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ABSTRACT: A highly chemoselective transesterification of methyl (meth)acrylates catalyzed by sterically demanding 2,6-di-tert-
butyl-4-methylphenol (BHT)-derived NaOAr or Mg(OAr), was developed. The desired transesterification proceeded without unde-
sired Michael additions under mild reaction conditions at 25 °C, and various primary and secondary alcohols, diols, triol, and tetraol
on a scale of up to 10 mmol could provide the corresponding functionalized acrylates in high yields. Transition states were proposed
based on monomeric and dimeric active species, and computational DFT calculations strongly supported the high chemoselectivity

to minimize undesired Michael additions.
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With industrial applications involving heat-resistant adhe-
sives, varnishes, UV-coatings, photoresists, and polymeric plas-
tics, etc., (meth)acrylates are produced on a million-ton scale
per year as some of the most important manufactured chemi-
cals.! The desirable physical properties of (meth)acrylate poly-
mers, such as flexibility, transparency, and weatherability, can
be controlled and fine-tuned by functionalization of the ester
group.> Therefore, the chemoselective synthesis of various
(meth)acrylates is important in this field. In particular, trans-
esterification®* of methyl (meth)acrylates with alcohols is one
of the most accessible methods for preparing a variety of de-
sired acrylates, since methyl acrylate 1a and methyl methacry-
late 1b are inexpensive, commercially available in bulk, and
easy to handle as a liquid (i.e., solvent) (Figure la). For this
purpose, some Lewis acid catalysts can facilitate the desired
transesterification. However, at the same time, undesired Mi-
chael addition and its initiated polymerization are often ob-
served (Figures 1b and 1c). In particular, 1a is the simplest
acrylate without any substituents, and it is difficult to control
the chemoselectivity of transesterification due to its high reac-
tivity and instability regardless of the combined hard or soft al-
cohols. Therefore, mild reaction conditions with fine-tuned, ac-
tive, and green sustainable catalysts have been desired, particu-
larly for use in industry.

Considerable attention has been paid to heterogeneous cat-
alysts for use in general transesterification, particularly for bio-
diesel synthesis, which would offer the industrial advantages of
less harmful processes and the possibility of
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Figure 1. Chemoselective transesterification of methyl
(meth)acrylates 1a and 1b. (a) Nucleophilic substitution (trans-
esterification). (b) Michael addition. (c) Michael addition-initi-
ated polymerization.

recycling.’ Nevertheless, there are still only a few of examples
of the transesterification of (meth)acrylates, such as with silica-
supported Zr(IV)*® and Ti(IV)® catalysts, polystyrene-sup-
ported Ti(IV) catalysts,® aluminium oxide (ALOs)-supported
Ca(Il) catalysts,* etc., for which their inherently low catalytic
activity still requires heating conditions and a long reaction time
(typically 70-90 °C for 624 h). On the other hand, there are



still only a few examples of homogeneous catalysts. One of the
most striking developments is a zinc(Il) cluster catalyst,
Zn4y(OCOCF;)s0,” which was reported by Ohshima and co-
workers in 2016 (Scheme 1a).* In their paper, reactions with 1a
and 1b were carried out with the use of Zny(OCOCF3)sO (5
mol% based on Zn(II)) and 4-(dimethyl-amino)pyridine
(DMAP) (20 mol%) at 60—80 °C for 24-48 h. Although sec-
ondary alcohols were not used, the corresponding primary alco-
hol-derived (meth)acrylates were obtained in high to excellent
yields. In 2018, our group also reported the transesterification
of 1b with the use of a green sustainable ammonium catalyst
[MesN]T'TOCO,Me]™ (8) at 100 °C, which could provide not
only the corresponding primary but also the corresponding sec-
ondary alcohol-derived methacrylates in high to excellent
yields (Scheme 1b).° Unfortunately, however, the system could
not be used for the transesterification of 1a with benzyl alcohol
2a even at a reduced temperature (70 °C), and 3a was obtained
in 26% yield along with undesired byproducts 4a (10%), 5a
(1%), 6a (18%), and 7a (1%) (Scheme 1c).

