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Sulfonates with Aryl Titanium as the Multi-Functional Reagent
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titanium as the multi-functional reagent is reported. Using the catalyst system of Pd(OAc) associated with the new NMe;-

CM-Phos (L14), a broad range of electron-rich, -neutral, -deficient, and sterically hindered aryl/ heteroaryl and alkenyl

mesylates and tosylates are well-coupled with aryl titanium reagents to give the corresponding products in good-to-excellent

yields. The catalyst loading down to 0.2 mol% Pd and the reaction time shortening to 10 min can be achieved. The reaction

can be easily scaled up to gram scale without diminishing in product yield.

Palladium-catalyzed cross-coupling reactions are the most
powerful methods in accessing divergent organic molecules via
formation of carbon-carbon or carbon-heteroatom bonds from
corresponding electrophilic and organometallic fragments. *
Recent developments of highly efficient catalyst systems2allow
them to utilize relatively inert electrophiles, such as aryl
chlorides, 3 tosylates, 4 mesylates, > pivalates, ¢ and even
aromatic ethers.® Organometallic reagents, such as
organomagnesium, 7 organotin, & organogermanium, °
organoboron, 10 organozirconium, 1 organozinc,11
organoaluminium, 12 organoindium, 13 organobismuth, * and
others, 1> have been well studied as nucleophilic partners in
these cross-coupling reactions. With regard to the necessity of
having inorganic bases or additives in common cross-coupling
reaction medium (i.e. heterogeneous conditions), it would be
attractive to seek a homogeneous coupling condition which
does not require additional inorganic base and/or additive,
complementary. Indeed, the use of large excess of
base/additive for the coupling reactions come with a heavy cost
to our environment.® Thus, the exclusion of the use of solvent
and base/additive would significantly
production.1617 Moreover, the homogeneous condition would
even enable the possible microchannel reaction and flow
systems. However, to our best knowledge, transition metal-
catalyzed both solvent-free and base/additive-free biaryl cross-
coupling reactions have not yet been reported. Specifically, only
solvent-free biaryl cross-coupling reactions were sporadically
studied, for instance solvent-free Suzuki coupling,18 ball mill,1°
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and solvent-free Hiyama coupling reactions.2° Most recently, a
direct coupling of organolithium compounds with no additional
solvents was reported.2!

We believe the organotitanium nucleophile may act as a
reagent to realize the solvent-free and
base/additive-free palladium-catalyzed cross-coupling reaction.

multi-functional

The relatively low melting point of the aryl titanium reagents
(e.g. PhTi(Oi-Pr)s, 88—90 °C) allows the organometallic reagents
to work as a reaction medium in the coupling reaction which
permits the absence of organic solvent. In addition, the
nucleophilicity of Ar'Ti(Oi-Pr); facilitates the
transmetalation step better, even without the need of
additional and excess amount of base/additive to activate the
reagent. 22
reagents in the cross-coupling reactions has received relatively
than the
reagents. The pioneering works from Hayashi and co-workers
demonstrated that Ar'Ti(Oi-Pr)s were applicable for palladium
and nickel-catalyzed cross-coupling reactions. 22 There were
only reports on the application of
organotitanium reagents in palladium-catalyzed biaryl synthesis
to-date.22 23b. 24 The exploration of (hetero)aryl mesylates and
tosylates coupling reaction under solvent-free conditions have

enhanced

Nevertheless, the application of organotitanium

less attention aforementioned organometallic

three literature

been challenging,?> because common organometallic reagents
are unable to allow efficient transformation under these
reaction conditions.26 Hence, we are interested to establish a
new catalytic system for possible solvent-free and base/additive
free coupling reaction.

