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Diarylmethanes through an Unprecedented Palladium-
Catalyzed C—C Cross-Coupling of 1-(Aryl)methoxy-1 H-
Benzotriazoles with Arylboronic Acids

Manish K. Singh and Mahesh K. Lakshman*"

1-(Aryl)methoxy-1H-benzotriazoles (ArCH,OBt) are bench-stable
reagents that are prepared readily from 1H-benzotriazol-1-yl-4-
methylbenzenesulfonate and benzylic alcohols. These
compounds, which contain a N-O—C bond, undergo cross-cou-
pling with arylboronic acids by C—O bond scission with cata-
lysts that comprise Pd(OAc), and biarylphosphine ligands. Such
reactivity of ArCH,OBt derivatives, which lead to diarylme-
thanes, has not been described previously and constitutes
a new activation of benzylic alcohols. With regard to the vari-

Introduction

Diarylmethanes are a structural unit encountered commonly in
many pharmaceuticals, supramolecules, and in natural prod-
ucts. Some interesting examples are shown in Figure 1.9
Classical methods to diarylmethanes include Friedel-Crafts al-
kylation,”*®' the reduction of diarylketones’® and diarylcarbi-
nols,”? and the deoxygenation of secondary or tertiary benzylic
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Figure 1. Structures of various diarylmethane-containing molecules.
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ous ligand-metal complexes that support catalytic activity, it
appears that those with smaller “percent buried volumes”
(%V,,,) provide better outcomes. This factor has been evaluat-
ed in the initial optimization studies and in further reactions
with difficult coupling partners. Ligand electronics of the biaryl
moiety seem to play a lesser role in this type of reaction. The
biscoordinating bis[(2-diphenylphosphino)phenyl] ether ap-
pears to be suitable to improve the yields of low-yielding
reactions.

alcohols”#" but all of these methods have certain disadvan-
tages.

Transition-metal-catalyzed cross-coupling reactions present
straightforward access to the diarylmethane moiety. In this
context, cross-coupling reactions of benzylic electrophiles with
a range of organometallics as well as the coupling of benzylic

nucleophiles with aryl electro-
philes can be accomplished
catalysis  methodologies.

philic component® has manifold
H advantages, such as the com-
& mercial availability of a wide
range of boronic acids, their in-
to moisture, ease
high functional
group compatibility, and benign
reaction byproducts, to name
a few.

Diarylmethanes are accessible
through the reactions of arylbor-
onic acids or aryltrifluoroborates
with the easily accessed benzylic
halides (bromides and chlorides,
and to some extent iodides).®'?

In most cases, reactions typically
exemplify the reactivity of new catalytic systems."®" Benzylic
boronates, which can either be obtained by Pd-catalyzed reac-
tions of benzylic halides with bis(pinacolato)diboron or pina-
colborane™ or produced in situ by reactions of aryl halides
with diborylmethane," and chiral secondary benzylic boro-
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nates obtained by hydroboration are suitable precursors to di-
arylmethanes as well.!"”

Alternatives to reactive and moisture-sensitive benzylic hal-
ides have been investigated as the electrophilic coupling part-
ners. Benzylic acetates,"® carbonates,"” phosphates,"® and
more recently N,N-ditosylbenzylamines” as well as benzylic
tosylates and mesylates® have been employed successfully in
Pd-mediated  cross-couplings  with  arylboronic  acids
(Scheme 1). Benzylic pivalates and benzylic alcohols, respec-
tively, undergo Ni- and Pd-catalyzed C—C cross-coupling with
arylboroxines.?"?*? However, arylboroxines are not commercial-
ly available and have to be prepared from the corresponding
boronic acids.”?
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Scheme 1. Alternate substrates for C—C cross-coupling reactions with arylboronic acids.

We have investigated benzotriazole-based peptide coupling
agents for nucleoside functionalization and other synthetic ap-
plications.” In this context, we showed that 1-alkoxy-1H-ben-
zotriazoles (RCH(R')OBt) are formed readily in reactions of
alcohols with 1H-benzotriazol-1-yl-4-methylbenzenesulfonate
(BtOTs)™! and (1H-benzotriazol-1-yloxy)tris(dimethylaminophos-
phonium) hexafluorophosphate (BOP).?® Herein, we disclose
the previously unknown reactivity of 1-(aryl)methoxy-1H-
benzotriazoles in which a benzylic benzotriazolyloxy group
acts as a nucleofuge in Pd-mediated C,;:;—C,,. cross-couplings
(Scheme 1).

Results and Discussion

To our knowledge, there are only two known Pd-mediated re-
actions of HOBt derivatives. One is an attempted decarboxyla-
tive Heck reaction of the benzoate ester of HOBt with styrene,
which gave a 25% yield of 1,2 and 1,1 Heck arylation prod-
ucts.”” The other is a Pd-mediated a-allylation of ketones
using the cinnamyl ether of BtOH (PhCH=CHCH,OBt).”® The
latter indicated the plausible formation of m-allyl Pd com-
plexes, which led us to consider Pd-mediated C—C bond-form-
ing reactions of 1-(aryl)methoxy-1H-benzotriazoles. Our pro-
posal is based on the mechanistic rationale shown in
Scheme 2, in which a 0 complex that arises from the oxidative
addition of ArCH,0OBt to a Pd catalyst could coexist with an 1}
complex.
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Scheme 2. Plausible mechanism for the C—C bond formation.

We selected Pd(PPh;), Pd,(dba);,(dba=dibenzylideneace-
tone) and Pd(OAc), as the metal sources and chose to evaluate
the biarylphosphines 2-dicyclo-
hexylphosphino-2',4',6'-triisopro-
pylbiphenyl (XPhos) and 2-dicy-
clohexylphosphino-2',6’-dime-
thoxybiphenyl (SPhos) as ligands
because they have been well
documented to effect C—C reac-
tions with boronic acids. Metal
complexes from these bulky li-
gands have relatively high stabil-
ity, with the likely formation of
L,Pd species, both of which are
critical to catalytic efficiency. Of
the two ligands, SPhos is superi-
or for C—C bond formation.*®
With this background, initial re-
actions were conducted with 1-[(2,3-dimethoxybenzyl)oxy]-1H-
benzotriazole (1), as a representative 1-(aryl)methoxy-1H-ben-
zotriazole, and PhB(OH),, and the results are shown in Table 1.

