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Abstract: We present full details of our new methods for preparing functionalized benzynes with lithium
di-alkyl(2,2,6,6-tetramethylpiperidino)zincate (R2Zn(TMP)Li) through deprotonative zincation as a key
reaction. In this system, by choosing appropriate ligands for the zincate, either regioselective zincation of
functionalized haloaromatics or the generation of substituted benzynes can be controlled in good yields
with excellent chemoselectivity, using the same substrate. Zincation with Bu,Zn(TMP)Li followed by
electrophilic trapping or zincation with Me,Zn(TMP)Li followed by nucleophilic or diene trapping is shown
to be a powerful tool for the chemoselective preparation of 1,2,3-/1,2,4-trisubstituted benzene derivatives.
These methods offer far greater generality than previous methods for the synthesis of multifunctionalized
benzenes. Computational/theoretical studies of the reaction mechanism of this unique benzyne formation
indicated that preferential coordination of the dialkylzinc moiety of zincate to halogen is the reason for the
reduced activation energy of the elimination, that is, for the formation of the benzyne. The role of the ligands
on Zn in accelerating/decelerating the elimination is also discussed.

Introduction various functional groups on the benzynes. Several methods for
Aromatic rings are key structural elements of organic 9enerating functionalized benzynes bearing limited substituents
molecules, and hence chemo- and regiocontrolled synthesis ofSUch as alkyl, alkoxy, or halogen groups have been repérted.
multisubstituted benzenes remains one of the central issues inf hese methods require 1,2,3-(or 1,2,4-)trisubstituted benzenes
organic synthesis. However, the variety of available derivatives @S precursors (in which two of the substituents are in ortho
is still quite limited. Inter-/intramolecular reaction, such as Positions); and therefore application of these conventional
cycloaddition and nucleophilic addition, of substituted benzynes methods to the enhancement of benzynes bearing electrophilic
is, in principle, one of the most effective ways for introducing substituents suffers from significant limitations in two re-
multiple functional groups on aromatic ringdn particular, spects: (1) poor availability of the starting highly substituted
substituents on benzyne can control the regioselectivity of benzenes, and (2) restricted compatibility with the remaining
incoming reagents through electronic, steric, and chelation functional groups. Thus, a new method for generating regio-
effects. Such regioselectivity is important in theoretical chem- controlled functionalized benzynes with high functional group
istry as well as for organic synthegislowever, functionalized compatibility is highly desirable.
benzyne chemistry has not been well developed, mainly because |, this article, we present full details of our new approach to
of the lack of efficient preparation methods compatible with 4, preparation of functionalized benzynes (Figure 1) and

T The University of Tokyo.

;TOhOkU University. (3) (@) Hoffmann, R. W.Dehydrobenzene and Cycloalkyne&cademic
RIKEN. Press: New York, 1967. (b) H. Hart. fhe Chemistry of Triple-Bonded
# Emory University. Functional GroupsS. Patai, Ed.; John Wiley & Sons Ltd.: Chichester,
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cited therein. (b) Kessar, S. V. Bomprehensie Organic SynthesiJrost, U.K., 1983; Suppl. C, Chapter 11. For examples of the preparation of
B. M., Ed.; Pergamon Press: Oxford, England, 1991; Vol. 8, Chapter 2.3 benzynes, see: (d) Kitamura, T.; Yamane, M.; Inoue, K.; Tokuda, M.;
and references cited therein. Fukatsu, N.; Meng, Z.; Fujiwara, Y). Am. ChemSo0c.1999 121, 11674~
(2) (a) Johnson, W. T. G.; Cramer, C.JJ.Am. Chem. So2001, 123 923— 11679. (e) Matsumoto, T.; Hosoya, T.; Katsuki, M.; SuzukiTktrahedron.
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Table 1. Ligand Screening of Zincate for Direct Generation of Benzyne?

FG FG R FG
j* Ph a
zvae | L 0 I | g R
diene, THF R (C[ ' T
temp., 5h |l A | [ A \ o ; . n
Br X PK [ —
1 2R 3 A B 4
entry FG Zn-ate temp diene yield (%) Diene
1 H (14) ‘BugZnLi room temp A 0
2 H (1a) "BusZnLi room temp A trace o
3 H (14) MesZnLi room temp A 99 (4a) ~
4 H (1) MesZnLi 0°C A 96 (4a) A Ph
5 H (1a) MesZnLi 0°C B 79 (4a-B) =
6 CONPr, (1b) MesZnLi 0°C A 86 (4b) Oo
.
7 H (1a) MeasZnLi» —78°C A 99 (4a) B

aUnless otherwise noted, the iodine-zinc exchange reaction was carried out using zincate (2.2 equiv) and s¢bstrate) in THF in the presence
of 1,3-diphenylisobenzofuran (2.2 equi¥)solated yield.c FG = functional group.