In the presence of Pd(OAc),/CM-Phos L1 as a catalyst, the
4-tert-butylphenylmesylate  with  different
nucleophiles were carried out in the absence of base/additive

reaction of

and solvent. Essentially no or trace amount of product yield was
observed with popular organometallic reagents such as
organolithium, magnesium, zinc, boron, silicon and tin (Table 1,
entries 1-8). For the trials of organolithium and magnesium
reagents, significant amount of phenolic side products were
observed which likely caused by the strong nucleophilicity and



basicity of the reagents in hydrolyzing the aryl sulfonate. For the
boron, silicon, and tin reagents, 4-tert-
butylphenylmesylate remained intact during the course of the
reaction (Table 1, entries 3-8). Aryl titanium reagents can be
easily synthesized from the commercially available
chlorotriisopropoxytitanium(lV) with the corresponding aryl
magnesium halides or aryl lithium. Aryl titanium reagent was
then tested. Delightfully, it was able to allow the cross-coupling
reaction to proceed under the base/additive- and solvent-free
reaction conditions which demonstrated the uniqueness of this
coupling partner (Table 1, entry 9). Pd,dbas as Pd source was
screened (Table 1, entry 10). The corresponding product was
obtained in 8%, which indicates that AcO- from Pd(OAc); is not
necessary for this reaction. To probe the moisture sensitivity of
the reaction, one equivalence of water was added in the
reaction and showed no detrimental effect on this reaction
(Table 1, entry 11). However, the addition of five equivalence of
water added suppressed the reaction (Table 1, entry 12).

zinc,

Table 1 Investigation of Nucleophiles for Base/Additive-free and Solvent-free
Cross-Coupling Reaction?®

product yield (46%). Using Pd(OAc)./newly developed NMe,-
CM-Phos (L14) catalyst, completed conversion of 4-tert-
butylphenyl mesylate and excellent product yield (86%) were
achieved in 16 h. It should be noted that the desired product
yield was not strongly influenced by using two equivalent of p-
tolylITi(Oi-Pr)s.

Table 2 Ligand screening in the palladium-catalyzed cross-coupling reaction of
ArOMs with Ar'Ti(Oi-Pr);?

t-Bu Me t-Bu
| Pd(OAc)2/ L1
U\\w (4 mol% Pd)
* 1/ 110°C,3h
Ms ™ -tolyl
Entry [M] %Yield® % Yield of remained ArOMs?
1 -Lic 0 11
2 -MgBr 0 0
3 -ZnCl 0 93
4 -B(OH), 0 95
5 -Bpin 0 89
6 -BF3K trace 89
7 -Si(OMe)s 0 87
8 -Sn(n-Bu)s trace 99
9 -Ti(O-i-Pr)3 16 66
10 -Ti(O-i-Pr)3? 8 73
11 -Ti(O-i-Pr)s® 20 65
12 -Ti(O-i-Pr)s trace 72

a Reaction conditions: ArOMs (0.5 mmol), Ar’-[M] (2.5 mmol), Pd(OAc). (4
mol%), L1 (16 mol%) were stirred at 110 °C for 3 h under nitrogen
atmosphere. » The yields were calibrated by GC-FID using dodecane as the
internal standard. ¢ PhLi was used. ¢ Pd2dbas was used. ¢ 1 equiv. H20 was
added. "5 equiv. H20 was added.

With this inspiring result, a series of well-recognized and
superior supporting ligands for palladium-catalyzed cross-
coupling reactions of aryl sulfonates were tested (Table 2).°
XPhos (L2), SPhos (L3), BrettPhos (L4), and MorDalphos (L5)
failed to promote this solvent-free and base/additive-free
coupling reaction of aryl mesylate with aryl titanium reagent.
Other commercially available phosphines, such as cataCXium® A
(L6), cataCXium® PInCy (L7), dppf (L8), PPhs (L9), Xantphos (L10),
and NHC-carbene ligands (L11 and L12) were also screened but
did not show any catalytic performance. We believe further
introducing electron-donating group at the para-position to the
-PCy,-containing arene (based on CM-Phos scaffold) would
enhance more towards the oxidative addition of inert Cian-O
bond. The more electron-rich ligand OMe-CM-Phos (L13) gave a
better product yield (23%). The even more electron-donating -
NMe; group on NMe;-CM-Phos (L14) showed even higher
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. M -B
tBu e I +Bu
/l\ Pd(OAc)2
U ) (4 mol% Pd)
A 110°C, 3h
Solvent-free
Ti(O-PNs g Base-free -tolyl
2a 3aa
OMe
Csz O
PCy, MeOr PCy,
PCy,
i-Pr i-Pr. Pr
MeO, I OMe O
-Pr i-Pr
CM-Phos XPhos SPhos BrettPhos
L1:16% L2: trace L3:0% L4: trace
©\PPh2