The key observations from Table 1 are as follows. As hy-
pothesized, both XPhos and SPhos give catalytic systems that
provide high product formation in PhMe at 100 °C, and SPhos
gave a faster reaction (entry 3 vs. 5). Cs,CO; was effective but
Ag,0O, which is known to accelerate boronic acid cross-cou-
pling,” and the commonly useful CsF®” were not (entries 3—
7). Both K;PO, and its hydrate gave incomplete reactions (en-
tries 8 and 9), but K;PO, with two equivalents of water gave
a fast reaction and a high yield (entry 10). A decrease of the
amount of ligand or the amount of PhB(OH), decreased the
product yield (entries 11 and 12). Boronic acid homocou-
pling,B"*? which occurs in the presence of dissolved oxygen,
may be one reason for the decrease in yield. No efforts were
made to deoxygenate the reaction mixtures rigorously. MeCN
in place of PhMe as the solvent was inferior (entry 13). Evi-
dence that the reaction is not an uncatalyzed process comes
from entry 14, in which Pd(OAc), was omitted. Most notably,
the reaction also proceeded with simple Pd(PPh,),, which gave
a good yield in a slightly longer reaction time compared to the
reaction with SPhos (entry 15 vs. 10). The use of aqueous
Na,CO; resulted in a much slower reaction and a poorer yield
(entry 16). Ni(cod), (COD = cyclooctadiene) was ineffective (en-
tries 17-19).

Based on these results, other biarylphosphine ligands were
assessed for the reaction of 1 with PhB(OH), under the condi-
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this, the %V, values of the sub-
Table 1. Conditions tested for the reaction of 1 and PhB(OH),.” . . bur .
Pr stituted biarylphosphines were
o compared with that of CyJohn-
Me OMe
PhB(OH), O O :
G o8t - e o S o (F)’hos, .WhICh has. the sm:allest
Conditions PCy, PCy, %V in the series (51.0% at
- , (] g 2.00 A and 46.7% at 2.28 A).% In
XPhos SPhos this comparison, the %V, in-
creased in the order XPhos>
Entry Catalyst Ligalnd Base, additive 'I:]me T Result® JohnPhos > SPhos (by ~13, ~9,
% °C % .
[mof%l (h] rd el and ~6%, respectively, over Cy-
1 Pd,(dba), XPhos (20) Cs,CO;4 14.5 RT no reaction JohnPhos). DavePhos will likely
2 Pd(OAc), XPhos (20) Cs,CO; 24 RT to 50 54 o
3 Pd(OAC), XPhos (20)  Cs,CO, 18 100 90 have a smaller %V, than XPhos,
4 Pd(OAC), XPhos (20) Ag,0 2 100 no reaction but like the iPr group in XPhos,
5 Pd(OAc), SPhos (20) Cs,CO;4 5 100 84 DavePhos has a NMe, group in
6 Pd(OAc), SPhos (20) Ag,0 22 100 no reaction a similar location. Also, the
7 Pd(OAC), SPhos (20) CsF 18 100 incomplete! amino group could pose other
8 Pd(OAC), SPhos (20)  K.PO, 2% 100 incomplete | group could p
9 Pd(OAC), SPhos (20) K:PO,H,0 2 100 incomplete interactions  with the metal
10 Pd(OAc), SPhos (20) K;PO,+2 equiv. H,0 1 100 88 center. In contrast to DavePhos,
11 Pd(0AQ), SPhos (10) KsPO,+2 equiv. H,0 4 100 78 Ligand 1, which has a para-dime-
12 Pd(OAc), SPhos (20) K;P0,4-2 equiv. H,0 26 100 incomplete“® thylamino aroun. is expected to
13 Pd(OAc), SPhos (20) K;P0,4-2 equiv. H,0 24 100 incomplete“® y . 9 .p’. P
14 none SPhos (20) K,PO,+2 equiv. H,0 26 100 no reaction be sterically similar to CyJohn-
15 Pd(PPh,), none K;PO,+2 equiv. H,0 2 100 83 Phos but with a more electron-
16 Pd(PPh,), none 0.2m aq Na,CO, 26 100 57 rich upper ring. Thus, it appears
17 Ni(cod), PPh; (30) K;PO,+2 equiv. H,0 16 100 no reaction o
18 Ni(cod), PCy; (30) K;PO,+2 equiv. H,0 26 100 no reaction that a Sma”e.r A)Vb“" of the
19 Ni(cod), SPhos (20) K;P0,4-2 equiv. H,0 16 100 no reaction monocoordinating  biarylphos-
hines may be more favorable
[a] Reactions were conducted with a 0.14m solution of 1 in PhMe with 10 mol% of the Pd or Ni catalyst, f h y . id d
2 equiv. of PhB(OH),, and 2 equiv. of base. [b] If reported, the yield is of isolated and purified product. [c] Prod- or the reactions considere
uct formation was observed by TLC but unreacted 1 was present. [d] Reaction was conducted with 1.2 equiv. here, but the electron density in
of PhB(OH),. [e] Reaction was conducted in MeCN. [f] Aqueous Na,CO; was degassed. the upper ring appears to have

tions identified in entry 10 of Table 1. For this purpose, XPhos,
SPhos, 2-dicyclohexylphosphino-2',6'-diisopropoxybiphenyl
(RuPhos), 2-(dicyclohexylphosphino)biphenyl (CyJohnPhos), (2-
biphenyl)di-tert-butylphosphine  (JohnPhos), 2-dicyclohexyl-
phosphino-2'-(N,N-dimethylamino)biphenyl (DavePhos), as well
as 2-dicyclohexylphosphino-4'-(N,N-dimethylamino)biphenyl
(Ligand 1) were selected for the second stage of the analysis.
We have shown that Ligand 1, an isomer of DavePhos, has
a different reactivity profile as well as interactions with
Pd(OAc), as compared to DavePhos.?® The outcomes from the
use of these related biaryl ligands are represented graphically
in Scheme 3. In this analysis, catalysts supported by RuPhos
and JohnPhos were less effective than those from XPhos and
SPhos. DavePhos was comparable to XPhos, but CyJohnPhos
and Ligand 1 performed comparably and were superior.

As all the biarylphosphine ligands tested yielded product
with some notable differences, we wanted to rationalize their
effectiveness in light of their relative bulk. The Tolman cone
angle (6)*% is a classical measure of ligand sterics and, more re-
cently, percent buried volume (%V,,) has been evaluated for
a series of ligands, which includes the biarylphosphine li-
gands.”” %V, indicates the spatial occupancy of a coordinated
ligand, that is, the overall steric influence, around a metal
center. As a result of the available data, we chose to compare
the %V,,, for the ligands in a series of similar AuCl complexes
(data for a uniform series of Pd complexes are unavailable). For
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less consequence, as seen from

the comparable reactions of Cy-
JohnPhos and Ligand 1. From this analysis, CyJohnPhos ap-
peared to be suitable for further analysis combined with cost
considerations  (CyJohnPhos=$11.2 per mmol, SPhos=
$20.3 per mmol, and Ligand 1 has only become available com-
mercially recently at $56.40 per mmol).

