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The Efficiency of the Metal Catalysts in the Nucleophilic Substitution of
Alcohols is Dependent on the Nucleophile and Not on the Electrophile

Srijit Biswas and Joseph S. M. Samec*!*!

Abstract: In this study, we investigate
the effect of the electrophiles and the
nucleophiles for eight catalysts in the
catalytic Syl type substitution of alco-
hols with different degree of activation
by sulfur-, carbon-, oxygen-, and nitro-
gen-centered nucleophiles. The cata-
lysts do not show any general variance
in efficiency or selectivity with respect
to the alcohols and follow the trend of
alcohol reactivity. However, when it
comes to the nucleophile, the eight cat-

perform the desired substitution. Inter-
estingly, the selectivity of the alcohols
to produce the desired substitution
products was found to be independent
of the electrophilicity of the generated
carbocations but highly dependent on
the ease of formation of the cation.
Catalysts based on iron(III), bismuth-
(I1T), and gold(I1I) show higher conver-
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sions for S-, C-, and N-centered nucleo-
philes, and Bi"" was the most efficient
catalyst in all combinations. Catalysts
based on rhenium(I) or rhenium(VII),
palladium(II), and lanthanum(I1T) were
the most efficient in performing the nu-
cleophilic substitution on the various
alcohols with the O-centered nucleo-
philes. These catalysts generate the
symmetrical ether as a by-product from
the reactions of S-, C-, and N-centered
nucleophiles as well, resulting in lower

alysts show general and specific varian-
ces in the efficiency and selectivity to

Introduction

Activation of the hydroxy group is fundamental to organic
chemistry when alcohols are used as substrates in nucleo-
philic substitutions. Traditionally, the hydroxy group is con-
verted into a better leaving group in a separate step
(Scheme 1). The conversion of the hydroxy group into, for

TsCl, base A~ Nu-H ~

R™ OTs R Nu
-H,0 -TsOH

R™OOH

Scheme 1. Traditional substitution of the hydroxy group requires an addi-
tional step, uses a stoichiometric amount of reagents, and generates
waste.

example, a tosyl group or a halide, requires the addition of
stoichiometric amounts of reagent and base and also makes
the synthetic procedure one step longer.[!! The intermediates
that form are often carcinogenic due to their strong alkylat-
ing properties. Furthermore, stoichiometric amounts waste is
generated in the subsequent nucleophilic substitution step.
An alternative route, used for stereospecific substitutions of
enantioenriched alcohols, is the one-step Mitsunobu reac-
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nucleophilic substitution

chemoselectivity.

tion.”! However, this reaction requires stoichiometric carnci-
nogenic and explosive DEADP! and also generates stoichio-
metric amounts of waste, which gives rise to tedious purifi-
cation problems. From perspectives of safety, environment,
and economy, these stoichiometric and waste-generating
methodologies are not desirable.*! This fact was recently ac-
knowledged when the nucleophilic substitution of alcohols
was selected as the second most desired reaction that phar-
maceutical companies wanted greener alternatives for.!
Catalytic nucleophilic substitution of alcohols is an attrac-
tive and useful synthetic tool, which owes its efficiency to
the atoms and heeds environmental constraints, since water
is the only by-product of this single-step reaction
(Scheme 2).[°! Various metal complexes have been reported

M
ROH + Nu-H — M gy, 4 HO

Scheme 2. Catalytic nucleophilic substitution of alcohols. [M]=metal-
based catalyst.

to be active for the catalytic nucleophilic substitution of al-
cohols. Lewis acids based on metal salts, such as iron(III),"!
bismuth(II),* boron(III),’”! cerium(III),"” indium(III),"
gold(IIN),'?  thenium(V),"¥  rhenium(VII),'™  and
lanthanum(II1),"™) have been reported to catalyze nucleo-
philic substitution of different alcohols. Also, certain transi-
tion metals prone to cycle between different oxidation
states, such as ruthenium(I,IT),' rhenium(I,IIT),"" iridium-
(LII),"™ and palladium(0,IT),"” have been reported to be
active for this transformation.
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The research field of catalytic nucleophilic substitution of
alcohols is difficult to overview. To our knowledge, there is
only one review that covers the research topic.””! The great-
est challenge to the understanding of the reactivity is that
different research groups use different reaction conditions.
Table 1 gives an example of an etherification reaction be-

Table 1. Representative reports on the catalyzed etherification reaction in

the literature.

www.chemasianj.org

[M]
Ar”S0OH + R-OH Ar/\O/R + HO
Entry™!  Catalyst Catalyst T  Solvent ROH ¢ Conv.
loading [°C] [equiv] [h] [%]
[mol %]
102l NaAuCl, 2 70 - 5 1 58
207 [ReBr(CO)]s 3 160 - 5 12 87
304 ReMeO; 2 rt  CeHg 10 48 91
47l FeCl, 20 40 - 150 nrll 0
5ltal [PdCl,(diop)]™ 4 50 MeNO, 1 24 99

[a] diop=4R,5R-(+)-O-Isopropylidene-2,3-di-hydroxy-1,4-bis(diphenylphos-
phanyl)butane. [b] Not reported.

tween a primary aliphatic alcohol (nucleophile) and a pri-
mary benzylic alcohol (electrophile). The following issues
make a comparison between the catalysts impossible: 1) cat-
alyst loadings vary between 2 and 20 mol %, 2) reaction tem-
peratures vary between room temperature and 160°C,
3) some reports use solvent where others do not, 4) the nu-
cleophile is used in either an equimolar amount or in excess,
5) reaction time varies from 1 to 48 h. To our knowledge,
there are no attempts to evaluate the performance of the
different catalysts with respect to electrophile or nucleo-
phile.