multiply substituted benzenésA new zinc ate base (lithium  benzyne formatiof® However, their use has been limited
di-methyl(2,2,6,6-tetramethylpiperidino)zincate: Me(TMP)- because these reagents or the resulting intermediary aromatic
Li), which functions both as a base for directed ortho metalation metal species undergo reaction with electrophilic functional
on functionalized benzenes and as a promoter for the benzyne(directing) groups. Our approach capitalizes on the high
formation, was developed for direct chemo- and regioselective chemoselectivity of organozincate reagents, which allows flex-
benzyne formation reaction. This reagent provides a new, ible design and fine-tuning by modifying the ligation environ-
efficient, and simple method for preparing trisubstituted ment® To date, little attention has been paid to benzyne
benzene derivatives, and we describe several synthetic applicaformation using zinc ate complexes, except for a single report
tions, including preparation of substituted arylsilanes and a by Harada et aP because of their mild reactivity. One naturally
biphenyl derivative. By selecting appropriate ligands for the expects that the elimination of a metal-stabilized anion and a
zincate, generation and suppression of benzyne formation inleaving group would require high activation energy. However,
this system can be controlled to afford desired products in in 1999, Harada et al. overcame this drawback of zincates by
good yield with excellent chemoselectivity, using the same the use of a strong leaving group (trifluoromethylsulfonyl
substrate. (TfO-)), and the successive homologation reactions with zincate
to afford butylphenylzinc species were reported to proceed
smoothly. However, only a limited number of examples of the
homologation reactions have been examined, and their generality
remains unclear. Thus, we systematically investigated the ability
of organozinc ate complexes to show high reactivity and

|Fa 'E|_ Li* Fa F|‘_ Lit FG " selectivity in the benzyne formation reactiomithout the
O:Z"\rsu R ='Bu UZMH A= Mo _ ij]]"o occurrence of succes& homologation reactions
o o diene N Direct Benzyne Formation Reaction Through Haloger-

Ph
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EIE 2)E* 1 diene J
Br - Br

|
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diene = 1,3-diphanylisobenzofuran : Zinc Exchange Reaction. Optimization of the Ligation
Figure 1. Summary of the reactions described here (EGunctional Environment of Zincates and Reaction Conditions.As a
group). preliminary model reaction, the iodirginc exchange reaction

Detailed second-order Mgller-Plesset perturbation (MP2) and of 2-haloiodobenzenes \_/vith yarious zincate; was investigated.
ONIOM2 (MP2:HF) studies were also performed for these .The. results are §ummarlzed in Table 1. We fII’S.t speculgted that
unique benzyne formation reactions. Mechanistic studies on it Might be possible to develop benzyne formation reactions by
benzyne formation frono-metallohalobenzenes (metad Li, using 'BusZnLi,%¢ the most chemoselective halogemetal

Na, Mg, ...) are still lacking, despite the fact that knowledge of - — ]
. S . (4) A part of the results concerning the 3-functionalized benzynes described
the reaction pathways and the elimination mechanism would here was reported as a preliminary Communication: Uchiyama, M.;

aid rational design to improve the yield and selectivity of the Miyoshi, T.; Kajihara, Y.; Sakamoto, T.; Otani, Y.; Ohwada, T.; Kondo,
. . . . J. Am. Chem. So@002, 124, 8514-8515.
benzyne formation and to develop more efficient metal reagents. (s) For reviews on directed ortho metalation, see; (a) Snieckughem. Re.

i i 199Q 90, 879-933. (b) Gschwend, H. W.; Rodriguez, H. Reteroat.
The pu.rposes (.)f our.computatlonal(theoretlcal study were as Facilitated Lithiations. Org. React. (N.Y1979 26, 1-360.
follows: (1) to investigate the reaction pathways of benzyne (6) For examples of nonlithio-aromatic species, see: (a) Armstrong, D. R.;
: . ; ; . H H _ Clegg, W.; Dale, S. H.; Hevia, E.; Hogg, L. M.; Honeyman, G. W.; Mulvey,
formgmon reactions using zmc_ate, (2) to |n\_/est|gate_the geo R. EAngew. Chem. Int. ECR00G 45, 37753778, (b) Sapounizis, I
metrical features of the transition structure, intermediates, and Lin, W.; Fischer, M.; Knochel, PAngew. Chem., Int. E@004 43, 4364
products of the present benzyne formation; and (3) to analyze ‘L‘J%?gh C. 3. Beak, R, Org. Chem1975 40, 10941008
the role of the ligands on zinc in the generation of benzyne. (8) (a) Review: Uchiyama, M.; Kondo, YSynth. Org. Chem. Jpi2006 64,
1180-1190. (b) Kondo, Y.; Takazawa, N.; Yamazaki, C.; Sakamotd, T.
Results and Discussion Org. Chem1994 59, 4717-4718. (c) Kondo, Y; Matsudaira, T.; Sato, J;
Murata, N.; Sakamoto_,. TAngew. Chem., Int. Ed. Endl996 35, 736—
Organolithiums and Grignard reagents have been widely used 238 (@) Kondo, ¥: Fujinam, M., Uchiyama, M.; Sakamoto, JI.Chem.
as powerful metalating reagents of aromatic rings and also for (9) Harada, T.; Chiba, M.; Oku, Al. Org. Chem1999 64, 8216-8213.
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Bu " H for benzyne synthesis, and the deprotonative zincation was
'mgu SZnLi Jr’_‘“au 2) PhGHO X= Br 87% investigated using 3-cyanobromobenze8® és a representative
TR oo s Q RCTXITS ) oo substrate (see Supporting Information, Figure S-1, for
; 280 s details)!?