Scheme 1. Reported homogeneous catalysts for (meth)acry-
late synthesis and our early study using [Me,N]" [OCO,Me] .

@ o

Zn4(OCOCF3)gO (5 mol%) o
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3a, 26% 4a, 10% 5a, 1% 6a, 18% 7a,1%

In such a situation, we were interested in sodium(I) and mag-
nesium(Il) salts of 2,6-di-fert-butyl-4-methylphenol (BHT) (9
and 10), which have been reported to be highly efficient in the
ring-opening polymerization (ROP) of cyclic esters (Figure
2a).'"" Remarkably, the 9- or 10-catalyzed ROP reactions pro-
ceeded smoothly even at 25 °C within 1 h. In particular, among
other phenol candidates, ' sterically demanding BHT-salts have
been commonly used in this reaction due to the high catalytic
activity of monomeric species!® along with their commercial
availability, chemical stability against oxidation,'? and low tox-
icity of BHT."® Of course, alkali and alkaline earth metal ions
are abundant and non-toxic,'* and thus 9 and 10 are highly at-
tractive as possible catalysts for the present chemoselective
transesterification of methyl (meth)acrylates. In particular, we
envisioned that 9 and 10 could serve as acid—base cooperative
catalysts, which can activate both 1a/1b and alcohol via confor-
mations with a four/four-membered ring, without the generation
of Michael addition-derivatives (Figure 2b).
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Figure 2. BHT-derived sodium(I) and magnesium(II) aryloxide
catalysts. (a) The ring-opening polymerization of cyclic esters.
(b) The present chemoselective transesterification of
(meth)acrylates.

We initiated our exploration by attempting the transesterifi-
cation of problematic methyl acrylate 1a with simple and highly
reactive benzyl alcohol 2a as a probe reaction at 25 °C for 30
min in the presence of Cu(CS;NMe:), (0.2 mol%) as a polymer-
ization inhibitor (Table 1). Due to a general industrial practice,
bulk-supplied inexpensive 1a was used as a solvent. To identify
better conditions, the reactions were intentionally carried out in
the absence of molecular sieve (MS) 5A, since removal of meth-
anol by MS 5A would suppress undesired byproducts 5a, 6a,
and 7a to some extent. First, BHT-derived alkali and

Table 1. Screening of catalysts for the transesterification of
1a with benzyl alcohol (2a).”

\)(J)\ catalyst (5 mol%) \;i 4n+ 5846847
~ s oMe * BZSH Without MS 5A s opn *TATSATRATi
14 mmol 2 mmol 25°C,05h
(1.2mL)
entry catalyst yield (%)
3a 4a Sa 6a Ta
1 LiOAr 50 8 8 25 13
2 NaOAr (9) 49 8 0 38 55
3 KOAr 40 8 2 47 45
4 Mg(OAr): (10) 40 0 0 0 1
5¢ 10 70 0 0 1 4
6 CaOAtp 6 0 0 1 __1_
NaOMe 43 8 1 41 40
8 KO#-Bu 20 10 17 30 30
9 Mg(Ot-Bu)z 60 1 0 8 15
10¢ Ca(Oi-Pr), 40 1 0 8 15
11¢ Ti(On-Bu)s 0 0 0 0 0
12¢ Fe(OEt)s 0 0 0 0 0
13¢ Zn(OMe) 0 0 0 0 0
14 La©iPry 625 1018 32
15 [MesN]TOCO:Me] (8) 2 0 0 1 0
16 [MesN] [OAr] 34 10 0 54 42

@ The reaction was carried out with 1a (14 mmol), 2a (2 mmol),
catalyst (5 mol%), and Cu(CS:NMe»), (polymerization inhibitor,
0.2 mol%) at 25 °C unless noted otherwise. ArOH is BHT. ? Iso-
lated yield as a mixture. The ratio was determined by 'H NMR. The
sum of the product yields could be exceeded 100%, since 7a was
generated from excess 1a. ¢ Reaction time was 3 h.



