Reisman, S. E.; Doyle, A. G.;
Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 7198. (d) De,
C. K.; Klauber, E. G.; Seidel, D. J. Am. Chem. Soc. 2009,
131, 17060. (e) Knowles, R. R.; Lin, S.; Jacobsen, E. N.

J. Am. Chem. Soc. 2010, 132, 5030. (f) Brown, A. R.; Kuo,
W.-H.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 9286.
(g) Birrell, J. A.; Desrosiers, J.-N.; Jacobsen, E. N. J. Am.
Chem. Soc. 2011, 133, 13872. (h) Min, C.; Mittal, N.; De, C.
K.; Seidel, D. Chem. Commun. 2012, 48, 10853.

For our previous works on thiourea-based organocatalysis,
see: (a) Mori, K.; Maddaluno, J.; Nakano, K.; Ichikawa, Y ;
Kotsuki, H. Synlett 2009, 2346. (b) Mori, K.; Maddaluno, J.;
Nakano, K.; Ichikawa, Y.; Kotsuki, H. Synlett 2011, 2080.
(c) Sasakura, N.; Nakano, K.; Ichikawa, Y.; Kotsuki, H. RSC
Adv. 2012, 2,6135. (d) Moritaka, M.; Miyamae, N.; Nakano,
K.; Ichikawa, Y.; Kotsuki, H. Synlett 2012, 23, 2554.
Jakab, G.; Tancon, C.; Zhang, Z.; Lippert, K. M.; Schreiner,
P.R. Org. Lett. 2012, 14, 1724.

As expected, the use of TrOH in place of TrCl was
ineffective in this transformation.

2-Tritylfuran (6) and 2,5-Ditritylfuran (7); Typical
Procedure (Table 1, Entry 4)

Catalyst 1 (50.0 mg) and powdered activated 3 AMS (10
mg) were added to a colorless solution of Ph;CC1 (5,279 mg,
1.0 mmol) and freshly distilled furan (340 mg, 5.0 mmol) in
dry CH,Cl, (2.0 mL), and the mixture was stirred for 4 h at
r.t. At the end of the reaction, the solution became reddish
purple. The mixture was concentrated and the residue was
purified by column chromatography [silica gel, hexane—
Et,0 (50:1 to 10:1)] to give 6 and 7.
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(12)

(13)

(14

(15)

(16)

(17

(18)

(19)

(20)

2]

(22)

2-Tritylfuran (6)

Colorless needles; yield: 186 mg, (60%); mp 201-202 °C
(hexane-Et,0); R,=0.24 (hexane). FTIR (KBr): 1595, 1490,
1442 cm™. '"H NMR (500 MHz, CDCly): § = 6.04 (dd, J =
2.0, 1.0 Hz, 1 H), 6.32 (dd, J=2.0, 1.5 Hz, 1 H), 7.06-7.11
(m, 6 H), 7.22-7.28 (m, 9 H), 7.45 (br s, 1 H). 3C NMR
(125.8 MHz, CDCl,): 8 = 60.84, 109.78, 111.31, 126.58
(x3), 127.60 (x6), 130.20 (x6), 142.25, 145.14 (x3), 159.28.
Anal. Calcd for C3H,40: C, 89.00; H, 5.85. Found: C, 89.15;
H, 5.47.

2,5-Ditritylfuran (7)

Colorless needles; yield: 108 mg (39%); mp >280 °C
(sublimed, CHCL3); R,= 0.15 (hexane). FTIR (KBr): 1594,
1492, 1444 cm™. '"H NMR (500 MHz, CDCl5): § = 5.96 (s,
2 H), 6.98-7.05 (m, 12 H), 7.15-7.25 (m, 18 H). *C NMR
(125.8 MHz, CDCl,): 6 = 60.92 (x2), 110.92 (x2), 126.35
(x6), 127.52 (x12), 130.27 (x12), 144.85 (x6), 159.51 (x2).
Anal. Caled for C,,H;,0-H,0: C, 88.39; H, 6.00. Found: C,
88.58; H, 5.75.

(a) The use of molecular sieves as acid scavengers is well
established; see: Encyclopedia of Reagents for Organic
Synthesis; Vol. 9; Paquette, L. A.; Crich, D.; Fuchs, P. L.;
Molander, G. A., Eds.; Wiley: Chichester, 2009, 2nd ed.,
7162-7165. (b) Unfortunately, the same reaction in the
presence of a tertiary amine base such as Et;N as an acid
scavenger gave a rather complex mixture of products, and
the yields were not determined.

When the same reaction was conducted by adding 10 mol%
of TBACI, the reaction was completely suppressed,
indicating the important contribution of the common-ion
effect. )
Judging from this result, there is some possibility that 3 A
MS not only acted as an acid scavenger, but also an
accelerator.

Judging from the result shown in entry 9 of Table 1, we were
obliged to conclude that diphenylthiourea 3 acted as a
catalyst poison in this system..

We did not check the recyclability of catalyst 1. However,
after the reaction was complete, in most cases 1 could be
clearly detected by TLC and should be recoverable.

In a control experiment (Table 2, entry 1), only a trace
amount of products was formed in the absence of catalyst 1
(36 h in refluxing DCE).

Unfortunately, the product distribution did not change when
the reaction was performed in the presence of a radical
inhibitor such as hydroquinone (6 h in refluxing DCE): 14
(44%), 15 (17%), and Ph;CH (20%). This product
distribution is similar to that obtained the presence of a
radical initiator such as AIBN: 14 (45%), 15 (8%), and
Ph;CH(26%). Importantly, the formation of furanylmethyl
radicals has only been noted under conditions of photo-
irradiation. See, for example: Cantrell, T. S.; Allen, A. C.;
Ziffer, H. J. Org. Chem. 1989, 54, 140.

All attempts to perform the tritylation of 1,4-dimethoxy-
benzene in the presence of catalyst 1 failed for reasons that
are not yet clear.

For example, see: Zhang, J.; Bellomo, A.; Creamer, A. D.;
Dreher, S. D.; Walsh, P. J. J. Am. Chem. Soc. 2012, 134,
13765.

In a control experiment (Table 3, entry 2), the reaction was
significantly retarded in the absence of catalyst 1 (6 h in
refluxing DCE), and gave 25% of 27 along with 7% of 28.
We cannot exclude the possibility that an Sy2-type
mechanism might also operate in reactions with 8 as the
electrophile. At present, we have no clear idea of the
halophilic strength (Br versus Cl) of catalyst 1.
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