Herein, we study the scope and limitations of nucleophilic
substitution of alcohols with respect to the catalyst and the
electrophile as well as the nucleophile. We investigate
whether certain metal catalysts have 1) higher rates of con-
version for certain electrophiles, 2) higher regioselectivity in
allylic and propargylic alcohols, 3) higher rates of conversion
for certain nucleophiles, 4) higher chemoselectivity for cer-
tain nucleophiles. To our knowledge, this is the first compre-
hensive study on the catalytic nucleophilic substitution of al-
cohols that covers a broad range of both electrophiles and
nucleophiles.

Results and Discussion

In order to perform a comprehensive study of the catalytic
nucleophilic substitution of alcohols, the choices of electro-
philes, nucleophiles, and metal catalysts are pivotal. In this
section, a discussion regarding the choices made for this
study will be presented.

Chem. Asian J. 2013, 8, 974-981

Srijit Biswas and Joseph S. M. Samec

Choice of Electrophiles

We have chosen five different alcohols, all of which have
different degrees of activation (Scheme 3). The aim was to
map the reactivity of 1) alcohols with different degrees of
activation and 2) different activating groups (benzyl, allyl,
propargyl, alkyl). Another aim was to use substrates that
may react at different positions and thereby map regiose-
lectivity in, for example, allyl and propargyl alcohols.

Increase in reactivity

Scheme 3. Alcohols used in the current study. PMP = para-methoxyphen-
yl.

In a precise and well-defined study, an electrophilicity pa-
rameter and two nucleophilicity parameters have been in-
troduced by Mayr et al.?!l in describing the rate of reaction
between a carbocationic electrophile and a nucleophile.”!?!
The most important outcome of their study is to consider all
the parameters, such as electrophilicity of the generated car-
bocation, nucleophilic properties of the nucleophile, as well
as the solvent and the generated by-product while defining
an empirical scale of reactivity applicable for Syl type reac-
tions.™® Moreover, they have established a rule explaining
the feasibility of the reaction between a given electrophile—
nucleophile pair.*'?

Interestingly, in the present study, the efficiency order of
the electrophilic alcohols in terms of selectivity to form the
desired substitution products was found to be governed by
the ease of generating the corresponding carbocation rather
than the electrophilicity of the generated cation.

4-Methoxybenzyl alcohol (1a) was the most efficient alco-
hol to generate the desired products in this study. The
second next reactive alcohol, 4-phenyl-3-butene-2-ol (1b)
was chosen in order to discriminate the allylic reactivity.” It
was chosen over the far more commonly used 1,3-diphenyl-
2-propen-1-ol,®1l which does not discriminate between
benzylic and allylic reactivity. 1-Phenylethanol (1¢) is a fre-
quently used substrate in catalytic nucleophilic substitution
studies and was chosen to represent a secondary benzylic al-
cohol with medium reactivity.”'"?! ferr-Butyl alcohol (1d)
was chosen to represent a tertiary alkyl alcohol.'?! tert-
Butyl alcohol was found to be susceptible to water elimina-
tion, producing volatile isobutylene in appreciable amount
in case of most of the catalyst where no or low amount of
product formation was observed (see the Supporting Infor-
mation for details).®™ 4-Phenyl-3-butyn-2-ol (le) was
chosen over the more frequently used 1,3-diphenyl”™*! ana-
logue for the same reason as for the allylic substrate (see
above). For both substrates 1b and 1e, the attack on the nu-
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cleophile could occur at either the benzylic or alcoholic po-
sitions and therefore, these substrates may discriminate re-
gioselectivity.

Choice of Nucleophiles

We have chosen four different nucleophiles, with different
atom centers (S, C, O, N) to distinguish between the com-
patibility of the nucleophile and that of the -catalyst
(Scheme 4). Another aim was to determine the efficiency of
the metal catalysts with hard-soft (O-, S-centered) nucleo-
philes as compared to their efficiency with weak-strong
(amide, thiol) nucleophiles.

o o o
ph—si I "o HQNJ\Ph

2a 2b 2c 2d

Increase in reactivity

Scheme 4. Nucleophiles used in the current study.