@P(1—Ad)z
N_po; Fe
Me P(1-Ad), @ V2 PPh
N NN N 2
@ bh -

oA taCXium,, PInC:
cataCXium® catabXlumg Finty dppf

L6: 0% L7:0% L8: 0%

MorDalphos
L5: 15%

Me Me
i-Pr o i-Pr,

Me c®
PPhy N/%N NA\N

Xantphos

L9: 0% L10: 0%

CyQP Cy,P

L11: 0% L12: 0%

L14: 46%
and 16 h)
68% (2 x p-tolylTi(OF-Pr)3

‘OMe-CM-Phos

NMe,-CM-Phos
L13:23%
86% (16 h)

a Reaction conditions: ArOMs (0.5 mmol), Ar'Ti(Oi-Pr)3 (2.5 mmol), Pd(OAc). (4
mol%), L (16 mol%) were stirred at 110 °C for 3 h under nitrogen atmosphere. The
yields were calibrated by GC-FID using dodecane as the internal standard.

The scope of the cross-coupling reaction of aryl mesylates or
tosylates with organotitanium nucleophiles was then
investigated. Most reactions generally completed within 16 h in
the presence of 2-4 mol% Pd/L14 catalyst (Table 3). It was
noteworthy that the aryl titanium reagent worked as a good
reaction medium and showed excellent compatibility to the aryl
sulfonates. Electron-rich (-4-OMe), -neutral (-4-Me, -4-tert-Bu, -
3-OMe) and -poor (-4-F, -4-CF3) aryl titanium reagents provided
good to excellent product yields (Table 3, compounds 3aa, 3ab,
3ac, 3ad, 3gf and 3mg). Particularly noteworthy was that the
sterically hindered 1-naphthyl mesylate and tosylate were
successfully coupled with p-anisyITi(Oi-Pr)s; and o-tolylITi(Oi-Pr)s3
and generated mono- and di-ortho-substituted biaryl
compounds respectively, under the same reaction conditions
(Table 3, compounds 3fb and 3fe). The mono- and di- CF3
substituted electron-deficient aryl mesylates were converted to
the corresponding products with shorter timeframes (30 and 10
min) (Table 3, compounds 3jc and 3kc). Aryl mesylates/tosylates
bearing functional groups such as ester and nitrile were also
compatible and afforded the corresponding products in
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excellent yields in 30 min (Table 3, compounds 3la, 3Ig, 3ma,
3mf and 3mg). Heteroaryl mesylates and tosylates, such as
benzothiazolyl mesylates, pyrrolylphenyl tosylate and indolyl
tosylate, gave the desired products in good-to-excellent yields
(Table 3, compounds 3nf, 30a, 3of, and 3pf). The free N-H group
remained intact under these reaction conditions (Table 3,
compound 3pf). 1,6-Naphthyl ditosylate coupling reaction also
proceeded smoothly (Table 3, compound 3qc).

Table 3 Palladium-Catalyzed Cross-Coupling Reaction of ArOMs/OTs with Ar'Ti(Oi-
Pr)s®
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Alkenyl sulfonates, which are essential complements to
limited availability of alkenyl halides, reacted smoothly to give
excellent yields of desired products within 30 min using
Pd(OACc),/L14 catalytic system (Table 4). For some of the alkenyl
tosylates, the reactions were completed in 10 min with only 0.2
mol% Pd. Tetralone- (Table 4, compounds 5aa, 5ab, 5ac, 5ad,
5ae, 5af, and 5ag) and cycloalkanone-derived alkenyl tosylates
(Table 4, compounds 5dc and 5eb) were converted to the
corresponding cross-coupled products in excellent yields.
Sterically congested o-aryl-substituted alkenyl tosylate afforded
the desired product in an 81% yield (Table 4, compound 5dc).
Arylacetone-derived alkenyl tosylates were also coupled
effectively (Table 4, compounds 5bb, and 5cc).