Next, a series of C—C bond-forming reactions were evaluated
with three benzyloxy benzotriazoles; substrate 1 with an elec-
tron-rich aryl ring, substrate 2 with a heterocyclic ring, and
substrate 3 with an electron-deficient aryl ring. The study also
includes results from reduced catalyst loadings, and these data
are summarized in Table 2.

Good to modest yields were obtained in most of these reac-
tions and some reactions progressed respectably at lower Pd
loadings as well (entries 7-10, 14-16). Yields of <40% were
obtained in the reactions of 1 and 3 with N-methylindole-5-
boronic acid and in the reaction of 3 with [(E)-2-phenylvinyl]-
boronic acid (entries 6, 14, and 21). However, the desired prod-
ucts were obtained in these cases. Reactions of p-nitrophenyl-
boronic acid were incomplete; with substrate 1 at a 2% Pd
loading (entry 9) and with substrate 4 at a 10% Pd loading
(entry 22) ~30% yields were obtained. With furanyl substrate
3, a 54% product yield was obtained despite an incomplete re-
action (entry 13). Methylboronic acid underwent reaction with
substrate 1 at a 5% Pd loading (entry 10) to give the ethyl de-
rivative 12 in a respectable yield. This is a rare example of the
cross-coupling of an alkylboronic acid with benzylic electro-
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Table 2. C—C bond-forming reactions of three 1-(aryl)methoxy-1H-benzotriazoles with boronic acids.”
OMe ’\1=N N=N N:N
N N N
O a0 oyt O
1 o O,N
Entry  Boronic ArCH,0Bt  Pd(OAc), Product Time  Yield®
Acid [mol %] [h] [%]
B(OH), OMe
2
MeO.
1 ©/ 1 10 © 2% 083 92
OMe
B(OH), MeO
21 1 10 O O 5 083 90
MeO OMe
o o o)
31 O B(OH):, 10 MeO. O O 6 17 92
OMe
B(OH), MeO
[d]
4 Me 1 10 O O Me 7 14 57
°© o)
OMe
le] Z B(OH), MeO 0
5t | 1 10 N 8 16 44
S |
s
oM
y B(OH), Voo €
61 (N\»©/ 1 10 O O ’: 9 16 25
md Ve
OMe
B(OH) MeO.
7t 1 2 O O 5 45 93
MeO OMe
OMe
B(OH), MeO
8 1 2 O OO 10 2 64
OMe
B(OH), VeO
99 1 2 O O n 16 291
O,N NO,
OMe
MeO.
100 e BOM: 1 5 © \©/\Me 12 14 44
B(OH),
1 le] /©/ 3 10 (/m 1 3[38] 0.83 95
MeO ) OMe
B(OH), a
120 Me\(©/ 3 10 o} Me 14 12 64
o) o)
B(OH),
4
134 /©/ 3 10 (m 1587 19 541
O,N NO,
X B(OH), >
149 (j/v 3 2 (/J/\/\@ 16 35 36
s o )
151 O B(OH), 3 2 a O 17 3.5 89
o]
B(OH
[ ©r /|
16 3 2 18 5 80
MeS Y SMe
B(OH),
17¢ /©/ 4 10 199 1 o
MeS O,N SMe
B(OH),
18 4 10 O OO 20" 15 88
O,N
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philes. However, the reaction of
2-phenylethaneboronic acid with
1 did not provide a product, pos-
sibly because of (-hydride elimi-
nation problems. In the reaction
of 1-(1-phenylethoxy)-1H-benzo-
triazole (PhCH(CH;)OBt), which
contains a 2° reactive center, the
formation of styrene was ob-
served by TLC. Such an outcome
was noted previously in the reac-
tion of 1-bromoethylbenzene
with potassium (p-methoxyphe-
nyl)trifluoroborate and in the
reaction of the corresponding
phosphate with phenylboronic
acid."™ The use of XPhos or
SPhos did not ameliorate this
problem.

One other observation during
these experiments was the forma-
tion of palladium black in the re-
actions of p-nitrophenylboronic
acid, which did not reach comple-
tion. This also occurred to varying
extents in other reactions al-
though they reached completion.
The use of the electron-rich 2-(di-
cyclohexylphosphino)3,6-dime-
thoxy-2',4',6'-triisopropyl-1,1'-bi-
phenyl (BrettPhos), decreased re-
action temperatures, and other
solvents did not produce a major
change in the outcome. Thus, we
decided to test a biscoordinating
ligand and chose bis[(2-diphenyl-
phosphino)phenyl] ether (DPE-
Phos), which has been useful for
the cross-coupling of arylboronic
acids with two different electro-
philic coupling partners; benzylic
acetates and N,N-ditosylbenzyla-
mines."®' To evaluate the utility
of this bidentate ligand, two low-
yielding reactions of p-nitrophe-
nylboronic acid were chosen for
further analysis (Scheme 4).

The combination of Pd(OAc),
and DPEPhos gave twofold yield
improvements in both reactions
that involve a boronic acid, which
is expected to undergo slow
transmetalation (isolated yields of
purified products were > 65 %). In
the reaction of substrate 1, the
formation of some 2,3-dimeth-
oxybenzaldehyde was observed

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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by TLC and 'H NMR spectrosco-
py. This product may arise from

Entry  Boronic ArCH,OBt  Pd(OAc), Product Time  Yield®™ the oxidative addition of the N—
Acid [mol %] th] [%] O bond in the ArCH,0Bt to Pd
B(OH), O O followed by p-hydride elimina-
194 Me 4 10 ON Me  7qu2 14 51 tion. In the reaction of substrate
o) o] 4, one fraction that contained
B(OH) the product and p-nitrotoluene

201 4 10 227 083 40 . .
O,N was isolated separately, which
(/UB(OH)Z O O A indicates a process apparently
219 N 4 10 0N N 23 5 35 similar to protio-dehalogenation
Me observed in the cross-coupling

BOM). of aryl halides.

