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Copper-mediated 1,4-Conjugate Addition of Boronic Acids
and Indoles to Vinylidenebisphosphonate leading to gem-
Bisphosphonates as Potential Antiresorption Bone Drugs

Andrea Chiminazzo, Laura Sperni, Martina Damuzzo, Giorgio Strukul, and

Alessandro Scarso*?!

A wide range of gem-bisphosphonate tetraethyl esters as pre-
cursors for bisphosphonic acids, which are potent inhibitors of
bone resorption, bearing alkyl, aryl, and indole substituents in

Introduction

In 2011, gem-bisphosphonates (BPs, Scheme 1) celebrated 40
years of application in medicinal chemistry;!"’ however, the cor-
relation between their chemical structures and biological activ-
ities is still a highly debated topic.”* Because of their structur-
al similarity with pyrophosphate, a major constituent of hy-
droxyapatite present in the mineral portion of bones, BPs
ensure specific bone targeting” and are widely used as drugs
for the treatment of bone disorders such as hypocalcemia and
osteoporosis. Bone matrix is constantly formed by osteoblasts
and degraded by osteoclasts, and both biological activities are
regulated to maintain the equilibrium of calcium in the skele-
ton (calcium homeostasis).

New studies demonstrated the cellular activity of BPs acting
as potent inhibitors of specific enzymes such as farnesyl di-
phosphate synthase, geranylgeranyl diphosphate synthase,®®
and others” present in osteoclast metabolism. The inhibition
of these enzymes translates into osteoclast inactivation and
apoptosis. The presence of a hydroxyl group in the R' position
enhances the affinity for hydroxyapatite, and N residues on R?,
such as alendronic acid and zoledronic acid (Scheme 1), dem-
onstrate good performance in terms of antiresorptive efficien-
¢y, targeting the aforementioned enzymes. N-containing BPs
can be obtained with various functional groups. Moreover, the
development of asymmetric synthesis of N-containing BPs and
the study of the toxicity and anti-osteoclast activity of single
enantiomers are still important goals. More lipophilic BPs with
no OH group in the R' position and with cationic residues with
a long alkyl chain in the R? position are extremely potent in
the inhibition of the osteoclast activity, targeting both en-
zymes;® this finding indicates that BPs are promising candi-
dates for anticancer,” antibacterial, and antimalarial drugs.”
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the B position were prepared through the Cu'-catalyzed 1,4-
conjugate addition of boronic acids and indoles to vinylidene-
bisphosphonate tetraethyl ester.
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Scheme 1. Chemical structures of bisphosphonates, pyrophosphoric acid,
alendronic acid, zoledronic acid, and VBP.

The synthesis of an increasingly wide range of BPs is highly
desirable. BPs with R'=0H are prepared starting from an acyl
chloride™ or a carboxylic acid™ usually under harsh conditions
or, as recently disclosed, under milder conditions using the
same reagents catecholborane and trimethylsilyl phosphite.!'?

The conjugate addition of nucleophiles to vinylidenbi-
sphosphonate tetraethyl ester (VBP)'® is instead the most
common synthetic strategy used to synthesize BPs with R'=H.
By using this method, BPs bearing heterocycles," steroid con-
jugates," or other functional groups in the  position have
been prepared. VBP acts efficiently as a dienophile that under-
goes Diels-Alder reactions with dienes and nitrones” and
provides cyclic carbon- and isoxazolidine-containing BPs, re-
spectively. Other BP-based systems have been prepared by
using different synthetic approaches, which produce new
amino-"® azido-"? Pt"-containing® BPs and many others, ?"
as along with trisphosphonates.”?

Chiral BPs bearing stereocenters in the y position have been
obtained through asymmetric organocatalysis with VBP and
carbonyl compounds.” These BPs have also been prepared
with chiral Cu' diamine complexes®” in the reaction between
prochiral VBPs and azomethine ylide with excellent diastereo-
selectivity and enantioselectivity.
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Herein, we described the synthesis of a wide range of (3-aryl-
substituted BP with R'=H through a highly versatile Cu"-cata-
lyzed conjugate addition of aryl boronic acids and indoles to
VBP.