The commonly used thiophenol (2a) was chosen to repre-
sent a soft and strong nucleophile in this study. Acetyl ace-
tone (2b) was chosen to represent a strong and soft nucleo-
phile in which the enolate formation may be promoted by
Lewis acids."*! We chose 3-phenyl propanol (2¢)'"* as an
O-centered nucleophile because this substrate is not volatile
and can easily be monitored by TLC. Attempts to employ
phenol as an O-centered nucleophile were unsuccessful in
a pre-screening, probably because of the strong complex for-
mation between the phenolic OH group and the metal,
which would deactivate the catalyst. Benzamide (2d), the
weakest nucleophile, was chosen because aniline was ob-
served to generate a complex with certain metals and para-
toluenesulfonamide was not reactive with some of the alco-
hols in an initial screening.

Choice of Catalysts

In a preliminary study, we included 20 catalysts that were
found in the literature of related studies.”'”) However, the
study became too extensive to provide an accessible over-
view, and some of the catalysts showed similar reactivity.
For example, the anion effect was studied for BiBr;, BiCl,,
and Bil;, and only a negligible difference in efficiency was
observed. Therefore, after an initial screening, eight cata-
lysts were selected (Scheme 5). These catalysts have all been
reported in one or more of the different combinations of
electrophiles and nucleophiles. We have divided the cata-
lysts into three different categories: Lewis acidic metals,
redox metals, and mineral acids.

FeCl; BiBrs
[PACla(MeCN).]

NaAuCls-2H,0
[ReBr(CO)s]

La(OTf)3
MeReO;  HCI

Scheme 5. Catalysts used in the current study.
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Lewis Acidic Metals

To study how the hardness or softness and the group identi-
ty (main group, transition metal, lanthanide) of the metal in-
fluence the efficiency to perform the reaction with respect
to both the electrophile and the nucleophile, different Lewis
acids (iron(IIT) chloride, bismuth(III) bromide, sodium
tetrachloroaurate(IlT) dehydrate and lanthanum(III) tri-
flate) were selected. Fe'™ has been reported to be active in
C-0,7**l C—N,/*mal and C—C bond-forming reactions!’
with benzyl alcohols. Bi"™ has been reported to be active in
various reactions, including C—C,’**<l C—Q,® C-S®1 and
C—N[I bond-forming reactions. Au™ has been reported to
be active in etherification and amidation!"®! of benzylic
and tertiary alkyl alcohols. Lanthanoid salts have been re-
ported to be active in C—C, C—O, and C—N bond-forming
reactions but not in C—S bond-forming reactions.!"”

Redox Metals

We wanted to compare how the oxidation state of the transi-
tion metal affected the compatibility with the nucleophile as
well as the electrophile. Also, we wanted to study how dif-
ferent transition metals that have been reported to be active
for different activating groups (i.e. Pd to allyls and Re to al-
kynes) perform on the selected substrates. Bis(acetonitrile)-
palladium(IT)chloride, bromorhenium(I)pentacarbonyl and
methylrhenium(VII)trioxide represent the redox metal cata-
lysts in this study. Pd" has been reported to be active in C—
O, C—-N, and C—S bond-forming reactions and is prone to
form m-allyl complexes with allylic alcohols.®**! The Re!
carbonyl compound has been reported to be active in C-O
bond-forming reactions and is reported to form m—propargyl
complexes with propargylic alcohols.'" Re¥™ does not have
the possibility to perform oxidative addition and has been
reported to be active in C—O and C—N bond-forming reac-
tions. It should be pointed out in this respect that Au™ can
also act as a redox-metal catalyst (Au™/Au").

Mineral Acids

We chose HCI as our mineral acid, because the Lewis acids
in our study may act as a precursor to generate the corre-
sponding mineral acid that could be the true catalyst.*! To
achieve adequate comparison, 20 mol % instead of 5 mol %
has been used with respect to the corresponding electrophil-
ic alcohol.

Catalytic Procedure

Reference compounds of all products were prepared using
catalytic methods in which the alcohol and nucleophile re-
acted in the presence of an appropriate catalyst. In many re-
actions, side reactions, such as homo-etherification to gener-
ate the symmetrical ether were observed. All by-products
were isolated and characterized separately. Temperatures
and reaction times of all reactions were pre-screened. It is
important to note that these reaction parameters were set in
order to differentiate between the reactivity of the combina-
tions in transformations. That is, the reaction parameters

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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were not optimized to generate the corresponding products
in high yields, but to disclose differences in reactivity among
the electrophiles, nucleophiles and catalysts.

Choice of Solvent

Pre-screening revealed nitromethane to be the best solvent
for all nucleophile-electrophile combinations. Dichloro-
ethane showed similar reactivity for reactions that were effi-
cient at low temperature. However, certain combinations of
electrophile and nucleophile required higher reaction tem-
perature. Running the reactions in toluene gave poor re-
sults.