While deprotonative metalation of 3-substituted benzenes such
as 6¢ can take place at three positions, the metalation using
i . . zincate bases proved to occur regioselectively at the C2
excha_nge _reageptlr_1 our group. Despite exgellent_ reactivity andpositionf‘ As expected, in the reaction using the newly
selectlwty_lnthe |od|n_ezmc exchange rea(_:tlon (Flg_ure 2), the designed MgZn(TMP)Li, the directed zincation and the sub-
reagent did not mediate benzyne formation reaction at all at

Figure 2. Electrophilic trapping of the intermediary zincatey. (

room temperature (Table 1, entry 1). Even when the reaction

was carried out at higher temperature (45-reflux), unsatis-
factory results were obtained (yields 30%). With benzalde-

hyde as the electrophile instead of diene, 2-halobenzhydrol Bu,Zn(TMP)Li%4

derivatives were obtained in high yields, and this result
clearly indicates that only regio-/chemoselective zincation
proceededvithout the following benzyne formatigRigure 2).

We then evaluated the influence of other alkyl ligands on
zinc upon benzyne formation. In the case of usiBgsZnLi,
only trace amounts oda were obtained at room temperature,
along with byproducts obtained by the homologation reaction
of the intermediary benzyne and zincate (Table 1, entry 2).
Finally, we found that the use of M2nLi produced Diels-
Alder adducts4aor 4a-B) in satisfactory yields in THF at over

0 °C (Table 1, entries 35).1° Other solvents, such as g,
toluene, and CkCl,, gave less satisfactory results. It is
noteworthy that this benzyne formation method was also
applicable to the electrophilic functional group-containing
o-bromoiodobenzendp) (Table 1, entry 6). Furthermore, when
MesZnLi, was employed in THRawas obtained quantitatively
even at—78 °C (Table 1, entry 7), supporting our previous

sequent generation of 3-cyanobenzy®e proceeded smoothly

at room temperature, and the resulting benzyne reacted with
1,3-diphenylisobenzofuran to give the corresponding Diels
Alder adduct 4c)*2 in 80% yield. On the other hand, whén
was used under the same conditions, only
zincation occurred regio-/chemoselectivelwithout the
formation of benzyneand the resulting arylzincat¢'Bu) was
treated with } to give 3-bromo-2-iodobenzonitrilel¢) in 82%
yield.

I. Generation of 3-Functionalized Benzyne Using MgZn-
(TMP)Li. As shown in Table 2, deprotonative zincation with
MeZn(TMP)Li proved effective for the one-pot generation of
various 3-functionalized benzynés\ot only alkoxy groups,
but also a variety of electrophilic functional groups, including
amide, cyano, ester, and various halogens (run8)l are
compatible with MeZn(TMP)Li, and neither destruction of
functional groups nor self-condensation was observed. The
generation of a disubstituted asymmetric benzyne also caused
no problem (run 10). The trifluoromethyl group works as an
exclusively para-metalating directing group, and the generation
of benzyne proceeded smoothly at the 4-position (run 9),
although the mechanism of this peculiar metalation is not

findings that dianion-type ate complexes display increased clear. Thus, this benzyne formation reaction has a high

reactivity relative to the monoanion-type oriés.

In other words, we found a significant switching of the
reactivity of the aryldialkylzincate intermediate2—«(R). This
drastic change of reaction modes (metalation (no elimination;
Bu) or generation of benzyne (facile elimination; Me)) depend-
ing on the alkyl-ligation environment is a feature of zincates
and is potentially useful from the synthetic viewpoint.

Direct Benzyne Formation Reaction Through Deproto-
native Zincation Reaction by Using Zinc Ate Base. Develop-
ment of Me,Zn(TMP)Li. Having optimized the ligation
environment of the arylzincates for benzyne formation and

suppression, we next focused on the application to the synthesis

of multiply substituted benzyne and benzene. Taking the
availability of precursors and general applicability into

consideration, deprotonation is expected be advantageous forf13)

the preparation of (multi-)functionalized benzynes. Similar
ligand effects might operate in the deprotonative zincation.
Thus, we designed M&n(TMP)Li as a new zinc ate base

(10) In the case of using M&nLi, even when the reaction was carried out at
higher temperature (4C—reflux), no homologation product (methyl-
adduct) was detected. On the other hand, when the reactioo- of
bromoiodobenzenel§) with BusZnLi was performed under reflux for 16
hours in the presence of dien®)( the Diels-Alder adduct4@) was obtained
in 50% yield.

(11) (a) Uchiyama, M.; Furuyama, T.; Kobayashi, M.; Matsumoto, Y.; Tanaka,
K. J. Am. Chem. Soc2006 128 8404-8405. (b) Uchiyama, M.;
Matsumoto, Y.; Nakamura, S.; Ohwada, T.; Kobayashi, N.; Yamashita,
N.; Matsumiya, A.; Sakamoto, TJ. Am. Chem. Soc.2004 126,
8755-8758. (c) Uchiyama, M.; Kondo, Y.; Miura, T.; Sakamoto, J.
Am. Chem. Sod 997, 119, 12372-12373. (d) Uchiyama, M.; Koike, M.;
Kameda, M.; Kondo, Y.; Sakamoto, J.Am. Chem. So&996 118 8733~
8734.
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compatibility with functional groups, presumably because of
the soft nucleophilicity of zincates. Finally, deprotonative
zincation of various halobenzenes (or their analogues) using
Me,Zn(TMP)Li was then investigated to examine the scope of
the present method (runs-%13); various groups such as fluoro,
chloro, and triflyl (except for iod®) turned out to work well

as both orthedirecting and -leaving groups in benzyne forma-
tion.