alkaline earth metal aryloxides, which we were interested in,"
were examined (entries 1-6). As a result, Mg(OAr), (10)
showed much better chemoselectivity than LiOAr, NaOAr (9),
and KOAr, and 3a was obtained almost exclusively in 40%
yield (entry 4). A prolonged reaction time of up to 3 h with the
use of 10 could provide 3a in 70% yield with high chemoselec-
tivity, although the reaction was almost established at that time
due to the equilibrium regarding 2a and methanol in the absence
of MS 5A (entry 5). In sharp contrast to Mg(Il) catalyst 10,
Ca(OAr), showed low catalytic activity with unimpressive
chemoselectivity, partially due to its low solubility (entry 6).
Moreover, other commercially available metal alkoxides, such
as alkali and alkaline earth metal salts,> Ti(IV),'® Fe(Ill),"”
Zn(11),”® and La(III)'® salts, which have been known to promote
general transesterification reactions, were examined (entries 7—
14). However, significant amounts of byproducts 4a, 5a, 6a,
and 7a were generated along with desired 3a, and the chemose-
lectivity was not impressive. Mg(O#-Bu), was more reactive
but less effective than 10, and 6a and 7a were obtained along
with desired 3a (60% yield) (entry 9). Ca(Oi-Pr), showed low
catalytic activity and Ti(On-Bu)s, Fe(OEt);, and Zn(OMe),
showed no catalytic activity under the mild reaction conditions
at 25 °C within 3 h (entries 10-13). Our previous catalyst
La(Oi-Pr); gave 3a in 62% yield, but significant amounts of the
byproducts 4a, 5a, 6a, and 7a were generated (entry 14). More-
over, as expected, [MesN]TOCO,Me]" (8) showed low catalytic
activity at 25 °C due to the slow initial in situ formation of ac-
tive species [MesN]TOBn]™ through the release of CO, and
methanol (entry 15). Instead, [MesN] [OAr]” improved the ac-
tivity, and 3a was obtained in 34% yield along with significant
amounts of 4a, 6a, and 7a (entry 16). From these screenings,
we found that the central metal and aryloxide would be im-
portant for controlling the chemoselectivity in the present reac-
tion.

Since Mg(Il) catalyst 10 was useful for the transesterifica-
tion of 1a with 2a, the substrate scope was examined in the pres-
ence of MS 5A, which should effectively remove methanol
(Scheme 2). As expected, 3a was obtained in quantitative yield
at 25 °C within 30 min. The same reaction was scalable with a
reduced amount of catalyst such as 0.5 mol%, and 1.62 g of 3a
was obtained quantitatively (Scheme 3). Other primary alco-
hols could be used, and an array of structural motifs, such as a
heteroaromatic group (3b), long hydrocarbon chain (3¢), un-
saturated hydrocarbon chain (3d), (—)-myrtenol derivative (3e),
and a-galactopyranose derivative (3f) were successfully syn-
thesized in more than 99% yield. Remarkably, sterically more-
hindered secondary alcohols were also available, although a
prolonged reaction time was typically required, and the mono-
mers for synthetic resins, such as 5-nonanyl acrylate 3g (94%
yield for 24 h), isobornyl acrylate 3h (83% yield for 24 h), and
(-)-menthyl acrylate 3i (90% yield for 48 h) as a typical pres-
sure-sensitive adhesive were obtained. Moreover, cholesteryl
acrylate 3j was obtained in 70% yield within 24 h, although an
elevated temperature of 60 °C was required due to low reactiv-
ity and low solubility. It should be noted that, even at the high
temperature, no undesirable byproducts were obtained, and the
remaining starting materials were recovered. Unfortunately,
although catalyst 10 could not be recovered as it was, stable
BHT could be recovered every time in 95-99% yield through a

routine workup procedure by silica gel column chromatography.