Catalytic Nucleophilic Substitution by S-Centered
Nucleophile 2a

The results from the thioetherification reactions are given in
Table 2. The reactions were run under three different reac-
tion conditions, depending on the electrophile. Reactions
employing substrates 1a—1¢ were run at room temperature
for 10 h, 1e was run at 60°C for 60 h, and 1d was run at
80°C for 48 h. It is worth noting that, of the metals screened
in this study, only La™, Bi", and Pd" have been reported to
be active in the thioetherification reaction before.!>1%

Table 2. Conversion in the catalytic nucleophilic substitution of alcohols (1) by thiophenol (2a).[*"

www.chemasianj.org
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of substrate 1b. If the reaction proceeded through a m-allyl
intermediate, such regioisomers would be expected.

For the less reactive alcohols (1d,e) in terms of selectivity
towards formation of the desired substitution product, the
Lewis acids promoted the thioetherification better, while
the redox metals showed low or no conversion to the de-
sired product. Bi'"" showed the highest degree of efficiency
and generated the desired products in a 50-79 % yield. Re'
catalysts, which are known to generate m-propargylic metal
complexes, were unreactive in this transformation.’” In
analogy to substrates 1a—c, etherification of 1e to generate
the symmetrical ether was observed. Using Bi™ or Fe™ cata-
lysts, symmetrical ethers were obtained in a 23-26 % yield.
In the case of Au™, an attack of the triple bond of 1e was
observed.””! Moreover, the reactions involving tert-butyl al-
cohol 1d produced isobutylene as the major side product for
all the catalyst except bismuth, which generated 3d in 79 %
yield (see the Supporting Information for details). The cata-
lysts that gave low conversion in direct substitution reactions
leading to thioetherification generally ended up with more
disulfide formation by oxidation of the unreacted thiophe-
nol.

Catalytic Nucleophilic
Substitution by C-Centered

OH 5 mol% [M] s Ph Nucleophile 2 b
Ao, + Ph—SH ——— + H0
R'R MeNO,
R'” "R2 The results from the C—C
1a-e 2a 3a-e R .
bond-forming reactions are
-~ " r SPh given in Table 3. The reactions
Ph = .
Products PMPT S Ph/V\ Ph Ph—= < Phs‘é .
3a 3b 3¢ 3e 3d were run under three different
Catalysts reaction conditions depending
FeCl, 69% 59% 88% 47% (10%)  tracc (82%)1  On the electrophile. Reactions
BiBr, 92% 86% 999% 50% 85%)  79% employing substrates 1a and 1b
NaAuCl,2H,0  81% 66% (78 %) 41% (61%) 169%™ 12% (45%)1  were run at room temperature
T i s B e
P ol MeCN . o (73%)' o (] 7 % ) (4 (4 o)t
[ReBr(CO);] 0% 50 %4 0% 0% 13% (57 %) 10k, Oand 1d and 1e were run
MeReO, 80% 61% (T1% )59 48% (78%)5 1994 6% (s1%)  at 80°C for 10 h. To our knowl-
HCIl 79% 5391 2% (54%)9 8% 0% (23%)<  edge, only Fe"'’*°l and Pd°’l'"™

[a] The reactions were run using alcohol 1 (1 mmol), 2a (1 mmol) in nitromethane (2.5 mL), and metal catalyst
(5 mol % ). Reactions to form 3a—¢ were run at room temperature for 10 h. The reaction to form 3e was run at
60°C for 60 h. The reaction to form 3d was run at 80°C for 48 h. [b] Conversion was determined by '"H NMR
spectroscopy using toluene as an internal standard. Bold entries indicate reactions with higher efficiencies.
[c] In parenthesis: overall conversion of the electrophile where more than 10% formation of symmetrical
ether were observed. [d] The reactions were repeated at least twice to confirm the reproducibility of the ob-
served yield. [e] In parenthesis: overall conversion of fert-butyl alcohol to product and isobutylene determined
by 'H NMR spectroscopy. [f] 20 mol % with respect to the electrophile was used.

For thiophenol 2a, the benzylic and allylic substrates 1a—
¢ were the most selective electrophiles in the catalytic thioe-
therification reaction. Lewis acids generally performed well
in the thioetherification reaction, and Bi™" showed the high-
est reactivity and also generated the desired products 3a—
¢ in 86-99% conversions. Other catalysts showed moderate
to good reactivity for these three electrophiles using the
same reaction conditions. For substrates 1a—c, homoetherifi-
cation was observed for Pd", Au', La™ Re'" and HCI,
which generated the symmetrical ether product in up to
30% yield. No regioisomers were observed in the reaction

Chem. Asian J. 2013, 8, 974-981
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have been reported to be active
in the nucleophilic substitution
of 2b.

For the carbon nucleophile
2b, the allylic substrate 1b
showed the highest selectivity
for forming the desired product.
Except for Re! and Re"™, most
catalysts generated the desired product 4b in 49-88% con-
version in less than 10 h. Generally, the Lewis acids gave
higher yields than the redox metals, where Bi' and Fe™
gave 88% and 87 % product yield, respectively. Au™, which
has never been reported to catalyze C—C bond-forming re-
actions using 2b, generated the desired product in 80%
yield. Interestingly, Pd" produced the product in 74 % yield.
The mineral acid also catalyzed the C—C bond-forming reac-
tion, though it generated the product in a lower yield.