(12) RZn(TMP)Li (R = Me or 'Bu) can be prepared simply by mixing
dialkylzinc and LTMP in a 1:1 molar ratio in THF at room temperature
for 1 hour. See Supporting Information for details. On the basis of our
computational analysi¢¢dthe deprotonation of aromatic compounds using
R>Zn(TMP)Li is endothermic in most cases, so excess zincate (2.2 equiv)
was used for the deprotonation reaction in this study. lodine or benzaldehyde
was used as a representative electrophile in this study, but intermediary
arylzincate species are known to be able to react with various electrophiles
(see refs 8, 11, and 14).

A series of recent studies has expanded the utility of rigid oxabicyclic

compounds: (a) Lautens, M.; Hiebert, 3. Am. Chem. Soc2004

126, 1437-1447. (b) Lautens, M.; Fagnou, K.; Yang, D. Am. Chem.

Soc.2003 125 14884-14892. (c) Lautens, M.; Fagnou, K.; Hiebert,

S.J. Am. Chem. So@003 125 48-58. (d) Lautens, M.; Schmid, G. A;;

Chau, A.J. Org. Chem2002 67, 8043-8053. (e) Lautens, M.; Hiebert,

S.; Renaud, J-L.J. Am. Chem. Soc2001 123 6834-6839. (f)

Lautens, M.; Fagnou, KJ. Am. Chem. So001, 123 7170-7171. (g)

Lautens, M.; Renaud, J-L.; Hiebert, 5. Am. Chem. So200Q 122, 1803-

1804.

(14) (a) Kondo, Y.; Shilai, M.; Uchiyama, M.; Sakamoto,Jl Am. Chem. Soc.
1999 121, 3539-3540. (b) Imahori, T.; Uchiyama, M.; Sakamoto, T.;
Kondo, Y. Chem. Commun2001, 2450-2451. (c) Uchiyama, M.;
Matsumoto, Y.; Nobuto, D.; Furuyama, T.; Yamaguchi, K.; Morokuma,
K. J. Am. Chem. Soc2006 128 8748-8750. (d) Uchiyama, M.;
Matsumoto, Y.; Usui, S.; Hashimoto, Y.; Morokuma, Kngew. Chem.,

Int. Ed 2007, 46, 926-929. (e) Mulvey, R. E.; Mongin, F.; Uchiyama,
M.; Kondo, Y.Angew. Chem., Int. EQ007, 46, 3802-3824. (f) Kondo,
Y.; Morey, J. V.; Morgan, J. C.; Naka, H.; Nobuto, D.; Raithby, P. R;
Uchiyama, M.; Wheatley, A. E. HIl. Am. Chem. SoR007, 129 ASAP.

(15) The iodine-zinc exchange may occur preferentially over the de-
protonation.
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Table 2. Direct Generation of 3-Functionalized Benzyne Using Me>Zn(TMP)Li#
FG Fa e

N Ph
3 MeaZ{ TMPILI z|n;l" fe
Y 5 e [T
1 THF, Conditions -
Br Br Ph
L] 2-Me 4
Run Substrate  Benzyne Conditions Yield of 4 (%)?| Run Substrate Benzyne Conditions Yield of 4 (%)?
H H F F
1 Qsa O| refl., 12 h 100 8 th i) 60°C, 15 h 71
Br . Br
CONPra CONPrz CFs 053
2 Osb O| refl., 12 h 100 9 ijf' O m12h 100
Br Br 1 z
CMN CN CN CN
3 Qsc O' refl,, 12h 90 10 o | refl,3h 79
Br Br
COOBU COOBY OMe OMe
4 6d | refl., 6 h 88 H H
Br 6k
o0kt oot 11 Qa :jl refl., 12 h 99
5 o | refl., 3h 55 H H
Br 6l
oMe onle 12 QF i:" refl., 12 h 99
6 6t | m12h 100 H H
o e 13 Qﬁm O| f,12h 100
aTf
7 6g | i 48h 72
Br

aThe reaction was carried out using Ma(TMP)Li (2.2 equiv) and substrate (1 equiv) in THF in the presence of 1,3-diphenylisobenzofuran (2.2 equiv).
b Isolated yield.

Table 3. Deprotonative Zincation of 3-Substituted Benzynes Using Bu,Zn(TMP)Li 2

FG Fe Bu FG
|
3 Zrc\ I
2 1) BuZnTMPILI By 2) Iz
1 THF, Conditions m3h
Br Br r
6 28y 1
Run Substrate  Product(1) Conditions Yield (%)?| Run Substrate Product(1) Conditions Yield (%)?
CONPr, CONPr, cl cl
1 1
1 6b 0°C, 3h 84 6 6g —30°C, 24 h 77
Br Br Br Br
CN CN F F
| 1
2 O 6c t( 0°C,3h 96 7 O\Gh (i -30°C, 24 h 93
Br Br Br Br
COO'Bu CO0'Bu CF3 CF3
68, 32 i
3 6d d m,3h 98 8 si i, 3h 77
Br Br Br Br
COOEt o0 COOEt I
1
Br Br si
9 0°C,3h 74
OMe OlMe | Br Br
5 O af iI -80°C, 12 h o5 OMe OMe
Br Br

aThe reaction was carried out usifgu,Zn(TMP)Li (2.2 equiv) and substrate (1 equiv) in THAsolated yield.* FG = functional group.