The conjugate addition of boronic acids® to electron-poor
alkenes can be catalyzed efficiently by Pd"® and Rh'™®” species.
The latter metal catalyzed the synthesis of a wide range of 3-
substituted functional groups such as acrylic acids,” enesulfo-
namides,”” and many others.®” This class of catalytic reactions
well tolerates the presence of water as described in the addi-
tion of boronic acids to acrylic acid® and substituted acrylic
esters,®" with positive effects on the asymmetric version of the
reaction such as in the addition to enones.®’**¥ In contrast, in
the addition of boronic reagents to alkenylphosphonates,®”
the presence of a large amount of water as a cosolvent was
detrimental and triarylcycloboroxane derivatives (arylboroxines)
were used to ensure high yields.

Results and Discussion
Boronic acids and esters conjugate addition to VBP

The reaction between phenylboronic acid and VBP was investi-
gated with different metal precursors in the presence of
10% mol catalyst loading, and it was found that Pd" precursors
as well as Zn(OTf), (OTf=trifluoromethanesulfonate) and Cul
were not effective in the reaction under different experimental
conditions (Table 1, entries 1-5).

In contrast, Cu(OTf),®" demonstrated moderate catalytic ac-
tivity and provided the corresponding BP product in 40 and
44% vyield at 70 and 85°C with 1,2-dichloroethane (DCE)
(Table 1, entries 6 and 9). A higher yield of the BP product can
be obtained by increasing the amount of phenylboronic acid
to 5 equiv. (75% yield; Table 1, entry 7), whereas by maintain-
ing the same amount of phenylboronic acid and by decreasing
the catalyst loading to 2% mol, the yield decreased to 45%
(Table 1, entry 8). A rapid solvent screening revealed that the
reaction could be performed in a water/1,4-dioxane mixture
(9:1) with a small increase in yield (47%; Table 1 entry 10),
whereas a good yield of the BP product was obtained with an
apolar solvent such as toluene (90% yield; Table 1, entry 11). A
slight increase in yield was observed (up to 94 %) with a higher
amount of phenylboronic acid (5 equiv.), which allowed us to
decrease the Cu(OTf), amount to 2% mol (Table 1, entries 12
and 13).

The optimized catalytic system was used for the synthesis of
a wide range of boronic acids with different steric and elec-
tronic properties as well as bearing different secondary func-
tional groups (Table 2). Usually poorly reactive alkyl boronic
acids provided BP products in modest to moderate yields
(Table 2, entries 1-3), whereas aromatic boronic acids provided
higher yields. The reaction with aryl boronic acids bearing elec-
tron-donating groups, such as p-tert-butyl, p-methoxy, bis-
alkoxy, and dimethylamino, gave BP products in good yields
(Table 2, entries 4-8). Boronic acids bearing nitro or halogen
atoms led to a slight decrease in product formation, even for
an ortho-substituted boronic acid (Table 2, entries 9-11). The
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Table 1. Conjugate addition of phenylboronic acid to VBP mediated by
the Cu' precursor under different experimental conditions.”’

> ~ HO.g.OH 0.2 %0
0. L0 0 Cu(OTf), g T o
2R /o
% N\ +
Ve \H/ o © solvent, 70°C, 12h

Entry Catalyst  Catalyst Amount of  Solvent T Yield®”

loading  boronic acid

[mol%] [equiv.] [°C] [%]
1 Cul 10 1.5 DCE 70 0
2 PdCl, 10 2 DMF 70 0
3 Pd(OAc), 10 2 DMF 70 0
4 Pd(P(Ph;),) 10 2 DMF 70 0
5 Zn(0Tf), 10 2 toluene 110 0
6 Cu(OTf), 10 1.5 DCE 70 40
7 Cu(OTf), 10 5 DCE 70 75
8 Cu(OTf), 2 5 DCE 70 45
9 Cu(OTf), 10 1.5 DCE 85 44
10 Cu(OTf), 10 15 water/ 70 47

1,4-dioxane (9:1)

n Cu(OTf), 10 1.5 toluene 70 90
12 Cu(OTf), 5 5 toluene 70 94
13 Cu(OTf), 2 5 toluene 70 93

[a] Reaction conditions: 0.33 mmol of VBP, 0.5 mmol of phenylboronic
acid, 2 mL of the solvent, t=18 h; [b] Isolated yield.

reaction well tolerates the presence of other functional groups
on boronic acids such as the aldehyde moiety (Table 2,
entry 12).