Scheme 2. Transesterification of 1a with various alcohols 2.*

\)’O]\
“
OMe MS 5A, 25 °C, 0.5-48 h

1a 2 3
14 mmol (1.2 mL) 2 mmol

Mg(OAN), (10) (5 mol%) 0

+ ROH OR

Product 3, yield, and reaction time:

T gy T

3a, >99% (0.5 h) 3b, >99% (3 h)

3d, >99% (1 h) 3e, 99% (24 h)

/(Z/ % \n/\ 3f >99% (1 h)

3g, 94% (24 h)

i

3i, 90% (48 h)

3¢, >99% (1 h)

3h, 83% (24 h)

3j, 70% (60 °C, 24 h)

% The reaction was carried out with 1a (14 mmol), 2 (2 mmol), 10
(5 mol%), Cu(CS:NMe,), (polymerization inhibitor, 0.2 mol%),
and MS 5A (0.4 g) at 25 °C unless noted otherwise. Isolated yields
after flash silica gel column chromatography are shown.

Scheme 3. Scale-up synthesis of 3a.

Jj\ Mg(OAr), (10) (0.5 mol%) %

X + BnOH

OMe MS 5A, 25 °C, 3 h OBn
1a 2a 3a

70 mmol (6.3 mL) 10 mmol >99%, 1.62 g

Next, we extended our catalytic system to cover the
chemoselective transesterification of methyl methacrylate 1b
instead of 1a in the presence of 4-acetamido-TEMPO (0.1
mol%) as a polymerization inhibitor (Scheme 4). However,
Mg(II) catalyst 10 showed rather low catalytic activity for the
reaction between 1b and 2a, and it took 6 h to complete the re-
action, although excellent chemoselectivity for 11a was ob-
served (see brackets b). Moreover, 10 was ineffective for bulky
secondary alcohols, and the corresponding products 11b and
11c were scarcely obtained even after 24 h, although any side
products were not obtained. After taking into account the ex-
pected chemical stability of 1b, unlike reactive 1a, we examined
more active alkali metal catalysts. As a result, even though the
catalyst loading was reduced to 2.5 mol%, NaOAr (9) was much
more effective than the others (see the Supporting Information),
and 11a, 11b, and 11¢ were respectively obtained in 95—>99%
yields without any byproducts within a greatly reduced reaction
time (0.5-3 h) at 25 °C. Remarkably, the reaction of 1b and 2a
proceeded quantitatively with the use of even 0.5 mol% of 9.
With the optimized catalyst for 1a in hand, a wide substrate
scope was disclosed. Primary alcohols provided the corre-
sponding products 11d—j in 93—>99% yields within 0.5-1 h. In
particular, whereas highly chelative substrates and/or products



Scheme 4. Transesterification of 1b with various alcohols 2.*

O
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MS 5A, 25 °C, 0.5-24 h

1b 2 11
14 mmol (1.5 mL) 2 mmol
Product 11, yield, and reaction time:
%OBn B% YK (5\ J\K
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11g, 99% (0.5 h) 11h, 98% (0.5 h)

O. /[Ijv Yk/\/o\/\OPh

o 11j, 99% (0.5 h) 11k, >99% (0.5 h)

11e, >99% (0.5 h) 11f,93% (0.5 h)

11i, >99% (1 h)

111, >99% (0.5 h) 11m, >99% (0.5 h) 11n, 88% 24h

110, 94% (24 h)

11p, >99% (6 h)

% The reaction was carried out with 1b (14 mmol), 2 (2 mmol), 9
(2.5 mol%), 4-acetamido-TEMPO (polymerization inhibitor, 0.1
mol%), and MS 5A (0.4 g) at 25 °C unless noted otherwise. Iso-
lated yields after flash silica gel column chromatography are shown.
b The reaction was carried out with 10 (5 mol%) in place of 9 (2.5
mol%). € 0.5 mol% of 9 was used.

often deactivate catalysts, heteroaromatic acrylates 11e and 11g,
allylic acrylates 11h and 11i, and diethylene glycol-derived
acrylate 11k could be obtained successfully. Moreover, func-
tionalized bulky secondary alcohols could also be used, and o~
galactopyranose derivative 111, bornyl methacrylate 11m, tro-
pinyl methacrylate 11n, cholesteryl acrylate 110, and quinine
methacrylate 11p were obtained in 88—>99% yields with excel-
lent chemoselectivity. In all cases in Scheme 4 as well as
Scheme 2, BHT could be almost fully recovered through flash
silica gel column chromatography.