Il. Synthesis of 1,2,3-Functionalized Benzenes Using compounds:® The substrate scope and limitations are sum-
BuZn(TMP)Li. On the other hand, zincation witBu,Zn- marized in Table 3. With amide, cyano, methoxy, and various
(TMP)Li followed by electrophilic trapping (withy) proved a halides containingn-bromobenzenes, both the chemical yield
powerful tool for the preparation of 1,2,3-trisubstituted aromatic and the regioselectiity were good to excellent. A 1,2,4-
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Table 4. Direct Generation of 4-Functionalized Benzyne Using Me>Zn(TMP)Li#

FG FG Me
- o

FG
J“\ Li* Faa 3 , N m
MeaZn{TMP)LI me__ 2. _.FG
diene A s ;I,Me
THF, Conditions Li* ) .l. 1 P|-1 B
X X} Me 10 A 9
Run  Substrate Benzyne Conditions Yield of 9 (%)°| Run Substrate Benzyne Conditions Yield of 9 (%)°

M M = Br.
1 refl., 3 days 81 5 \@\ \Q H,13h o1
Br Br
10a

10e

M NC, Fa Fy
2 \@ M, 16h 52 6 cﬁ C\G m24h 83
Tf Br
10b
TBuQOC, B Ph.
¢ U ST O
11 Br
10c 109
(y]
10d

10f
Ph.
7 \Q\ #,8h
refl., 12 h 80 37\\@ Q\Q refl., 8 h 80
Br
10h

aThe reaction was carried out using Ma(TMP)Li (2.2 equiv) and substrate (1 equiv) in THF in the presence of 1,3-diphenylisobenzofuran (2.2 equiv).
b Isolated yield.* FG = functional group.

X 3

Tt

substituted substrate could be used, and a 1,2,3,4-tetrasubstitutegtmperature was increased and/or reaction time was extended,
product was obtained with high chemo-/regioselectivity. The the reaction proceeded slowly but afforded the desired products
trifluoromethyl group also functions as an exclusively para- (9) in high yields (Figure 3). Additionally, when a strong
metalating directing group, affording the 1,2,4-substituted directed leaving group, such as a TfO group, was used, the
benzene derivative. reaction time was shortened.

Application to Preparation of Various 4-Functionalized
Benzynes and 1,2,4-Functionalized BenzenesHaving DMG pMG e omMa oM
established effective procedures for the generation of 3-func- MesZn(TMPILI @Z"\MC — @\:' . @a 2
tionalized benzynes, we then considered 4-functionalized ben- " e 2
zynes. However, deprotonative metalation has so far been X 1
regarded as a difficult reaction to use for the synthesis of

4-substituted benzynes, because of its apparently unfavorablg,
regioselectivity. In fact, in the reaction of 4-methoxybromoben-

X Me

X Conditions  Yield (%)

zene {a) with ‘Bu,Zn(TMP)Li and the successive iodination, %—“ o el 3days 76
the deprotonative zincation proceeded at the ortho position of Diane A ;Trf 'e:;f :’a:s z;
the methoxy group (a good directing group) selectively to give X %a -
él_-migl’llg)xy-Z-iodOA-bromobenzer&aj in a quantitative yield Figure 3. Reaction of 4-haloanisole with MEn(TMP)Li.
eq 1)’
GMDWS'M’":GW o With optimized conditions in hand, we studied the scope of
Favorod 1) 'BupZn(TMP)LI : this new protocol, and representative results are summarized in
S -30°C, 20 h ) Table 4. Substrates containing methoxy, bromo, trifluoromethyl,
o 2) It 1h phenyl, andert-butyl groups on the benzene ring can be utilized
i 100% 4, by employing MeZn(TMP)Li, affording 4-substituted benzynes
7a 8a (20) through displacement of the phenyl anion equilibrium (runs

1 and 5-8). No double benzyne formation was observed in run

However, we hypothesized that the generation of 4-substituted®: &lthough the double benzyne formation often occurs in
benzynes could be realized by using the zincate shift reaction &/kYllithium- or Grignard reagent-mediated reactions of 1,4-
from the ortho position of the directed metalation group (DMG) dihalobenzene derivativéZ.In the case of substrates having

to that of leaving group (eq 2). As expected, when the reaction

(17) In the deprotonation reaction @& with Me,Zn(TMP)Li under similar
reaction conditions8a was also obtained as a single product.

(16) Generally, when traditional reagents, such as alkyllithiums and lithium Ohte 1) MesZn(TMPILI e
amides, are used, the desired 1,2,3-trisubstituted benzene derivatives are ' 30°C. 31 |
not obtained in high yields under usual conditions because of the instability :
of these reagents and/or intermediary aryllithium species with various 2t 1h
electrophilic substituents or neighboring bromine (including the formation Br &% A
of benzyne). Indeed, the 2,6-disubstituted iodobenzene derivatives shown 7a aa

in Table 3 are all new compounds.
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Table 5. Deprotonative Zincation of Functionalized 4-Substituted Benzenes Using Bu,Zn(TMP)Li2

B
Bl I
3 v Fa
FG FG
: 2 1) 'BuZn{TMP)LI 2)
1 THF, Conditions m3h
Br Br Br
7 8
Run Substrate Product(8) Conditions Yield (%)?|Run Substrate Product(8) Conditions Yield (%)

1
M Me
1 ‘ﬂ\@\ -30°C,20h 100
70 Br Br
75
N e ,25
2 -30°C, 2 h
7b Br Br
L= "BuOOC.
3 MC\Q\ ",3h
Br Br
Tc

g2

97

5

6

s,
4 Oﬁ 0°C,3h o
7d Br Br

1
Bi
B\O\ r\@\ -30°C,24h 83
Te Br Br
FiC Fy i
\Q\ -30°C,2h 84
7 Br Br

aThe reaction was carried out usifgu,Zn(TMP)Li (2.2 equiv) and substrate (1 equiv) in THRAsolated yield.* FG = functional group.