Naphthyl boronic acids bearing alkyl, alkoxy, or halogenated
substituents provided the corresponding BP products in good
to excellent yields, even if the substituents are close to the
boronic moiety, which thus generated steric effects (Table 2,
entries 13-19). Heteroaromatic boronic acids did not perform
well in the reaction, such as in the cases of pyridine-, quino-
line-, isoquinoline-containing substrates. In contrast, the elec-
tron-rich aminopyridine boronic ester (Table 2, entry 20) was
found to be a suitable substrate. Thiophene- and benzothio-
phene-containing boronic acids demonstrated optimal to
good conversion to the corresponding BPs (Table 2, entries 21
and 22), whereas furane-based boronic acids did not work at
all. A ditopic substrate such as indole-5-boronic acid preferen-
tially led to the formation of the corresponding 5-substituted
indole (Table 2, entry 23) but no formation of the 3-substituted
indole product, as reported later for typical indole substrates.
The reaction also proceeds smoothly with bis-boronic acids
such as in the case of the substrate reported in Table 2
(entry 24), which in the presence of 3 equiv. of VBP provided
the doubly substituted BP in 71 % vyield.

We recently reported the general addition reaction between
boronic acids and VBP with 4.8% mol of dimeric Rh' in the
water/1,4-dioxane mixture (9:1) at 110°C, which gave BPs in
extremely good yields.*® As compared with the above-men-
tioned system, the Cu(OTf),-based system described herein
used a comparable amount of a much less expensive and non-
hazardous metal catalyst under milder experimental condi-
tions, which gave products in only slightly lower yields with
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Table 2. Substrate scope of the addition of boronic acids to VBP mediat-
ed by Cu(OTf), under optimized experimental conditions.

Table 2. (Continued)
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\B,OH OO> (
! OH O \P\/o 56
/—O \LO
I sl
B DN
2 B OH g Fi\O 26
OH /-
OH oo> d
B OB RO
o e Loy T
OH oc> d
i \/O\ o)
Boon PR
4 /o T\o©\’< 77
HO. ,OH >
00
~O0 \P\,O
5 /—o’ % 83
o}
- O/
HO.  -OH 04 QP’O
o g T o
6 /S 9%
0
| o
| o
OH O p0
B o s T %
B colG -
0
o)
o
HO. ,-OH . o(
NP R
8 /*O [¢] 74
H3C’N\CH3 N~
|
HO.__OH -
PR
9 Y 0 59
NO,
NO,
HO.  OH (
OB R
10 /—O o) 59
Br
Br

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Entry  Boronic acid Product Yield™®!
[%]
HO.__OH oo> C
B \/o\/, R’O
n @/' /o 0 69
I
Ho _H >
B o. L0 oK
SRR
12 /© 0 71
F
0
H o
F H
HO.__OH > .
B 0.2% o
TR
13 ‘ /° Ol 91
HO.__OH > "
B ~_0.L% 0o
PR
14 OO /° ° >98
CHj ‘
HO.__OH OO0 (
B \/O\P ﬁ,o
Tl 8D
o}
|
Q0 -
HO.-OH \/0\, |I)I,o
o oy TR0 .
J
od [
QH \/O\/P/ P\,O
B. o o}
" " 7 -
HO O
OH
009 L
AR
B. o o]
. s 91
HsCO O
S
)
B ~_0.£% o
PR
19 OO /° OI 83
Br O Br

ChemCatChem 2014, 6, 2712-2718 2714



www.chemcatchem.org

CAT

Table 2. (Continued)
Entry  Boronic acid Product Yield®
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[a] Reaction conditions: 0.33 mmol of VBP, 0.5 mmol of boronic acid,
10% mol Cu(OTf),, 2 mL of toluene, t=18 h, T=70°C; [b] Isolated yield;
[c] 3 equiv. of VBP with respect to the bis-boronic acid.

some boronic acids and in higher yields with aliphatic boronic
acids. The Cu"-mediated reaction could be scaled up: the reac-
tion between (4-methyl-1-naphthyl)boronic acid and VBP was
repeated with 3 mmol of VBP, which gave the corresponding
addition product in 97 % isolated yield. Several attempts were
made to tackle the asymmetric version of the reaction by in-
vestigating the addition of phenylboronic acid to tetraethyl (2-
phenylethene-1,1-diyl)bis(phosphonate) under Cu'-optimized
catalytic conditions. However, the desired product was not ob-
tained even with use of the highly electrophilic substrate tet-
raethyl [2-(4-nitrophenyl)ethene-1,1-diyllbis(phosphonate) in
the presence of chiral bis(oxazoline) ligands (+)-2,2'-isopropyli-
denebis[(4R)-4-benzyl-2-oxazoline] and 2,6-bis[(4S)-(—)-isopro-
pyl-2-oxazolin-2-yl]pyridine (Scheme S1).