20 10 24449 24 301 . . .
O,N NO, In the consideration of previ-

[a] Reactions were conducted with a 1:2 ratio of Pd(OAc),/CyJohnPhos, 2 equiv. of the boronic acid (except in
entries 4 and 19 where 3.3 equiv. were used), 2 equiv. K;PO,, and 2 equiv. H,0, in PhMe at 100°C. [b] Yields
shown are of isolated and purified products. [c] Reaction was performed with 0.7 mmol of the ArCH,OBt.
[d] Reaction was performed with 0.25 mmol of the ArCH,OBt. [e] Reaction was performed with 0.07 mmol of
the ArCH,OBLt. [f] Reaction was incomplete and the ArCH,OBt was still present. [g] Reaction was performed
with 0.4 mmol of the ArCH,OBt. [h] Reaction was performed with 0.5 mmol of the ArCH,OBt. [i] Reaction was

performed with 0.2 mmol of the ArCH,OBt.

ously reported C—C bond-form-
ing reactions of benzylic ace-
tates, carbonates, phosphates,
and N,N-ditosylbenzylamines re-
ported previously, the most ef-
fective catalytic systems involved

PhB(OH),

—» MeO

Condmons
Condlt/ons

Pd(OAc), (10 mol %), Ligand (20 mol %),
K3PO4 (2 equiv), H,0O (2 equiv), PhMe, 100 °C

MeO OMe iPrO QOiPr
PCyz PCy, PCy,

XPhos SPhos RuPhos
Me;N
PCy2 P(tBu), PCyZ PCy,
CyJothhos Jothhos DavePhos ngand 1
100 7 90  gg 92 —
79
80 70
60
40 -
] © ~ I~
20 [v)
<
- o e
0 T T T T T T
o o o ° 3 © N
<i(\o Q,Qo R o Q“o Q,“o N S
b A S R R4
®© © g ™
N

Scheme 3. Comparison of the cross-coupling of 1 and PhB(OH), using sever-
al biarylphosphine ligands. The green bars represent the yields of isolated,
purified products [%], and the orange bars show the reaction times [h].
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complexes of Pd with DPEPhos,
1,5-bis(diphenylphosphino)pen-
tane (DPPpent), and PPh,, and
DPEPhos, respectively."*'? Here again, the %V, of the ligands
in AuCl complexes are known. For DPEPhos it is 45.3% (at
2.00A) and 41.3% (at 2.28 R), for DPPpent it is 33.3% (at
2.00A) and 28.4% (at 2.28 A), and for PPh, it is 34.8% (at
2.00 A) and 29.9% (at 2.28 A).** From these data and our pres-
ent results with the biarylphosphines, it appears that in addi-
tion to various reaction parameters such as solvent, base, tem-
perature, etc., these types of benzylic C—C cross-coupling reac-
tions may benefit from the use of Pd catalysts in which the li-
gands have a relatively small %V, from ~50% for CyJohn-
Phos to even smaller values with DPPpent and PPh,
(determined from the corresponding AuCl complexes). We
note, however, the correlation with %V, is only a proposal,
which we hope will assist catalyst selection. Bidentate ligands,
such as DPEPhos, may offer additional advantages.

Atom economy (AE) considerations offer an interesting com-
parison of these types of C—C reactions. The AEs were evaluat-
ed for the cross-couplings of PhB(OH), with various benzyl
electrophiles, which lead to diphenylmethane. Benzyl chloride
and benzyl acetate have the highest AEs of 68 and 62%, re-
spectively. This is followed by benzyl carbonate and benzyl
bromide, with comparable values of 58 and 57 %, respectively.
Next in this comparison are benzyl iodide and 1-benzyloxy-1H-
benzotriazole, which have comparable AEs of 49 and 48 %, re-
spectively. The AEs for benzyl phosphate and benzyl tosylate
are similar at 46 and 45 %, respectively, and finally that of N,N-
ditosylbenzylamine is 33 %.

Conclusions

We have shown the reactivity of 1-(aryl)methoxy-1H-benzotria-
zoles (ArCH,OBt) in Pd-catalyzed C—C bond-forming reactions
with arylboronic acids that was unknown previously. The C—O
bond in these compounds undergoes bond scission under the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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11 (67% yield)
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Scheme 4. Reactions of two 1-(aryl)methoxy-1H-benzotriazoles with p-nitrophenylboronic acid catalyzed by Pd(OAc),/DPEPhos.

conditions, and the benzotriazolyloxy unit acts as the leaving
group. Biarylphosphine ligands provide catalysts with varying
reactivities. In the reactions of 1-[(2,3-dimethoxybenzyl)oxyl-
1H-benzotriazole (1) with PhB(OH),, 2-(dicyclohexylphosphino)-
biphenyl, and 2-dicyclohexylphosphino-4'-(N,N-dimethylami-
no)biphenyl provided fast reactions with high yields. Thus, 2-
(dicyclohexylphosphino)biphenyl was tested in a broader
range of reactions. Several reactions proceeded well with a re-
duced catalyst loading. If the steric properties of the biaryl-
phosphine ligands are considered, it appears that those with
smaller percent buried volumes (%V,,) may be more suitable
for such reactions. This seems to correlate with other Pd-cata-
lyzed reactions of benzylic acetates, carbonates, phosphates,
and N,N-ditosylbenzylamines, in which bis[(2-diphenylphosphi-
no)phenyl] ether, 1,5-bis(diphenylphosphino)pentane, and PPh,
supported effective catalysts. These preliminary results on the
Pd-catalyzed reactions of 1-(aryl)methoxy-1H-benzotriazoles
could open new investigational avenues; for example, in reac-
tions with other boron derivatives, in other types of cross-cou-
pling reactions, and in the evaluation of new catalytic systems.
Finally, the facile methylation of a benzotriazole N atom has re-
cently proven to be important for nucleophilic substitution re-
actions of a a-(benzotriazolyloxy)ketone, whereas no progress
was observed without such activation."*” Therefore, further ac-
tivation of 1-(aryl)methoxy-1H-benzotriazoles for cross-cou-
pling, which could possibly lead to reactions at lower tempera-
tures and/or with lowered catalyst loading, appear to be possi-
ble. Results from such investigations can be anticipated in our
future work.

Acknowledgements

Support of this work by NSF grant CHE-1265687 is gratefully ac-
knowledged. Infrastructural support at CCNY was provided by
NIH grant G12MD007603 from the National Institute on Minority
Health and Health Disparities. Drs. Prasanna Vuram and Padma-
nava Pradhan (CCNY) are thanked for their assistance with some
aspects of this work.