The primary benzylic alcohol 1a was the second most se-
lective alcohol in the C—C bond-forming reaction with 2b as

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Conversion in the catalytic nucleophilic substitution of alcohols (1) by acetylacetone (2b).[**! M]
o o 0_0
OH O (o) (9,
5 mol% [M] <o
R1J\R2 + M4>M6N02 )‘:G:_Z\e + Hgo ob'
1a-e R R
2b Scheme 6. Stabilization of 2b
Ac ‘s acidi
j/\LAc PMP/\r Ac Ph  Ac B Ac Ac by Lewis acidic catalysts.
Products pr X 10 Ac Ph——— AC; <
4b a 4c o 4d
Catalysts Catalytic Nucleophilic
FeCl, 87% 30% 99 o) [c] KLLAG 0% (81% ) Substitution by O-Centered
BiBr; 88 %!l 65 % 92 %! 38 %! 0% Nucleophile 2 ¢
NaAuCl,2H,0 80 % 67 % 63% (75% )\l 11% 0% (42%)14 N
La(OTf), 69% 47% (70%)! 23% (33 %)<l 23% (34 %)<l 0% (80%)! The results from the etherifica-
[PACL,(MeCN),] 74% 63% 98 %! 0%! 0% (22%)  tion by 3-phenylpropanol 2¢
[ReBr(CO);] 0% 0% (19% ) 15% 17% (28%)! 0% (73%)""  are given in Table 4. The reac-
MeReO, 12% 0% (30%)k! 0% (25% )l 0% (10% )l 0% (57 %) tions were run under three dif-
HCI 49% 29% 12% 0%! 0% (24 %)

ferent reaction conditions de-

[a] The reactions were run using alcohol 1 (1 mmol), 2b (1 mmol) in nitromethane (2.5 mL), and metal catalyst
(5 mol%). Reactions to form 4a,b were run at room temperature for 10 h. The reaction to form 4¢ was run at
60°C for 10 h. Reactions to form4d,e were run at 80°C for 10 h. [b] Conversion was determined by '"H NMR
spectroscopy using toluene as an internal standard. Bold entries indicate reactions with higher efficiencies.
[c] The reactions were repeated at least twice to confirm the reproducibility of the observed yield. [d] In pa-
renthesis: overall conversion of fert-butyl alcohol to product and isobutylene determined by 'H NMR spectros-
copy. [e] In parenthesis: overall conversion of the electrophile where more than 10 % formation of symmetrical
ether was observed. [f] 20 mol % with respect to the electrophile was used.

nucleophile and showed similar but lower efficiency than
the allylic substrate to generate 4a in 30-67 % yield. La™,
Re"™, and Re' generated a substantial amount (23 %, 30 %,
and 19%) of the symmetrical ether of 1a.

The secondary benzylic alcohol 1c¢ required heating at
60°C and gave excellent yields of 4¢ with Fe™, Bi'™ and
Pd". Also, moderate reactivity of the Au'" catalyst was ob-
served in generating the product. The other catalysts
showed low or no activity in this reaction. The etherification
to generate the symmetrical ether was a major side reaction
in almost all cases where lower yield of product 4¢ was ob-
served. The symmetrical ether may be an intermediate for
many catalysts in this transformation. It should be noted
that Re¥"" was not active in this transformation; instead, the
symmetrical ether was generated in 25 % yield.

Propargylic alcohol 1e was a poor substrate in this trans-
formation and required heating to 80°C for 10h. Using
either Fe- or Bi-based catalysts generated the desired prod-
uct 4e in a 38% yield, and the symmetrical ether was ob-
served as a by-product, especially with the Re- and La-
based catalysts.

Substrate 1d was even more challenging. After heating
the reaction mixture to 80°C overnight, no conversion to 4d
was observed with any of the catalysts in this study, whereas
water elimination from fert-butyl alcohol was found to be
operating for all catalysts except bismuth, giving rise to the
formation of volatile isobutylene in 22-81 % conversion. A
possible explanation for the higher reactivity of the Lewis
acids and Pd" is that both the electrophile and the nucleo-
phile are activated by the catalyst. The catalyst stabilizes the
activated enolate ion and may form a chelated complex 2b’
(Scheme 6).

Chem. Asian J. 2013, 8, 974-981

pending on the electrophile.
Reactions employing substrates
1la and 1b were run at room
temperature for 10h, 1le¢ was
run at 60°C for 6 h, and 1d and
le were run at 90°C for 10 h.
All catalysts in this study have
been reported to be active in
etherification reactions.