Friedel-Crafts reaction between indoles and VBP

3-Substituted indoles are important structures that are widely
distributed in many important natural products®” as well as in
pharmacophores demonstrating many biological activities.*®
The Cu"-based catalysts can efficiently promote the Friedel-

Crafts reaction of indoles with alkylidene malonates or nitroal-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

kenes in the enantioselective way.?**? Although the reaction

between indoles and VBP has been investigated under Brgnst-
ed basic and acidic conditions with emphasis on the regiose-
lectivity of the reaction,” no examples of the reaction involv-
ing metal catalysis can be found in the literature.

Copper precursors were therefore tested in the Friedel-
Crafts reaction between indole and VBP, and it was found that
Cu(OTf), in DCE led to the addition reaction, forming the de-
sired 3-substituted indole derivative in increasing amounts (up
to 97 % vyield) as a function of the catalyst loading (Table 3, en-
tries 3-5). In contrast, other copper catalysts with different
anions and oxidation states, such as Cul, or other metal com-
plexes such as PdCl, were found to be ineffective in promoting
the reaction (Table 3, entries 1 and 2). The reaction did not
gave the product in good yield in toluene (Table 3, entry 6);
however, in water with sodium dodecyl sulfate (SDS) used as
a surfactant to improve substrate solubilization, the desired
product was obtained in 94% yield, which was comparable to
that observed in DCE (Table 3, entry 5). The use of water as a re-
action medium has also been confirmed for other Friedel-
Crafts-type conjugate additions of indoles by using a Lewis
acid-surfactant combined catalyst in water;* however, this is
the first example, to our knowledge, in which this approach is
applied to synthesize BPs. The possibility to use either an or-
ganic solvent or a micellar medium in this reaction was also
investigated.

For the reaction in DCE, the optimized catalytic system was
used with a wide range of indoles with different electronic and
steric properties (Table 4). The reaction is intrinsically sensitive
to the electronic properties of the indole used.” Thus, indoles
bearing electron-donating substituents such as 1-methylindole
and 1,2-dimethylindole provided the corresponding addition
products in high yield (Table 4, entries 1 and 2). The electron-
rich substrate 5-methoxyindole provided the corresponding BP
addition product in 90% yield, whereas the presence of an
extra trifluoromethyl moiety in position 6 of the same structure
drastically reduced the yield to 39% and a similar effect was

Table 3. Conjugate addition of an indole to VBP mediated by metal
precursors under different experimental conditions.”
od
2 apd
0. .0 Cu(OTf), o
,PTP\\ + @ /_
7 e © N solvent, 70°C, 12 NH
Entry Catalyst Catalyst loading Solvent Yield®
[mol %] [%]
1 Cul 10 DCE 0
2 PdCl, 10 DCE 0
3 Cu(0Tf), 2 DCE 39
4 Cu(OTf), 5 DCE 47
5 Cu(OTf), 10 DCE 97
6 Cu(0Tf), 10 Toluene 56
7 Cu(OTH), 10 water/SDS™ %
[a] Reaction conditions: 0.3 mmol of VBP, 0.5 mmol of the indole, 2 mL of
the solvent, t=12 h, T=70°C; [b] Isolated yield; [c] [SDS]= 100 mm.
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observed with 6-bromo-7-methyl-indole (Table 4, entries 3-5).
Notably, electron-poor substrates such as the ester 5-(carboxy-
methyl)indole and the corresponding free acid 5-carboxyindole
led to the formation of BP products in moderate yields
(Table 4, entries 6 and 7) whereas 5-carboxamide indole was
found to be completely inactive. With the above-mentioned
indole substrates, the reaction in water/SDS led to in most
cases comparable and in few cases better product formation,
which was related to the ability of the micellar medium to dis-
solve the reagents and to place them close to the metal cata-
lyst present as a countercation on the surface of the anionic
micelles.