Unstable (meth)acrylate synthesis is a challenge," and a

few examples were demonstrated (Scheme 5). Allyl methacry-
late 13a and glycidyl methacrylate 13b, which are chelative and
particularly susceptible to nucleophilic attack and thus some-
times result in decomposition and polymerization,’ could be
obtained in 90% and 76% yield, respectively. Trifluoroethyl

Scheme 5. Synthesis of unstable (meth)acrylates.”

O O
v&o/\/ %OM
R R
12a (R = H): 89% (0.5 h)? 12b (R = H): 40% (9 h)?
13a (R = Me): 90% (0.5 h) 13b (R = Me): 76% (1 h)
(6]
VJ\O/\CFa
R
12¢ (R = H): 40% (16 h)®
13c (R = Me): 88% (24 h)
@ Reaction was carried out with 1a or 1b (14 mmol), 2 (2 mmol), 9
(2.5 mol%), polymerization inhibitor (0.2 mol%), and MS 5A (0.4
g) at 25 °C unless noted otherwise. * 5 mol% of 9 was used at —
20 °C. ©5mol% of 9 was used at 25 °C.

methacrylate 13c, which is also unstable due to its electron-
withdrawing nature,” was also obtained in 88% yield. Unfor-
tunately, these corresponding acrylates 12a—c could not be ob-
tained by using less active Mg(Il) catalyst 10 since no reaction
occurred, but much more active Na(I) catalyst 9 could be used
at—20 °C to suppress undesired side reactions. As a result, 12a—
¢ could be provided with excellent chemoselectivity, although
the yields were moderate to good.

Moreover, the efficiency of our catalyst system at 25 °C was
especially highlighted by the industrially useful diol-, triol-, and
tetraol-derived (meth)acrylate synthesis (Scheme 6). Mg(Il)
catalyst 10 was effective for the transesterification of 1a with

Scheme 6. Transesterification with diols, triol, and tetraol.”
o] R o] R
YJ\O/\/\/OWA VJ\O/\/\/\/O\[A
R 0 R o]

14a (R = H): >99% (6 h)
15a (R = Me): >99% (1 h)

14b (R = H): 99% (48 h)
15b (R = Me): 99% (1 h)

m 9 % /\/O\/\o/\/o%

14d (R = H): 96% (24 h)
15d (R = Me): 99% (0.5 h)

14c ( ): 80% (24 h)
15¢ (R Me >99% (3 h

R
Ré o
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14e (R = H): 71% (24 h)®

15€ (R = Me): 99% (48 h) 14f (R = H): 3% (48 h)?

[99%, 2.70 g (48 h)]° 15f (R = Me): 99% (36 h)
@ Reaction was carried out with 1a (14 mmol), 2 (2 mmol), 10 (5
mol%), Cu(CS;NMey), (polymerization inhibitor, 0.2 mol%), and
MS 5A (0.4 g), or 1b (14 mmol), 2 (2 mmol), 9 (5 mol%), 4-acet-
amido-TEMPO (polymerization inhibitor, 0.1 mol%), and MS 5A
(0.4 g) at 25 °C unless noted otherwise. ? Reaction temperature
was 60 °C. ¢ Triol (10 mmol), 1b (12 mL), 9 (5§ mol%), 4-acetam-
ido-TEMPO (polymerization inhibitor, 0.1 mol%), and MS 5A (2.4
g) were used.



diols, and the corresponding linear alkyl chain acrylates 14a and
14b, structurally rigid hexahydromethanoindan-derived acry-
late 14¢, and highly chelative triethylene glycol-derived acry-
late 14d were obtained. Additionally, the relevant methacry-
lates 15a—d were obtained almost quantitatively with the use of
Na(I) catalyst 9. Remarkably, a successful transesterification
of trimethylolpropane could be performed, and tri(meth)acry-
lates 14e (71% yield) and 15e (99% yield) were obtained. No-
tably, the gram-scale synthesis provided 15e in 99% yield (2.70
g) without serious problems. Pentaerythritol, as an industrially
important tetraol, could be converted to the corresponding
methacrylate 15f quantitatively, although the corresponding
acrylate 14f was hardly obtained (up to 3% yield). For the syn-
thesis of 14f, catalysis with 9 at —20 °C for 24 h was also inef-
fective.