Keywords: boron - cross-coupling - nitrogen heterocycles -
palladium - phosphine ligands

[11 W. Meng, B. A. Ellsworth, A. A. Nirschl, P. J. McCann, M. Patel, R. N. Giro-
tra, G. Wu, P. M. Sher, E.P. Morrison, S.A. Biller, R. Zahler, P.P. Desh-
pande, A. Pullockaran, D. L. Hagan, N. Morgan, J. R. Taylor, M. T. Oberme-
ier, W. G. Humphreys, A. Khanna, L. Discenza, J. G. Robertson, A. Wang,

ChemCatChem 2015, 7, 4156 -4162 www.chemcatchem.org

e

)

[10]

[

[12]

[13]

[14]

4161

S. Han, J. R. Wetterau, E. B. Janovitz, O. P. Flint, J. M. Whaley, W. N. Wash-
burn, J. Med. Chem. 2008, 51, 1145-1149.

S. Nomura, S. Sakamaki, M. Hongu, E. Kawanishi, Y. Koga, T. Sakamoto,
Y. Yamamoto, K. Ueta, H. Kimata, K. Nakayama, M. Tsuda-Tsukimoto, J.
Med. Chem. 2010, 53, 6355 -6360.

B. Roth, J. Z. Strelitz, B. S. Rauckman, J. Med. Chem. 1980, 23, 379-384.
F. Vogtle, T. Dinnwald, M. Héndel, R. Jager, S. Meier, G. Harder, Chem.
Eur. J. 1996, 2, 640-643.

G. Merck, Justus Liebigs Ann. Chem. 1848, 66, 125-128.

K. L. McPhail, D. E. A. Rivett, D.E. Lack, M. T. Davies-Coleman, Tetrahe-
dron 2000, 56, 9391 -9396.

See for example: a) V. Rajpara, S. Banerjee, G. Sereda, Synthesis 2010,
2835-2840; b) M. Rueping, B.J. Nachtsheim, Beilstein J. Org. Chem.
2010, 6, 1-24; ¢) G. W. Gribble, W. J. Kelly, S. E. Emer, Synthesis 1978,
763-765; d)H. Wang, L. Li, X.-F. Bai, J.-Y. Shang, K-F. Yang, L-W. Xu,
Adv. Synth. Catal. 2013, 355, 341-347; e) L. D. Hicks, J. K. Han, A. J. Fry,
Tetrahedron Lett. 2000, 41, 7817-7820; f)N. L'Hermite, A. Giraud, O.
Provot, J.-F. Peyrat, M. Alami, J.-D. Brion, Tetrahedron 2006, 62, 11994 -
12002; g) G. A. Olah, Q. Wang, G.K. Prakash, Synlett 1992, 647 -650;
h) M. A. Tandiary, Y. Masui, M. Onaka, Tetrahedron Lett. 2014, 55, 4160 -
4162.

a) Metal-Catalyzed Cross-Coupling Reactions, 2nd ed. (Eds.: A. de Meijere,
F. Diederich), Wiley-VCH, New York, 2004; b) Transition Metals for Organ-
ic Synthesis, Vol. 1 (Eds.: M. Beller, C. Bolm), Wiley-VCH, Weinheim, 2004;
c) Handbook of Organopalladium Chemistry for Organic Synthesis
(Ed.: E-i. Negishi), Wiley-Interscience, Hoboken, 2002; d) Cross-Coupling
Reactions, A Practical Guide (Ed.: N. Miyaura), Springer, Berlin, 2002.
Reactions with benzylic iodides: a) M. L. N. Rao, R. J. Dhanorkar, RSC Adv.
2014, 4, 13134-13144; b) B. P. Bandgar, S. V. Bettigeri, J. Popse, Tetrahe-
dron Lett. 2004, 45, 6959-6962; c) S. Chowdhury, P. E. Georghiou, Tetra-
hedron Lett. 1999, 40, 7599 -7603.

Reactions with benzylic bromides: a) S. Keesara, M. R. Mandapati, S. Par-
vathaneni, Appl. Catal. A 2015, 496, 58—-63; b) M. L. N. Rao, R. J. Dhanor-
kar, RSC Adv. 2013, 3, 6794-6798; c) G. Sanchez, J. Garcia, M. Martinez,
A.R. Kapdi, J. Pérez, L. Garcia, J.L. Serrano, Dalton Trans. 2011, 40,
12676-12689; d) B. Inés, I. Moreno, R. SanMartin, E. Dominguez, J. Org.
Chem. 2008, 73, 8448-8451; e) M. J. Burns, 1. J. S. Fairlamb, A.R. Kapdi,
P. Sehnal, R.J. K. Taylor, Org. Lett. 2007, 9, 5397 -5400; f) L. Chahen, H.
Doucet, M. Santelli, Synlett 2003, 1668-1672; g) C. Kldrner, A. Greiner,
Macromol. Rapid Commun. 1998, 19, 605-608.

Reactions with benzylic chlorides: a) M. Kuriyama, M. Shinozawa, N. Hi-
maguchi, S. Matsuo, O. Onomura, J. Org. Chem. 2014, 79, 5921 -5928;
b) B. Li, Z. Guan, W. Wang, X. Yang, J. Hu, B. Tan, T. Li, Adv. Mater. 2012,
24, 3390-3395; ¢) A. John, M. M. Shaikh, R. Ghosh, Inorg. Chim. Acta
2010, 363, 3113-3121; d) T. Hatakeyama, T. Hashimoto, Y. Kondo, Y. Fuji-
wara, H. Seike, H. Takaya, Y. Tamada, T. Ono, M. Nakamura, J. Am. Chem.
Soc. 2010, 7132, 10674-10676; e) O. Diebolt, V. Jurcik, R. C. da Costa, P.
Braunstein, L. Cavallo, S.P. Nolan, A. M. Z. Slawin, C.S. J. Cazin, Organo-
metallics 2010, 29, 1443 -1450; f) R. Singh, M. S. Viciu, N. Kramareva, O.
Navarro, S. P. Nolan, Org. Lett. 2005, 7, 1829-1832; g) C. Song, Y. Ma, Q.
Chai, C. Ma, W. Jiang, M. B. Andrus, Tetrahedron 2005, 61, 7438-7446;
h) S. P. Maddaford, B. A. Keay, J. Org. Chem. 1994, 59, 6501 -6503.

a) E. Alacid, C. Ngjera, Org. Lett. 2008, 70, 5011 -5014; b) G. A. Molander,
M. D. Elia, J. Org. Chem. 2006, 71, 9198 -9202.