CONPrg CONPry

; Method A . . B PraN o] Ph
2 MeaZn{TMP LI 2
diene A
1 THE. m3h . fILN
Br 1 . P
80%
6b 3b Ph A 4b
Method B GONFr,
1) *BusZn(TMP)LI |
THF. . 3h MegZnLi, THF
2) Iz 1, 3h a4s, diene A THF, it, 3 h 86%

Br
1b

Figure 4. Two alternative methods for generation of functionalized
benzynes.

electron-withdrawing groups such as cyano, ester, and 1,3-
oxazolyl groups® a strong directed leaving group, such as a

TfO moiety, was required for the benzyne formation to proceed
chemoselectively (runs-24).

On the other hand, the deprotonative zincation of 4-substituted
benzenes usinBu,Zn(TMP)Li was found to be regio- and
chemoselectivavith no formation of benzynand the reaction
was tolerant of both electron-donating group, such as methoxy,
and electron-withdrawing groups, such as cyano, 1,3-oxazolyl,
ester, bromo, and trifluoromethyl groups (Table 5).

In summary, deprotonative zincation of various 3-/4-
substituted halobenzenes usinge(TMP)Li proved effective
for the one-pot generation of various 3-/4-functionalized ben-

effective and advantageous. These methods offer far greater
generality than previous methods for the synthesis of function-
alized asymmetric benzynes and multifunctionalized aromatic
compounds (Figure 4).

Silylzincation and Carbozincation of Functionalized Un-
symmetrical Benzynes.We then demonstrated, as shown in
Table 6 and eq 3, that the unsymmetrically functionalized
benzyne intermediates we have obtained can be utilized as an
electrophilic foundation for further functionalization of the
benzene rings. After extensive experimentation, we found that
MexZn(SiMePh)Li is the best complex for iodirezinc ex-
change, benzyne formation, and successive silylzincation reac-
tion®® with high chemoselectivity. In 3-substituted benzynes,
when a coordinative group (DMG) such as methoxy, meth-
oxymethyl, or carbonyl group is present, the silylzincation occurs
regiospecifically at the meta carbon atom, mainly because of
the coordination of DMG to the cation moiety of the zincate
(which results in the stabilization of the resultant zinc&@lns
2—5). On the other hand, the regiocontrol of incoming reagents
is more difficult in 4-substituted benzynes (runs&. In the
case of 4-trifluorobenzyne, the inductive effect of the functional
group seems to be more important for the regioselectivity of
the silylzincation (run 8).

This methodology should be also applicable for synthesis of
4-substituted biphenyl derivatives, that is, cross biaryl coupling

zynes, particularly those with electrophilic substituents, such (eq 3)&

as ester, amide, and cyano. On the other hand, zincation with

Bu,Zn(TMP)Li, followed by electrophilic trapping (withy)
proved a powerful tool for the preparation of 1,2,3-/1,2,4-
trisubstituted aromatic compoundagthout the formation of
benzyneAs mentioned in Table 1, the resultant trisubstituted
benzenesl(or 8) are available as precursors for the generation
of 3-/4-substituted benzynes by iodinginc exchange reaction.
Thus, we have provided two new tools for generating various

functionalized benzynes and heterynes (Figure 4). Facile method
A (direct benzyne synthesis from halobenzenes) should make

reactions involving benzynes more synthetically useful. With
dienes having any acidic proton, method B (stepwise benzyne
synthesis using halogemetal exchange reaction) would be

(18) For review see: Reuman, M.; Meyers, ATktrahedron1985 41, 837—
860.

r 1. MeOQZnMeaLiz (2.2 eq) OMe
Et,O, 1, T6 h
(3)
| 2.Mel (9eq), 1,3h
57%
1a Me 12a

Computational/Theoretical Investigation of Generation
and Suppression of 3-/4-Functionalized Benzynes Using Zinc
Ate Base (TMP—Zn-ate). Theoretical calculations were per-
formed to investigate the reaction pathway and to understand
the origin of the reactivity and unique selectivity achieved
through changing the alkyl ligand on zincates in the organozin-
cate-mediated benzyne formation reaction.