Despite the industrial importance of unsymmetrical o,m-
diol-derived crosslinkable bis-(meth)acrylate monomers in
electronic, coating, and photoresist materials, control of the
chemoselective reaction is difficult due to reversible intramo-
lecular transesterification. However, by taking advantage of
such intramolecular transesterification, we could smoothly re-
act the low-reactive o-tertiary alcohol moiety with the o-
(meth)acrylate moiety. In this regard, we could control the
chemoselective mono- and di-transesterification of unsymmet-
rical 1,3-diol 16 by using Mg(II) catalyst 10 and Na(I) catalyst
9, respectively (Scheme 7). With 5 mol% of 10, mono-
(meth)acrylates 17a and 17b were obtained quantitatively. On
the other hand, with 5 mol% of active 9, which could facilitate

Scheme 7. Selective mono- and di-transesterification with
unsymmetrical 1°/3°-diol 16.

OH 100r9 o] o] o]
YL T SO YIRS S
16 OH MA (1.2mL) ﬁj\o OH ﬁj\o (@) |
@mmol)  MSB5A,25°C 17a 18a
With 10, 0.5 h: 99% yield 0% yield
With 9, 3 h: 5% yield 75% vyield
(0] (0]
H 100r9 0 0 o)
TN, e (gt T LN
16 OH  MMA (1.5 mL) OH OJ\[/
@mmol)  MSB5A,25°C 17b 18b
With 10, 24 h: 99% yield 0% yield
With 9, 3 h: 0% yield 99% yield

Scheme 8. Transesterification of other conjugated esters.”

(0]
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19a, 99% (1 h)
CO,Me

(0] | (0]
/OBn Q(OBH /OBn
Ph o MeO,C

19d,>99% (0.5h)  19e, 84% [16%]° (0.5 h) 19, 88% [12%]° (3 h)?

19b, 99% (0.5 h) 19¢, >99% (1 h)?

“ Reaction was carried out with conjugated methyl ester (14 mmol),
2 (2 mmol), 9 (2.5 mol%), and MS 5A (0.4 g) at 25 °C unless noted
otherwise. ? Ethyl ester was used as a starting substrate. ¢ Data in
brackets are the yield of Michael adducts. ¢ 5 mol% of 9 was used,
and reaction temperature was —20 °C.

intramolecular transesterification with the low-reactive tertiary
alcohol moiety, di-(meth)acrylates 18a and 18b were obtained
in respective yields of 75% and 99%.

In place of 1a and 1b, other conjugated esters were used in
the present catalysis (Scheme 8). As a result, with the use of
2.5 mol% of Na(I) catalyst 9 at 25 °C, crotonate 19a and cyclo-
hexenecarboxylate 19b were successfully obtained in quantita-
tive yields. Moreover, 1,3-diene conjugated ester 19¢ was ob-
tained in >99% yield from the commercially available ethyl es-
ter. Conjugated alkynyl ester 19d was also obtained quantita-
tively.  Selective single transesterification of conjugated
diesters, which are very strong Michael acceptors, was also ap-
plicable at —20 °C, and the corresponding maleate 19e and acet-
ylenedicarboxylate 19f were obtained while minimizing unde-
sired Michael additions.