a) A. Giroux, Tetrahedron Lett. 2003, 44, 233-235; b) M. Murata, T.
Oyama, S. Watanabe, Y. Matsuda, Synth. Commun. 2002, 32, 2513-2517.
K. Endo, T. Ishioka, T. Ohkubo, T. Shibata, J. Org. Chem. 2012, 77, 7223 -
7231.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/jm701272q
http://dx.doi.org/10.1021/jm701272q
http://dx.doi.org/10.1021/jm701272q
http://dx.doi.org/10.1021/jm100332n
http://dx.doi.org/10.1021/jm100332n
http://dx.doi.org/10.1021/jm100332n
http://dx.doi.org/10.1021/jm100332n
http://dx.doi.org/10.1021/jm00178a007
http://dx.doi.org/10.1021/jm00178a007
http://dx.doi.org/10.1021/jm00178a007
http://dx.doi.org/10.1002/chem.19960020607
http://dx.doi.org/10.1002/chem.19960020607
http://dx.doi.org/10.1002/chem.19960020607
http://dx.doi.org/10.1002/chem.19960020607
http://dx.doi.org/10.1002/jlac.18480660121
http://dx.doi.org/10.1002/jlac.18480660121
http://dx.doi.org/10.1002/jlac.18480660121
http://dx.doi.org/10.1016/S0040-4020(00)00910-8
http://dx.doi.org/10.1016/S0040-4020(00)00910-8
http://dx.doi.org/10.1016/S0040-4020(00)00910-8
http://dx.doi.org/10.1016/S0040-4020(00)00910-8
http://dx.doi.org/10.1055/s-0029-1218851
http://dx.doi.org/10.1055/s-0029-1218851
http://dx.doi.org/10.1055/s-0029-1218851
http://dx.doi.org/10.1055/s-0029-1218851
http://dx.doi.org/10.1055/s-1978-24884
http://dx.doi.org/10.1055/s-1978-24884
http://dx.doi.org/10.1055/s-1978-24884
http://dx.doi.org/10.1055/s-1978-24884
http://dx.doi.org/10.1016/S0040-4039(00)01359-9
http://dx.doi.org/10.1016/S0040-4039(00)01359-9
http://dx.doi.org/10.1016/S0040-4039(00)01359-9
http://dx.doi.org/10.1055/s-1992-21443
http://dx.doi.org/10.1055/s-1992-21443
http://dx.doi.org/10.1055/s-1992-21443
http://dx.doi.org/10.1016/j.tetlet.2014.05.042
http://dx.doi.org/10.1016/j.tetlet.2014.05.042
http://dx.doi.org/10.1016/j.tetlet.2014.05.042
http://dx.doi.org/10.1039/c3ra46672h
http://dx.doi.org/10.1039/c3ra46672h
http://dx.doi.org/10.1039/c3ra46672h
http://dx.doi.org/10.1039/c3ra46672h
http://dx.doi.org/10.1016/j.tetlet.2004.07.073
http://dx.doi.org/10.1016/j.tetlet.2004.07.073
http://dx.doi.org/10.1016/j.tetlet.2004.07.073
http://dx.doi.org/10.1016/j.tetlet.2004.07.073
http://dx.doi.org/10.1016/S0040-4039(99)01566-X
http://dx.doi.org/10.1016/S0040-4039(99)01566-X
http://dx.doi.org/10.1016/S0040-4039(99)01566-X
http://dx.doi.org/10.1016/S0040-4039(99)01566-X
http://dx.doi.org/10.1016/j.apcata.2015.02.029
http://dx.doi.org/10.1016/j.apcata.2015.02.029
http://dx.doi.org/10.1016/j.apcata.2015.02.029
http://dx.doi.org/10.1039/c3ra40413g
http://dx.doi.org/10.1039/c3ra40413g
http://dx.doi.org/10.1039/c3ra40413g
http://dx.doi.org/10.1039/c1dt10426h
http://dx.doi.org/10.1039/c1dt10426h
http://dx.doi.org/10.1039/c1dt10426h
http://dx.doi.org/10.1039/c1dt10426h
http://dx.doi.org/10.1021/ol702291r
http://dx.doi.org/10.1021/ol702291r
http://dx.doi.org/10.1021/ol702291r
http://dx.doi.org/10.1002/(SICI)1521-3927(19981201)19:12%3C605::AID-MARC605%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3927(19981201)19:12%3C605::AID-MARC605%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3927(19981201)19:12%3C605::AID-MARC605%3E3.0.CO;2-I
http://dx.doi.org/10.1021/jo5009178
http://dx.doi.org/10.1021/jo5009178
http://dx.doi.org/10.1021/jo5009178
http://dx.doi.org/10.1002/adma.201200804
http://dx.doi.org/10.1002/adma.201200804
http://dx.doi.org/10.1002/adma.201200804
http://dx.doi.org/10.1002/adma.201200804
http://dx.doi.org/10.1016/j.ica.2010.04.006
http://dx.doi.org/10.1016/j.ica.2010.04.006
http://dx.doi.org/10.1016/j.ica.2010.04.006
http://dx.doi.org/10.1016/j.ica.2010.04.006
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1021/ja103973a
http://dx.doi.org/10.1021/om9011196
http://dx.doi.org/10.1021/om9011196
http://dx.doi.org/10.1021/om9011196
http://dx.doi.org/10.1021/om9011196
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1021/ol050472o
http://dx.doi.org/10.1016/j.tet.2005.05.071
http://dx.doi.org/10.1016/j.tet.2005.05.071
http://dx.doi.org/10.1016/j.tet.2005.05.071
http://dx.doi.org/10.1021/jo00101a001
http://dx.doi.org/10.1021/jo00101a001
http://dx.doi.org/10.1021/jo00101a001
http://dx.doi.org/10.1021/ol802024j
http://dx.doi.org/10.1021/ol802024j
http://dx.doi.org/10.1021/ol802024j
http://dx.doi.org/10.1021/jo061699f
http://dx.doi.org/10.1021/jo061699f
http://dx.doi.org/10.1021/jo061699f
http://dx.doi.org/10.1016/S0040-4039(02)02566-2
http://dx.doi.org/10.1016/S0040-4039(02)02566-2
http://dx.doi.org/10.1016/S0040-4039(02)02566-2
http://dx.doi.org/10.1081/SCC-120003413
http://dx.doi.org/10.1081/SCC-120003413
http://dx.doi.org/10.1081/SCC-120003413
http://dx.doi.org/10.1021/jo3015165
http://dx.doi.org/10.1021/jo3015165
http://dx.doi.org/10.1021/jo3015165
http://www.chemcatchem.org

:@‘* ChemPubSoc
et Europe

[15] D. Imao, B. W. Glasspoole, V.S. Laberge, C. M. Crudden, J. Am. Chem.
Soc. 2009, 131, 5024 -5025.

[16] R. Kuwano, M. Yokogi, Chem. Commun. 2005, 5899-5901.