Computational Methods and Chemical Models.All cal-
culations were done using the Gaussian 03 program paékage.
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Table 6. Silylzincation of Functionalized Benzynes Using Me,Zn(SiMe,Ph)Li@

| 2. Electrophile (H* or allyl bromide)

;IB’ 1. MesZn(SiMesPh)Li, THF, Conditions
G

SiMe,Ph
E
FG

1or8 1
R Substrat Product Yield (%)° R Subst Prod Yield (%)°
un  Substrate rodu (Conditionsy | Hun  Substrate uct (Conditions)
| Me Me s
O Qs | Y
Br SiMe,Ph (1,16 h) '
11a Br SiMePh
OMe OMe
|
83
Br ol SiMes,Ph  (0°C, 16 h) iMesPh  (m:p=12:1)
m-or p-111‘
OMOM OMOM
| ¢ Q
71
3 86 7
) (refl., 16 h)
Br SiMegPh  (0°C, 16 h) iMeoPh o1
11c m-or p-11g (m:p=1:1)
CONPr, CONPrz
|
63
4 64 8
i (refl., 16 h)
Br SiMeoPh
ey 2 (refl., 12 h) iMePh  (m-p=1:27)
m-or p-11h

aThe reaction was carried out using Ma(SiPhMe)Li (3.3 equiv) and substrate (1 equiv) in THFlsolated yield® Treated with 7 equiv of allyl

bromide after silylzincation and stirred for 24 h at room temperafUFé& =

We employed MgZn(2-BrAni)Li (Ani = anisole) andBu,Zn-

(2-BrAni)Li as chemical models for the arylzincate intermedi-

functional group.

and 1 for TSs). All the transition states structures and the
reaction coordinates (Hessian eigenvectors with negative eigen-

ates. The molecular structures and harmonic vibrational fre- values) were examined visually. The intrinsic reaction coordinate

quencies for Mg&n(2-BrAni)Li (13) were obtained using

second-order MgllerPlesset perturbation theory (MPZ)We

(IRC) method® was used to track minimum energy paths from
transition structures to the corresponding local minima.

used Ahlrichs’ SVP* all-electron basis set for the Zn and Br We used the ONIOM2 (MP2/631SVPs:HF/3-21G) method
atoms and 6-31G* for the other atoms (denoted as 631SVPs infor the geometry optimization féBu,Zn(2-BrAni)Li (14). The

the text). Geometry optimization and vibrational analysis were ONIOM method divides the complek4 into high- (GZn(2-
performed at the same level. All stationary points were BrAni)Li) and low-level layers (Ch) connected at the interface
optimized without any symmetry assumptions and characterizedby the link H atoms. For the final ONIOM optimized geometries,
by normal coordinate analysis at the same level of theory (the we performed single point energy calculations using MP2/

number of imaginary frequencies, NIMAG, was 0 for minima 631SVP<$

(19) (a) Nakamura, S.; Uchiyama, M. Am. Chem. So2007, 129, 28—29.

(b) Nakamura, S.; Uchiyama, M.;
127, 13116-13117. (c) Nakamura,

Ohwada, I’ Am. Chem. So@005
S.; Uchiyama, M.; Ohwada,JTAm.

Chem. Soc2004 126, 11146-11147.

(20) Comparison of the relative energies of the intermediary zincates based on

MP2/631SVPs calculation. (See Computational Methods for details)

AE
4

\

'!\?1.93 -
) Zn
a.ﬂ’

~ S~ "

1.43|

[_ 189 s
AN
T sifh
P

meta-Silylation

!

-'\To Ny
FAW A
.1.91 S

N N -~
| 1], "
AN S /
1 27 ~
Zn
=
ortho—Silylation
+9.9 kcal/mol

(21) When THF was used as a solvent, the yield ®& was reduced, though
no non-methylated protonation product could be detected.

(22) Frisch, M. J.; et alGaussian 03revision B.04; Gaussian, Inc.: Pittsburgh,

PA, 2003.
(23) Mgiller, C.; Plesset, M. hys. Re.
(24) Schiger, A.; Horn, H.; Ahlrichs, RJ.

478 J. AM. CHEM. SOC. = VOL. 130,

1934 46, 618-622.
Chem. Physl992 97, 2571-2577.

NO. 2, 2008

I. Pathway of Generation of BenzyneWe first investigated
the reaction pathway of the benzyne formation from,Ete
(2-BrAni)Li (13) as a basic model reaction. Figure 5 shows the
reaction course and the energy profile of the generation of the
benzyne froml3 at the MP2/631SVPs level. The intermediate
13involves a pseudotetrahedral arrangement around the Zn atom
and Li bridging between the zincate and ortho MeO group.
Among several possibilities for benzyne formation fra8) we
identified one TS,TS1, which involves a trigonal planar
arrangement around Zn. To reach this TS, the orientation of
the Zn atom has to change drastically so that the Lewis acidity
of the Zn atom can effectively enhance the leaving ability of
the Br atom, and the ZaC, bond cleaves with an overall energy
loss of 23.5 kcal/mol (MP2/631SVPs). The degree of shortening
of the G—C; bond length (1.28 A) in the TS (9%), as well as

(25) (a) Fukui, K.Acc. Chem. Resl98], 14, 363-368. (b) Gonzalez, C;
Schlegel, H. B.J. Chem. Phys1989 90, 2154-2161. Gonzalez, C.;
Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.

(26) (a) Kwon, O.; Mckee, M. LJ. Phys. Chem. 2001, 105 10133-10138.
(b) Irle, S.; Rubin, Y.; Morokuma, KJ. Phys. Chem. 2002 106, 680~
688.