Generally, the redox metals and La™ were more efficient
in term of selectivity in generating the desired ethers than
the other Lewis acids. For both 1a and 1b, the Re-based cat-
alysts and also the La catalyst were the most efficient in the
etherification reaction to generate products Sa,b. In the re-
action of 1a, the symmetrical ether was generated in 20-
30% as a side product in the case of both catalysts. The al-
lylic substrate was more reactive than the primary benzylic
substrate, and both rhenium-based catalysts generated Sb in
62-66 % conversions and Sa in 46-57 % conversion. The Pd-
based catalyst was efficient in the transformation of the al-
lylic electrophile, but not for transformation of the primary
benzylic electrophile. Generally, the mineral acid and the
Lewis acids were not efficient in the transformation of allyl-
ic and primary benzylic substrates using these reaction con-
ditions.

The secondary benzylic alcohol 1c¢ required heating to
60°C for 6 h in the etherification to generate Sc. Substrate
1c gave relatively good conversions, and Re' and Au™
showed highest reactivity. Up to 20 % symmetrical ether was
observed when La™, Re"'", and HCI were employed as cat-
alysts.

The least selective electrophiles to form the desired sub-
stitution products were the propargylic and tertiary aliphatic
alcohols. These substrates required higher reaction tempera-
tures and longer reaction times than the other substrates. In
general, the propargylic alcohol was slightly more reactive
than the tertiary alcohol. La™, Re', Re"" and Bi™ gave high
rates of conversion to Se (60-76%). Remarkably, the Pd"
catalyst was not efficient in this transformation. We found
that when the acetonitrile ligands were exchanged for stron-
ger donor ligands (phenanthroline or triphenylphosphine)

i
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Table 4. Conversion in the catalytic nucleophilic substitution of alcohols (1) by 3-phenyl propanol (2¢).1*"!

Srijit Biswas and Joseph S. M. Samec

For benzamide 2d, the allylic

=8 alcohol 1b was the most effi-
OH Hn:S 5 mol% [M] O™ "Ph : : ;
1)\ ; * HO'Ph Tyenos T o 1 o H0 cient electrophile and was ami-
R1 a-eR 2 2 Reae dated at room temperature by
— — — Bi'" catalysis. After 10 h, 59%
0¥ en PNV o Fen o Vpn >L =3 of 6b was obtained. All other
Products PMP™ 0™ "Ph PN Ph%< o™ "Ph
P 5a Ph sd catalysts gave no or low rates of
51 . .
s se ¢ conversion to product at this
Catalysts
- - — - — temperature. However, at
FeCl, 0% 0% trace 54% 23% (87%) higher reaction temperatures,
BiBr; 0% 0% 68 % 64 %! 41% h | h d
NaAuCl,2H,0 0% 31% 76 %Ll 4591 34% (59%) Most other catalyst showe
La(OTf), 67 %!°! 19% 2% (62%) 76 %! 30% (83 %)M moderate to good reactivity.
[PACL,(MeCN),]  58% Trace 59% 0%.1130%!1 51% (60%)"  The generation of the allylic
[ReBr(CO)] 66 %! 46 %! 78 %!l 1% 52% (%) cation was previously reported
MeReO; 62 %!°! 57% 64 % 60 %! 48 % (70 %)\ by J 1.0 wh 1 d
HCIE! 0% 0% 37% (47%)F 52%L 219% (38%) Y Jana etal.,mh who employe

[a] The reactions were run using alcohol 1 (1 mmol), 2b (1 mmol) in nitromethane (2.5 mL), and metal catalyst
(5 mol % ). Reactions to form 5a,b were run at room temperature for 10 h. The reaction to form 5¢ was run at
60°C for 6 h. Reactions to form 5d,e was run at 90°C for 10 h. [b] Conversion was determined by '"H NMR
spectroscopy using toluene as an internal standard. Bold entries indicate reactions with higher efficiencies.
[c] The reactions were repeated at-least twice to confirm the reproducibility of the observed yield. [d] Overall
conversion in parenthesis of tert-butyl alcohol to product and isobutylene determined by "H NMR spectrosco-
py- [e] Overall conversion in parenthesis of the electrophile where more than 10% formations of symmetrical
ether were observed. [f] Phenantroline and OTf was used as ligands. [g] 20 mol % with respect to the electro-

phile was used.

and the chlorides were exchanged for the less coordinating
triflates, Se was generated in 30% yield after 10h
(Scheme 7). Still, only one regioisomer was formed.

The tertiary alcohol 1d was the least efficient substrate in
the etherification reaction to form the desired substitution
product. Re™™ and Pd" performed the reaction the best,
and ether 5d was generated in 48-52% conversions. A pos-
sible hypothesis for the higher efficiency of the redox metals
in the etherification reaction is that a hydrogen-borrowing
mechanism is operating. We concluded by experiment that
this was not the case (see the Supporting Information). In
addition to formation of the desired product, an appreciable
amount of isobutylene was observed by water elimination of
tert-butyl alcohol (see the Supporting Information for de-
tails).