S
. I
X THOHP;  pyioac L1 RUL P
P (2-4 mol% Pd)
R1Z ‘ RrR2[ ‘ 110°C
X N 10 min-16 h el Y
Solvent-free (-
X= OMs,0Ts & Base-free
2 3
e o
3aa 3ab

X=OMs, 86% (4 mol% Pd, 16 h)
X=OTs, 89% (2 mol% Pd, 16 h)

3ad
X=OMs, 76% (4 mol% Pd, 16 h)

3db
X=0OTs, 98% (2 mol% Pd, 16 h)

Me

3fe
X= OTs,80% (4 mol% Pd, 16 h)

X= OMs, 80% (4 mol% Pd, 16 h)
X=OTs, 83% (2 mol% Pd, 16 h)

OMe

Me
Mé 3bc

X=OMs, 84% (4 mol% Pd, 16 h)

O O e

3ea
X= OMs, 95% (4 mol% Pd, 16 h)

e

X=OMs, 80% (4 mol% Pd, 16 h)
X=QTs, 74% (2 mol% Pd, 16 h)

0
=)
3gd
X=OTs, 89% (2 mol% Pd, 16 h)

MeO

=
5

3ac
X=OMs, 81% (4 mol% Pd, 16 h)
X=OTs, 87% (2 mol% Pd, 16 h)

X= OMs, 94% (4 mol% Pd, 16 h)
X=0OTs, 85% (2 mol% Pd, 16 h)

OMe

3gb
X=OMs, 68% (4 mol% Pd, 16 h)
X=OTs, 84% (2 mol% Pd, 16 h)

Table 4 Palladium-Catalyzed Cross-Coupling Reaction of Alkenyl OMs/OTs with
Ar'Ti(Oi-Pr)5°

3hf 3he 3if
X= OTs, 90% (2 mol% Pd, 16 h) X=OTs, 94% (2 mol% Pd, 16 h) X= OTs, 91% (2 mol% Pd, 16 h)
oMe FiC OMe
O~ et
F F.
3 3jc 3 3ke 3la

X= OMs, 81% (2 mol% Pd, 30 min)

O~
i-Pr0

3lg 3ma 3mf
X= OTs, 66% (2 mol% Pd, 10 min)? X= OTs, 88% (2 mol% Pd, 30 min)?

X=OMs, 99% (2 mol% Pd, 10 min)

|
=
5

3mg 3nf 3oa
X=OTs, 88% (2 mol% Pd, 16 h) X=OMs, 79% (4 mol% Pd, 16 h)

OMe OMe
OO
N
3of H 3pf 3qc
X=OMs, 97% (4 mol% Pd, 16 h) X=OTs, 61% (4 mol% Pd, 16 h) X= OTs, 79% (2 mol% Pd, 16 h)°

tBu

@ Reaction conditions: ArOMs/OTs (0.5 mmol), Ar'Ti(Oi-Pr)s (2.5 mmol),
Pd(OAc)2, L14 (Pd:L = 1:4) were stirred at 110°C for the indicated time under
nitrogen atmosphere. Isolated yields. ? Ar'Ti(Oi-Pr)s3 (1.0 mmol) was used. ¢
Ar'Ti(Oi-Pr)3 (5.0 mmol) was used.

i(OF R Cy,P
R Ti(Oi-Pr); Pd(OAc)/L14 33 i R
X = + 0.2-0.5 mol% Pd: - P A O
\H\Rz R"@ 110°C, 10 min R? N
Re X Solvent.free R Vo ve,
X=OMs, OTs & Base-free -
4 2 s

Me OMe O

5aa 5ab 5ac
Xigmsgég%‘{t?z‘?ﬂgfnpﬁb"f X=OTs, 84% (0.2 mol% Pd) X=OTs, 95% (0.2 mol% Pd)

5ad Saf

~ . . . X= OTs, 9492765 mol% Pd) . _ . N
XS QN 84580 PSR PN b, X= OTs, 96% (0.2 mol% Pd)

t+Bu

OMe
CF, Ph
9
O " :
P e
5bb Scc

X= OTs, 9892b.2 mol% Pd)