Table 4. Substrate scope of the addition of indoles to VBP mediated by
Cu(OTf), under optimized experimental conditions.?!
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Table 4. (Continued)
Entry Indole Product Yield®
[%]
~_ 0. 2.0
o / P\\
/—O [e]
N
H
o
77
8 53[c]
38
9 88[c]
[a] Reaction conditions: 0.33 mmol of VBP, 0.5 mmol of indole, 10 mol%
Cu(OTf),, 2mL of the solvent, t=18h, T=70°C; [b]Isolated yield;
[c] [SDS] =100 mm.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Indoles with substituents in position 2 demonstrated moder-
ate to good activity: the reaction with 2-phenylindole, which is
an extremely important structure in medicinal chemistry,“® led
to the formation of the corresponding BP derivative in 77%
yield in DCE and 53% yield in water/SDS (Table 4, entry 8). A
similar reagent bearing a p-Cl residue led to the formation of
the product in moderate yield, whereas a substrate bearing
a 2-(CH,OH) indole, even though more electron rich than
indole, did not lead to product formation. For these substrates,
the use of water/SDS as a reaction medium was beneficial for
the 2-p-Cl-phenyl-substituted indole, which led to the forma-
tion of the corresponding BP product in 88% yield (Table 4,
entry 9).

The reaction could easily be scaled up by using 3 mmol of
VBP with 1.5 equiv. of 1,2-dimethylindole in the presence of
10 mol% Cu(OTf), in DCE, which led to the formation of the
corresponding isolated addition product in 94% yield.

Several attempts were made to investigate the asymmetric
version of the indole addition by performing the reaction
using two prochiral aromatic bisphosphonates®” with different
electronic properties under previously optimized catalytic con-
ditions (Scheme S1). Unfortunately, no evidence of product for-
mation was obtained and in both cases, only the unconverted
prochiral bisphosphonate reagent was recovered.

Selected new BP products containing indole derivatives
were subjected to subsequent deprotection of the phospho-
nate ester moiety by treatment with trimethylbromosilane®”
followed by hydrolysis with the water/methanol solution (9:1).
The corresponding bisphosphonic acids (Table 5) were isolated
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Table 5. Deprotection of the BP tetraethyl ester bearing indole-contain-
ing derivatives by treatment with trimethylbromosilane and water.”!

Entry BP tetraethyl Product Yield®
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in good yields and were characterized by 'H and *'P NMR spec-
troscopy in D,0. Not all indole BP esters led to the formation
of the corresponding bisphosphonic acids owing to side reac-
tions involving the indole moiety, which, in some cases, were
released in the solution owing to retro-Michael addition side
reactions.
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Table 5. (Continued)

Entry BP tetraethyl Product Yield™
ester [%]
8 >98

[a] Reaction conditions: 0.2 mmol of BP tetraethyl ester, 2.4 mmol of tri-
methylsilyl bromide, t=18h, room temperature; then water, t=4h,
room temperature; [b] Isolated yield.

Conclusions

Herein, we presented a straightforward synthesis of gem-bi-
sphosphonates (BPs) lacking the gem-OH group and bearing
alkyl, aryl, and indolyl substituents in the [ position through
the Cu"-mediated conjugate addition of alkyl and aryl boronic
acids and indoles to vinylidenbisphosphonate tetraethyl ester.
The synthesis can be scaled up to 3 mmol without any signifi-
cant changes in experimental conditions and yields. Although
the addition of boronic acids proceeds much smoothly in the
noncoordinating solvent toluene, the addition of indoles can
be performed either in 1,2-dichloroethane or in water with
sodium dodecyl sulfate under micellar conditions, leading to
comparable efficiency. The activation of both the indole addi-
tion and the boronic acid addition to BPs mediated by Cu" is
likely due to the increased electrophilic character of BPs be-
cause of its coordination to the metal center. It is also likely
that Cu" favors the boronic acid addition through transmetala-
tion/insertion as recently disclosed for the 1,4-addition of orga-
noboronates to alkylidene cyanoacetates™ and for the addi-
tion of boronic acids to alkynoates.*” However, the asymmetric
version of both reactions was found to be impossible with Cu",
probably because of intrinsic steric hindrance imparted by the
two closely connected phosphonate moieties. This efficient
and versatile synthesis of BPs enabled the preparation of sever-
al BP tetraethyl esters that were transformed into the corre-
sponding bisphosphonic acids that are currently under investi-
gation to assess their toxicity and antiresorption properties in
the inhibition of the osteoclast activity.

Experimental Section

The experimental details can be found in the Supporting

Information.
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