[17] a)J.-Y. Yu, R. Kuwano, Org. Lett. 2008, 10, 973-976; b) R. Kuwano, M.
Yokogi, Org. Lett. 2005, 7, 945-947.

[18] M. McLaughlin, Org. Lett. 2005, 7, 4875-4878.

[19] S. Yoon, M. C. Hong, H. Rhee, J. Org. Chem. 2014, 79, 4206-4211.

[20] X.-X. Wang, B.-B. Xu, W--T. Song, K-X. Sun, J.-M. Lu, Org. Biomol. Chem.
2015, 13, 4925-4930.

[21] Q. Zhou, H.D. Srinivas, S. Dasgupta, M. P. Watson, J. Am. Chem. Soc.
2013, 7135, 3307-3310.

[22] Z-C. Cao, D.-G. Yu, R.-Y. Zhu, J.-B. Wei, Z.-J. Shi, Chem. Commun. 2015,
51, 2683 -2686.

[23] C. M. So, S. Kume, T. Hayashi, J. Am. Chem. Soc. 2013, 135, 10990-
10993.

[24] a) M. K. Lakshman, A. Kumar, R. Balachandran, B. W. Day, G. Andrei, R.
Snoeck, J. Balzarini, J. Org. Chem. 2012, 77, 5870-5883; b) H. P. Kokatla,
M. K. Lakshman, Org. Lett. 2010, 12, 4478-4881; c) M. K. Lakshman,
M. K. Singh, D. Parrish, R. Balachandran, B. W. Day, J. Org. Chem. 2010,
75, 2461-2473; d) M. K. Lakshman, J. Frank, Org. Biomol. Chem. 2009, 7,
2933-2940; e) M. K. Singh, M.K. Lakshman, J. Org. Chem. 2009, 74,
3079-3084; ) S. Bae, M. K. Lakshman, Org. Lett. 2008, 10, 2203 -2206;
g) S. Bae, M. K. Lakshman, J. Org. Chem. 2008, 73, 3707-3713; h) S. Bae,
M. K. Lakshman, J. Am. Chem. Soc. 2007, 129, 782-7809.

[25] L. A. Carpino, J. Xia, C. Zhang, A. El-Faham, J. Org. Chem. 2004, 69, 62—
71.

[26] M. K. Lakshman, M. K. Singh, M. Kumar, R.R. Chamala, V. R. Yedulla, D.
Wagner, E. Leung, L. Yang, A. Matin, S. Ahmad, Beilstein J. Org. Chem.
2014, 10, 1919-1932.

[27] L.J. GooBen, J. Paetzold, Angew. Chem. Int. Ed. 2002, 41, 1237-1241;
Angew. Chem. 2002, 114, 1285-1289.

[28] R. Martin, S. L. Buchwald, Acc. Chem. Res. 2008, 41, 1461 -1473.

[29] J-i. Uenishi, J.-M. Beau, R.W. Armstrong, Y. Kishi, J. Am. Chem. Soc.
1987, 109, 4756 -4758.

[30] S.W. Wright, D.L. Hageman, L.D. McClure, J. Org. Chem. 1994, 59,
6095 -6097.

31]

[32]

[33]

[34]
[35]

[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]

CHEMCATCHEM
Full Papers

a) Z. Xu, J. Mao, Y. Zhang, Catal. Commun. 2008, 9, 97-100; b) Y. Yama-
moto, R. Suzuki, K. Hattori, H. Nishiyama, Synlett 2006, 1027-1030;
¢) R.R. Gonzalez, L. Liguori, A. M. Carrillo, H.-R. Bjorsvik, J. Org. Chem.
2005, 70, 9591-9594; d)M.S. Wong, X.L. Zhang, Tetrahedron Lett.
2001, 42, 4087 -4089.

a) H. Lakmini, I. Ciofini, A. Jutand, C. Amatore, C. Adamo, J. Phys. Chem.
A 2008, 712, 12896-12903; b) C. Adamo, C. Amatore, I. Ciofini, A.
Jutand, H. Lakmini, J. Am. Chem. Soc. 2006, 128, 6829 -6836.

R. Pratap, D. Parrish, P. Gunda, D. Venkataraman, M. K. Lakshman, J. Am.
Chem. Soc. 2009, 131, 12240-12249.

C. A. Tolman, Chem. Rev. 1977, 77, 313 -348.

H. Clavier, S. P. Nolan, Chem. Commun. 2010, 46, 841-861. Also see the
associated Erratum.

C.R. Kumar, K. T. V. Rao, P.S. S. Prasad, N. Lingaiah, J. Mol. Catal. A 2011,
337,17-24.

R. Ruicheng, J. Shuojian, S. Ji, J. Macromol. Sci. Part A 1987, 24, 669 -
679.

D. G. Batt, D. G. Jones, S. La Greca, J. Org. Chem. 1991, 56, 6704-6708.
Z.Z. Song, H.N. C. Wong, J. Org. Chem. 1994, 59, 33-41.

J. Srogl, G.D. Allred, L.S. Liebeskind, J. Am. Chem. Soc. 1997, 119,
12376-12377.

H.l. Mosberg, L. Yeomans, A.A. Harland, A. M. Bender, K. Sobczyk-
Kojiro, J.P. Anand, M.J. Clark, E. M. Jutkiewicz, J.R. Traynor, J. Med.
Chem. 2013, 56, 2139-2149.