Catalytic Nucleophilic Substitution by N-Centered
Nucleophile 2d

The results from the amidation reactions are given in
Table 5. The reactions were run under three different reac-
tion conditions depending on the electrophiles; 1b was run
at room temperature for 10 h, 1a and 1d were run at 80°C
for 12 h, and 1¢ and 1e were run at 100°C for 12 h. All cata-
lysts except Re' have been reported to be active in C—N
bond-forming reactions.

two diastereomeric allylic alco-
hols, one having a hydroxy
group to the more hindered
side near the Ph group and an-
other having a hydroxy group
at the less hindered side. They
observed the formation of same
product catalyzed by Fe' salt
in nitromethane solvent, which
supports the formation of the
allylic cation during the course of the reaction.

The second most selective electrophile in the amidation
reaction was the tertiary alcohol 1d. Interestingly, this sub-
strate showed less efficiency towards product formation for
the other nucleophiles in this study. The tertiary alcohol was
amidated by 2d at 80°C by both Fe™ and Bi™ catalysis.
After 10h, the product 6d was formed in 31% and
52 %yield, respectively. No other catalyst was efficient for
amidation of 1d under these reaction conditions. In analogy
to the other transformations using 1d, isobutylene formation
was a major side reaction for all the catalyst except bismuth
(see the Supporting Information for details).

The secondary benzylic alcohol 1¢ was amidated at 100°C
and the reactions were run for 12 h. Fe" and Bi"" were the
most efficient and gave 6¢ in 47 % and 48 % of conversions,
respectively. Re!, Au™, and Pd" were also reactive and gave
6¢ in 29-36% conversion. In the case of Re!, the desired
product was generated in 35% yield. This Re'-catalyzed C—
N bond-forming reaction has not been reported before.
La™, Re'", and HCI showed low reactivity in the amidation
reaction of 1¢. La™, Re', and HCI produced the symmetrical
ether in 31-45% conversion. Primary benzylic alcohol 1a
was amidated at 80°C with all catalysts except Fe™ to gener-
ate 6a in low yields. Bi"" showed the highest catalytic activi-
ty and generated the product in 43 % yield after 12 h. The
other catalysts generated the
product in 17-31% of conver-

OH [PACI,(MeCN)z] 1o sions.

[PACIo(MeCN),]
4= AgOTf
0 " ph L
Ph—:—< Ph" >""OH + Ph—=
5e L=phenanthroline or PPh; 2c Te
(30%)

Scheme 7. Donating dative ligands and less-coordinating triflate ligand on palladium are necessary for reactivi-

ty in etherification of 1e.
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reaction

The propargylic alcohol 1le
was the least reactive alcohol in
the amidation reactions. Only
Fe™ and Bi™ showed any reac-
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Table 5. Conversion in the catalytic nucleophilic substitution of alcohols (1) by benzamide (2d).1**!

www.chemasianj.org

Srijit Biswas and Joseph S. M. Samec

cleophile, Pd" and Re“" gave

O .
moderate rates of conversion
JO\H j\ 5mol% [M] R'  »—Ph h ;
+ — > VY NH + HO whereas Re’ performed poorly.
R'” "R? HoN Ph MeNO, a In th f the C ¢ d
1a-e 2d 6a-e n the case of the —C?In ere
5 5 nucleophile, only Pd" was
Py Q 2 Ph HN active. For the O-centered nu-
Products e >‘\Nkph PMP/\NJ\P“ N)HZO Ph—= J<Ph leophile, all red tal
Ph/\)\ N H o \ cleophile, all redox metals per-
6b 6d 6a 6c 6e formed with high efficiency. For
Catalysts the N-centered nucleophile, Re'
FeCl, 43 %1 3% (84%)9 0% 7% 20% performed better than both Pd"
BiBr; 59 %!l 52% 3% 48% 13% and Re""™. Formation of volatile
NaAuCl4-2 HZO 25 %[C] 0% (41 %)[d] 31% 36 % 0% isobutylene was Observed as
La(OTf), 0% 0% (81%)!¥ 21% trace (45%)1!  trace : :
major side product for most of
[PACL(MeCN),]  28% 0% (18%)4 27 %!l 29% 0% 0 ! > P Jovi
[ReBr(CO)] 0% 10% (76%)4  31% 359 0% the reactions employing fert-
MeReO, 0% trace (50%)141  28% 0% (37%) 0% butyl alcohol (1d) as electro-
HCIY 0% 0% (22% )1 17% 1% 31%) 0% phile, except in the case of bis-

[a] The reactions were run using alcohol 1 (1 mmol), 2d (1 mmol) in nitromethane (2.5 mL) using metal cata-
lyst (5 mol %). The reactions to form 6b was run at room temperature for 10 h. Reactions to form 6a,d were
run at 80°C for 12 h. Reactions to form 6¢,e were run at 100°C for 12 h. [b] Conversion was determined by
'"H NMR spectroscopy using toluene as an internal standard. Bold entries indicate reactions with higher effi-
ciencies. [c] The reactions were repeated at least twice to confirm the reproducibility of the observed yield.
[d] In parenthesis: overall conversion of tert-butyl alcohol to product and isobutylene determined by '"H NMR
spectroscopy. [e] In parenthesis: overall conversion of the electrophile where more than 10% formation of
symmetrical ether were observed. [f] 20 mol % with respect to the electrophile was used.

tivity towards desired product formation, where the former
catalyst generated 6e in 20 % conversion.