Finally, we turned our attention to mechanistic aspects. Ac-
cording to the literature on ring-opening polymerization of cy-
clic esters,'® BHT-derived sterically demanding sodium(I) and
magnesium(Il) aryloxides provide monomeric species in coor-
dinative solvents.??> In our present study,?> since coordinative
1a and 1b were used as solvents, we proposed possible mono-
meric transition states TS-20 and TS-21 with four-coordinated
pseudo-tetrahedral geometries as shown in Figure 3. In these
transition states, methyl (meth)acrylate and alcohol (ROH) are
coordinated to the acidic Na(I) or Mg(Il) center. At the same
time, due to the inherent basic nature of alkali and alkaline earth
metal aryloxides, alcohol would exhibit hydrogen bonding to
the OAr moiety to make a four-membered ring.'*** Based on
such acid-base cooperative activation, methyl (meth)acrylate
and alcohol are brought into close proximity for the relatively
tight transition states involving the corresponding four/four-
membered ring as shown in TS-20 and TS-21. Compared to
TS-21, TS-20 is sterically demanding due to two aryloxide moi-
eties. Consequently, the sterically restricted methyl acrylate 1a
would reasonably avoid an undesired Michael addition reaction
pathway, when bulky complex 10 was used as a catalyst. Since
NaOAr 9 with the sole aryloxide moiety does not have such
constraints like Mg(OAr), 10, poor chemoselectivity would be
observed in the reaction of 1a (see Table 1). Instead, since less
sterically demanding 9 would have higher catalytic activity than
10, methyl methacrylate 1b, which is much less problematic
than 1a for the undesired Michael addition, could be used suc-
cessfully. In other words, sterically demanding and thus less
(@ (b)

0Me®7
Me
H
g

R/o ..0 /0
\H_.—' R \

OMe
7#9
‘l

Na

TS-21

Figure 3. Possible transition states. L = ester or alcohol. (a) TS-
20 based on the monomeric 10 complex. (b) TS-21 based on the
monomeric 9 complex.



active 10 would not be suitable for 1b, which is inherently less
reactive than 1a. Overall, the matched respective combination
of 9 for 1a and 10 for 1b would be reasonably explained.

To numerically verify the mechanistic considerations, DFT
calculations were performed for the transesterification of 1a
with 2a catalyzed by 10. The results were compared to those
for Michael addition of the same substrates. For computational

details, see section 16 in the SI. Before investigating the reac-
tion pathway, we studied the relative stability of s-trans- and s-
cis-isomers of 1a by DFT calculation. As shown in Figure S4
in the SI, the s-cis-isomer is more stable than the s-trans-isomer
by 0.7 kcal/mol. These s-cis- and s-trans-conformations were
interconvertible with an activation energy of about 5 kcal/mol.
Assuming thermodynamic equilibrium, 70% of 1a would be in
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Figure 4. Potential energy profile for transesterification and Michael addition of 1a with 2a using the Mg(II) catalyst 10. For transi-
tion states, imaginary frequencies are given in parentheses. For rate determining steps, activation free energy, AG?, is shown in

parenthesis.
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Figure 5. Optimized structures of TS1%, TS1%, and TS1™. Bond lengths are given in A.
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a cis-conformation according to the Boltzmann distribution.
The calculated energy deviation is so small that the reaction
pathways for both s-cis- and s-trans-cases were investigated.
The calculated potential energy profile is shown in Figure 4,
and the structures of some key transition states are also shown
in Figure 5. Other optimized structures are also shown in sec-
tion S16 of the SI.

First, the potential energy profile for the transesterification
of s-cis-1a is explained. This pathway is the most plausible
among the three pathways investigated in the present study.
The reactant state R1% with s-cis-1a was slightly, albeit negli-
gibly, more stable than R1" with s-trans-1a. A nucleophilic at-
tack by 2a leads to transition state TS1* (for structure, see Fig-
ure 5), which corresponds to TS-20 with a four/four-membered
ring. This is the rate-determining step, and the calculated acti-
vation energy is 14.9 kcal/mol. The TS relaxes by 1.7 kcal/mol
to an intermediate state I1%. This elementary step includes both
C-O formation and proton transfer from 2a to OAr in a con-
certed manner. A further relaxation could happen in the inter-
mediate state and lead to the 12 state where ArOH donates a
hydrogen bond to the oxygen atom of a methoxy group. This
intermediate state is connected to TS2% and then to P1% state.
This step is also a concerted reaction where a methoxy group is
eliminated and accepts a proton in a concerted mechanism. The
calculated activation energy is 10.6 kcal/mol. In this P1* state,
generated MeOH is not properly coordinated to the Mg center.
Another structural relaxation could lead to the most stable P2*
state.