Generation and Suppression of Benzynes

ARTICLES

N
/\f . 243 \’ -
+23.5 ..__.‘/ w2212 e INED -5.3
b 128N J . -
e A I 279
W Caary |

24

TS1

Figure 5. Intermediates, complexes, and TSs in the benzyne formation gZM(2-BrAni)Li. Bond lengths and energy changes at the MP2/631SVPs level

are shown in A and kcal/mol, respectively.
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Figure 6. Dissociation of benzynezincate complex@P1 or CP2).

the elongation of the =Br (2.60 A) and G—Li (2.12 A) bonds,
clearly suggest that the TS is rather late. Since the elimination
reaction is facilitated by the pustpull synergy of two hetero-

Il. Suppression of the Benzyne Formation.It has been
experimentally clarified that 8Bu ligand on Zn inhibits benzyne
formation and hence the zincation with'Bu—Zn—ate, and
subsequent electrophilic trapping provides a powerful tool for
the synthesis of 1,2,3-/1,2,4-trisubstituted aromatic compounds
without the formation of benzyn@o examine the reaction
selectivity in relation to the nature of the ligand on Zn, we next
examined the benzyne formation'Biu,Zn(2-BrAni)Li (14) by
using the ONIOM2 (MP2/631SVPs:HF/3-21G) method.

We can expect a priori that tw8u ligands strongly hinder
the metal (Zn or Li) site from accessing the Br atom, because
of the bulkiness of théBu ligand, and indeed, this was the case
(Figure 7). The activation energy for benzyne formation in
‘Bu-zincatel4 is sufficiently high, and in accordance with the
experimental facts, is much higher than the barrier of the-Me
zincate (3).%°

bimetals in the zincate, the activation energy seems to be cgnclusion

reasonably low. The interaction between dialkylzinc moiety and
bromine is crucial for smooth benzyne formation.

After the TS, the Br anion migrates to the Zn atom, and the
resultant new zincate (M&n(Br)Li) becomes attached to the
benzyne residue to produce a weak compléRl) through
cation—p (benzyne; endocyclic p orbital) interaction. As judged
from the G—C;, bond length (1.27 A) in the CP, we can consider
the CP to be the benzyne complex. Dissociation of the berzyne
zincate complex@P1)?” into a naked benzyne and e (Br)-

Li occurs with ca. 20 kcal/mol endothermicity (Figure 6), which
indicates lower stability thadS1 (Figure 5). These findings
suggest that the reactivity and selectivity of the benzyne
intermediate can be tuned through modification of the metal
complex (zincate) moiety, in accordance with experimental
observationd® Although the stabilization energies from TS to
CP are rather small (ca. 5 kcal/mol), it is probable tG#&l
reacts smoothly with a diene or a nucleophile to gain further
stabilization.

The zinc ate baséle;Zn(TMP)LI, has been developed as a
novel multifunctional base reagent, allowing highly chemo- and
regioselective deprotonative zincation of meta-/para-function-
alized aromatic compounds, and successive 3-/4-benzyne forma-
tion. This simple and straightforward method provides direct
and efficient access to various unsymmetrical functionalized
benzynes, which are valuable synthetic intermediates. We also
demonstrated DieisAlder cycloaddition, silylzincation, and
phenylzincation with the resultant functionalized benzynes. On
the other hand, zincation wittlBu,Zn(TMP)Li followed by
electrophilic trapping is a powerful tool for the chemoselective
preparation of 1,2,3-/1,2,4-trisubstituted aromatic compounds.

A detailed theoretical/computational mechanistic investigation
of the reaction pathway of benzyne formation in this system
was conducted, and the structure of the benzyiecate
complex and the origin of the remarkable selectivity for
generation/suppression of benzyne depending upon the ligands

\ ,},
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Figure 7. Reaction pathway of benzyne formation of thetelit-butylarylzincate intermediateld). Bond lengths at the ONIOM2(MP2/631SVPs:HF/3-
21G) level and energy changes at the MP2/631SVPs//ONIOM2(MP2/631SVPs:HF/3-21G) level are shown in A and kcal/mol, respectively.

J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008 479



ARTICLES Uchiyama et al.

on the zincate have been elucidated. With the comprehensivea JSPS Research Fellowship for Young Scientists (to T.F.). M.
mechanistic knowledge acquired in this research, improvementU. is also the recipient of a Visiting Fellowship at the Cherry

of the reaction system and the logical design of a new L. Emerson Center of Emory University. The calculations were
chemoselective base reagents are in progress in our laboratoryperformed on the RIKEN Super Combined Cluster (RSCC). We

Acknowledgment. This research was partly supported by the thank Prof. T. Ohwada and Prof. Y. Otani (The University of
Astellas Foundation, the Sumitomo Foundation, a Grant-in-Aid Tokyo) for their valuable comments.
for Young Scientists (A) from the Ministry of Education, .
Culture, Sports, Science and Technology, Japan (to M. U.), and  Supporting Information Available: Complete ref 22; details
—— — : of the experimental procedures, spectral and theoretical data

(27) We identified another complex&P2 in which a benzyne and the zincate . . .

coordinate through catierp (benzyne; exocyclic p bond) interaction. The (Cartesian coordinates and total electron energies for the

fh”eeyf %aﬁffgﬁﬂfqﬁﬁfg”,ﬁﬁpl andCP2is only 1.2 keal/mol and hence  gptimized stationary points at each level of theory). This material
(28) Retbll, M.; Edwards, A. J.; Rae, A. D.; Willis, A. C.; Bennett, M. A.; i available free of charge via the Internet at http://pubs.acs.org.

Wenger, EJ. Am. Chem. So2002 124, 8348-8360.

(29) Garca-Cuadrado, D.; Braga, A. A. C.; Maseras, F.; Echavarren, AJ.M.
Am. Chem. So2006§ 128 1066-1067. JA071268U

480 J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008