Synopsis

The aim of this study was to determine the efficiency of dif-
ferent metals in performing catalytic nucleophilic substitu-
tion of alcohols with respect to the electrophile as well as
the nucleophile. In the following section, we conclude and
discuss the reactivity of the metals with respect to electro-
philes and nucleophiles.

No major deviations among the catalysts with regards to
the electrophiles were observed in this study. The trend in
Scheme 3 was consistent for all metals, regardless of the nu-
cleophile. Furthermore, there was no observed difference in
regioselectivity of any of the substrates. Even in the case of
substrates with allylic or propargylic functionality, only sub-
stitution at the C—O position was observed. For the nucleo-
philes, general and specific differences between the metals
were observed. Overall, Fe', Bi', and Au™ showed greater
efficiency than the redox metals for S-, C-, and N-centered
nucleophiles, and Pd", Re', Re"™, and La™ showed higher
efficiency for the O-centered nucleophile. Within the group
of Lewis acids, Bi'™ gave the best results, regardless of the
nucleophile (except O-centered). Across the range of nucle-
ophiles, Fe™ and Bi™ showed similar reactivity. Generally,
Au™ was observed to perform with slightly lower efficiency
than Fe and Bi"™. Interestingly, the use of La™ produced
lower rates of conversion than the other Lewis acids for all
nucleophiles except for the O-centered 2c.

Within the group of redox metals, the reactivity was also
highly dependent on the nucleophile. For the S-centered nu-
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muth (see the Supporting Infor-
mation for details). This could
be an explanation why bismuth
was efficient to produce rela-
tively high conversion of the
desired products with most of
the nucleophiles involving 1d
as electrophile compared to
other Lewis acids.

Interestingly, in this study, the efficiency of the reactions
to generate the products was found to be highly dependent
on the reactivity of the nucleophiles. Currently we are inves-
tigating the detailed mechanism, supported by theoretical
calculations.

Conclusions

This study provides an objective overview over the factors
that govern the reactivity in the catalytic nucleophilic substi-
tution of alcohols. Surprisingly, there is no observed devia-
tion in reactivity or regioselectivity between the catalysts
and the electrophiles; that is, the ease to generate the carbo-
cation from the alcohol substrate is what governs the con-
version to the desired product, and not the catalyst.

However, there are several differences in reactivity and
chemoselectivity with respect to the nucleophile in these re-
actions. We found that: 1) Re™"", Pd", and La™ generally
favor O-centered nucleophiles and 2) Fe™, Bi', and Au™
give better results with the S-, C-, and N-centered nucleo-
philes.

Experimental Section

Representative experimental procedure for the synthesis of 1-(3-((E)-4-
Phenylbut-3-en-2-yloxy)propyl)benzene (5b):

Allylic alcohol 1b (148 mg, 1 mmol), 3-phenyl propanol 2¢ (136 pL,
1 mmol), and La(OTf); (29 mg, 0.05 mmol) were stirred at room temper-
ature in nitromethane (2.5 mL) under nitrogen for 10h (see general
screening procedure in the Supporting Information for details). Nitrome-
thane was evaporated under reduced pressure and the crude reaction

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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mixture was purified by silica-gel column chromatography to afford 5b
(162 mg, 0.61 mmol, 61 % yield of isolated product) as a colorless oil. IR
(Neat): #=2930, 1722, 1453, 1097, 747, 696 cm . '"H NMR (300 MHz,
CDCLy): 6=135 (d, 63Hz, 3H, H-methyl), 1.87-1.96 (m, 2H,
PhCH,CH,), 2.71 (dt, 2H, J=1.8 Hz, 7.2 Hz, 2H, PhCH,), 3.34-3.41 (m,
1H, OCH,), 3.50-3.57 (m, 1H, OCH,), 3.96-4.01 (m, 1H, OCH), 6.13
(dd, J=7.5Hz, 16.2Hz, 1H, H-olefin), 6.51 (d, /J=159Hz, 1H, H-
olefin), 7.07-7.41 ppm (m, 10H, H-arom). *C NMR (100 MHz, CDCl;):
0=21.6, 31.5, 32.5, 675, 76.4, 125.7, 126.4, 127.5, 128.2, 128.4, 128.5,
128.5, 128.9, 130.7, 132.2 ppm. HRMS: caled. for C,¢H,NaO 289.1568;
found: 289.1552. Elemental anal. (%) calcd. for C;yH,O (266.38):
C 85.67, H 8.32; found C 85.70, H 8.36.

The reaction yield was determined by NMR spectroscopy to be 67 %
before purification by taking out 100 uL of the reaction mixture and
using toluene as internal standard (see the Supporting Information).
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