P. Rao, U. Maitra, Tetrahedron Lett. 1996, 37, 5791 -5794.

P. Zhang, J. Xu, Y. Gao, X. Li, G. Tang, Y. Zhao, Synlett 2014, 25, 2928 -
2932.

P. Raju, G. G. Rajeshwaran, M. Nandakumar, A. K. Mohanakrishnan, Eur. J.
Org. Chem. 2015, 3513-3523.

A. A. Andia, M. R. Miner, K. A. Woerpel, Org. Lett. 2015, 17, 2704-2707.

Received: July 23, 2015
Published online on November 4, 2015

ChemCatChem 2015, 7, 4156 - 4162 www.chemcatchem.org 4162

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1021/ja8094075
http://dx.doi.org/10.1039/b513372f
http://dx.doi.org/10.1039/b513372f
http://dx.doi.org/10.1039/b513372f
http://dx.doi.org/10.1021/ol800078j
http://dx.doi.org/10.1021/ol800078j
http://dx.doi.org/10.1021/ol800078j
http://dx.doi.org/10.1021/ol050078q
http://dx.doi.org/10.1021/ol050078q
http://dx.doi.org/10.1021/ol050078q
http://dx.doi.org/10.1021/ol0517271
http://dx.doi.org/10.1021/ol0517271
http://dx.doi.org/10.1021/ol0517271
http://dx.doi.org/10.1021/jo500462n
http://dx.doi.org/10.1021/jo500462n
http://dx.doi.org/10.1021/jo500462n
http://dx.doi.org/10.1039/C4OB02675F
http://dx.doi.org/10.1039/C4OB02675F
http://dx.doi.org/10.1039/C4OB02675F
http://dx.doi.org/10.1039/C4OB02675F
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1021/ja312087x
http://dx.doi.org/10.1039/C4CC10084K
http://dx.doi.org/10.1039/C4CC10084K
http://dx.doi.org/10.1039/C4CC10084K
http://dx.doi.org/10.1039/C4CC10084K
http://dx.doi.org/10.1021/ja406169s
http://dx.doi.org/10.1021/ja406169s
http://dx.doi.org/10.1021/ja406169s
http://dx.doi.org/10.1021/jo300628y
http://dx.doi.org/10.1021/jo300628y
http://dx.doi.org/10.1021/jo300628y
http://dx.doi.org/10.1021/ol101655h
http://dx.doi.org/10.1021/ol101655h
http://dx.doi.org/10.1021/ol101655h
http://dx.doi.org/10.1021/jo902342z
http://dx.doi.org/10.1021/jo902342z
http://dx.doi.org/10.1021/jo902342z
http://dx.doi.org/10.1021/jo902342z
http://dx.doi.org/10.1039/b905298d
http://dx.doi.org/10.1039/b905298d
http://dx.doi.org/10.1039/b905298d
http://dx.doi.org/10.1039/b905298d
http://dx.doi.org/10.1021/jo900100v
http://dx.doi.org/10.1021/jo900100v
http://dx.doi.org/10.1021/jo900100v
http://dx.doi.org/10.1021/jo900100v
http://dx.doi.org/10.1021/ol8006106
http://dx.doi.org/10.1021/ol8006106
http://dx.doi.org/10.1021/ol8006106
http://dx.doi.org/10.1021/jo702558n
http://dx.doi.org/10.1021/jo702558n
http://dx.doi.org/10.1021/jo702558n
http://dx.doi.org/10.1021/ja064682n
http://dx.doi.org/10.1021/ja064682n
http://dx.doi.org/10.1021/ja064682n
http://dx.doi.org/10.1021/jo0300183
http://dx.doi.org/10.1021/jo0300183
http://dx.doi.org/10.1021/jo0300183
http://dx.doi.org/10.3762/bjoc.10.200
http://dx.doi.org/10.3762/bjoc.10.200
http://dx.doi.org/10.3762/bjoc.10.200
http://dx.doi.org/10.3762/bjoc.10.200
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ar800036s
http://dx.doi.org/10.1021/ja00249a069
http://dx.doi.org/10.1021/ja00249a069
http://dx.doi.org/10.1021/ja00249a069
http://dx.doi.org/10.1021/ja00249a069
http://dx.doi.org/10.1021/jo00099a049
http://dx.doi.org/10.1021/jo00099a049
http://dx.doi.org/10.1021/jo00099a049
http://dx.doi.org/10.1021/jo00099a049
http://dx.doi.org/10.1016/j.catcom.2007.05.008
http://dx.doi.org/10.1016/j.catcom.2007.05.008
http://dx.doi.org/10.1016/j.catcom.2007.05.008
http://dx.doi.org/10.1055/s-2006-939071
http://dx.doi.org/10.1055/s-2006-939071
http://dx.doi.org/10.1055/s-2006-939071
http://dx.doi.org/10.1021/jo051589t
http://dx.doi.org/10.1021/jo051589t
http://dx.doi.org/10.1021/jo051589t
http://dx.doi.org/10.1021/jo051589t
http://dx.doi.org/10.1016/S0040-4039(01)00637-2
http://dx.doi.org/10.1016/S0040-4039(01)00637-2
http://dx.doi.org/10.1016/S0040-4039(01)00637-2
http://dx.doi.org/10.1016/S0040-4039(01)00637-2
http://dx.doi.org/10.1021/jp801948u
http://dx.doi.org/10.1021/jp801948u
http://dx.doi.org/10.1021/jp801948u
http://dx.doi.org/10.1021/jp801948u
http://dx.doi.org/10.1021/ja0569959
http://dx.doi.org/10.1021/ja0569959
http://dx.doi.org/10.1021/ja0569959
http://dx.doi.org/10.1021/ja902679b
http://dx.doi.org/10.1021/ja902679b
http://dx.doi.org/10.1021/ja902679b
http://dx.doi.org/10.1021/ja902679b
http://dx.doi.org/10.1021/cr60307a002
http://dx.doi.org/10.1021/cr60307a002
http://dx.doi.org/10.1021/cr60307a002
http://dx.doi.org/10.1039/b922984a
http://dx.doi.org/10.1039/b922984a
http://dx.doi.org/10.1039/b922984a
http://dx.doi.org/10.1080/00222338708058521
http://dx.doi.org/10.1080/00222338708058521
http://dx.doi.org/10.1080/00222338708058521
http://dx.doi.org/10.1021/jo00023a041
http://dx.doi.org/10.1021/jo00023a041
http://dx.doi.org/10.1021/jo00023a041
http://dx.doi.org/10.1021/jo00080a009
http://dx.doi.org/10.1021/jo00080a009
http://dx.doi.org/10.1021/jo00080a009
http://dx.doi.org/10.1021/ja9726926
http://dx.doi.org/10.1021/ja9726926
http://dx.doi.org/10.1021/ja9726926
http://dx.doi.org/10.1021/ja9726926
http://dx.doi.org/10.1021/jm400050y
http://dx.doi.org/10.1021/jm400050y
http://dx.doi.org/10.1021/jm400050y
http://dx.doi.org/10.1021/jm400050y
http://dx.doi.org/10.1016/0040-4039(96)01227-0
http://dx.doi.org/10.1016/0040-4039(96)01227-0
http://dx.doi.org/10.1016/0040-4039(96)01227-0
http://dx.doi.org/10.1002/ejoc.201500332
http://dx.doi.org/10.1002/ejoc.201500332
http://dx.doi.org/10.1002/ejoc.201500332
http://dx.doi.org/10.1002/ejoc.201500332
http://dx.doi.org/10.1021/acs.orglett.5b01120
http://dx.doi.org/10.1021/acs.orglett.5b01120
http://dx.doi.org/10.1021/acs.orglett.5b01120
http://www.chemcatchem.org