X=OTs, 96% (0.5 mol% Pd)b.c X=OTs, 80% (0.5 mol% Pd,)b.c

OMe
QO =X
Ph
Sdc Seb

X=OTs, 81% (0.5 mol% Pd)>e X=OTs, 86% (0.5 mol% Pd)

aReaction condition: alkenyl OMs/OTs (0.5 mmol), Ar'Ti(Oi-Pr)3 (1.0 mmol),
Pd(OAc)2, L14 (Pd:L = 1:4) were stirred at 110 °C for 10 min under nitrogen
atmosphere. Isolated yields. » Ar'Ti(Oi-Pr)3 (2.5 mmol) was used. €30 min.

To spotlight the advantages of the solvent-free reaction
condition enabled by aryl titanium reagents, a direct
comparison experiment between Suzuki reagent and titanium
reagent was performed (Scheme 1). When the Suzuki reaction
was performed using the optimal reaction conditions, only a
28% product yield was obtained. On the other hand, the
reaction using p-tolylTi(Oi-Pr); reagent underwent smoothly

0.2 mol% Pd(OAc), 95% (M = TIOIPr)y)

an
2% U o <
3r0s

0
2
and t-BuOH)

and gave a 95% yield within 10 min.
o X p-tolyl
e BB Oy
10 min

4a 2a 5aa

Scheme 1 A Set of Parallel Experiments between Suzuki-Type Organoboron and
Organotitanium Nucleophiles.
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One of the challenges for the solvent-free reaction is the
feasibility of scaling up the reaction which may be hindered by
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the formation of hot spots and the possibility of runaway
reactions. Here the reaction between organotitanium
nucleophile and alkenyl tosylate was scaled up 20 times using a
simple reflux setup. The coupling product was afforded in gram-
scale without reducing the percentage yield (Table 4 and
Scheme 2, compound 5ac). Notably, even the PhTi(Oj-Pr); was
prepared in situ (by adding PhLi to CITi(Oi-Pr)s), the coupling of
this  titanium reagent with sesamol mesylate or
dihydronaphthalenyl tosylate were also performed smoothly
and afforded corresponding product yields of 93% and 70%,
respectively (Scheme 3, compounds 3gh and 5ah).
/\ 110°C, 10 min

=2 \U
=\ AN
) o
7 Solvent-free
& Base-free

4a 2c 5ac
10 mmol 20 mmol 95% yield, 2.24 gram

0.2 mol% Pd(OAc),

ots  MeQ
NI 0.8 mol% L14

Scheme 2 The Gram-Scale Cross-Coupling Reaction in a Simple Reflux Setup.

\/; \\Fu

+

o OMs CITi(0-Pr); }
o in situ %
gomoration 4mol% Pd(OAc), <o

19 16 mol% L14
110°c, 180 3gh 93%

— AN
U 0.2 mol% Pd(OAc), U

oTs _
N 0.8 mol% L14
2h

110 ¢, 10 min
4a 5ah 70%

_ _Ti(Oi-Pr)
O

Scheme 3 The base/additive-free and solvent-free cross-coupling reaction of
ArOMs and alkenyl OTs using the in situ preparation PhTi(Oi-Pr)s.

To summarize, palladium-catalyzed cross-coupling reaction
of a wide range of (hetero)aryl and alkenyl mesylates and
tosylates with aryl titanium reagents has been developed for
the first time. Aryl titanium acted as the multi-functional
reagent which can provide aryl fragment and act as
base/additive and reaction medium at the same time. The new
and electron-enriched NMe;-CM-Phos (L14) ligand in
combination with Pd(OAc). was found highly effective in
tackling this reaction. Good functional group tolerance was
demonstrated where nitrile, ester and unprotected indole,
remained compatible under these reaction conditions.
Particular noteworthy is that the catalyst loading can be as low
as 0.2 mol% Pd and the reaction time can be shortened to 10
min. The reaction can be easily scaled up to the gram scale
without diminishing the product yield. We anticipate this
finding would open up a new platform of organotitanium
nucleophile development in targeting flow reaction technology
under base and additive-free homogeneous conditions.
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