The potential energy profile for the s-frans-la case was
compared to that for the s-cis case. As seen in Figure 4, the
profile shown by red lines is very similar until the intermediate
state I1". The structure of transition state TS1" also showed a
four/four-membered ring conformation. The calculated activa-
tion energy for TS1" is 15.3 kcal/mol, which is comparable to
that in the cis case. However, the intermediate state 12" is less
relaxed than the 12% state in the cis-pathway. The transition
state TS2® also follows the same trend. As seen in Figure S6 in
the SI, the O=C-C=C dihedral angles in 12" and TS2" are not
planar due to intramolecular steric repulsion with the methoxy
group. This repulsion arises from the hydrogen bond between
ArOH and the oxygen atom of the methoxy group. This hydro-
gen bond restricts the orientation of the methyl group in the di-
rection of the C=C skeleton. However, once the s-trans-con-
formation is relaxed to the s-cis form (I12%), the s-trans-pathway
intersects with the s-cis-pathway. Therefore, the s-trans-path-
way is also expected to be one of the active pathways.

The Michael addition pathway was compared with the
transesterification pathways. The R2™ state is a near attacking
conformation before TS1™. The energy level of R2™ is higher
than that of R1* by 3.9 kcal/mol. The apparent activation en-
ergy from R1% becomes 16.9 kcal/mol, which is greater than
that of transesterification by 2.0 kcal/mol. This result explains
the preference for transesterification over Michael addition. If
we assume an Arrhenius equation, a change in the activation
energy of 2.0 kcal/mol (from potential energy) at 25 °C causes
selectivity of 96.7 % (99.8 % from activation free energy) to-
ward transesterification. If we consider the optimized structure
of R2™, the structural conversion from R1% to R2™ involves a
change in the conformation of 1a from s-trans to s-cis. There-
fore, only the s-cis-pathway needed to be investigated for the
Michael addition. After TS1™, the proton, which is originally
at 1a, moves to OAr (I1™). This OAr ligand is spatially

separated from the substrate. The sterically hindered OAr lig-
ands limit the conformational rearrangement to allow direct
proton transfer to the substrate. Thus, further proton transfer to
another OAr ligand should be necessary (I3™). The proton fi-
nally attacks the carbon atom to complete the reaction.

Recently, dimeric Mg(II) complexes, [Mg(OAr)(OR)],
were proposed as active species in the ring-opening polymeri-
zation (ROP) reactions.'’® Therefore, we also considered an-
other mechanistic possibility including such the dimeric Mg(II)
complexes based on DFT calculations (Figure 6). As a result,
the observed energy profiles showed that [Mg(OAr)(OBn)], fa-
vored the transesterification pathway more than the Michael ad-
dition pathway again (See the section 18 in the SI for details).
In our DFT result, dimeric Mg(II) complex is only 1.0 kcal/mol
more stable than monomeric Mg(Il) complex. As shown in the
SI, apparent activation energy of the transesterification pathway
is 1.4 kcal/mol smaller than that of the Michael addition path-
way. At this preliminary stage, we cannot exclude such the re-
action pathways including the dimeric Mg(II) complexes, and
further mechanistic considerations based on both experiments
and theoretical calculations should be necessary.

MeO” S0 Py Bno” S0
t-Bu 1 I|3n\ tBu +Bu 1 ’Y'e\ t+Bu
(0) (0]
Pan ~
o-Mg~ Mg-0 0-Mg  Mg-0
(@) (0]
tBu I|3n t-Bu t+Bu én tBu

3a, MeOH 1a, 2a

Figure 6. A possible reaction mechanism including dimeric
Mg(II) complexes.

In summary, we have developed a highly chemoselective
transesterification of methyl (meth)acrylates catalyzed by BHT-
derived NaOAr 9 or Mg(OAr), 10 under mild reaction condi-
tions at 25 °C. Through extensive substrate screening, our pre-
sent protocol encompassed an impressive range of functional-
ized primary and secondary alcohols, diols, triol, and tetraol on
a scale of up to 10 mmol, leading to 2.7 g of product. Industri-
ally useful but unstable acrylates were also obtained from
glycidol, allyl alcohol, and trifluoroethanol. Moreover, prelim-
inary transition states were proposed, and computational DFT
calculations strongly supported high chemoselectivity to mini-
mize undesired Michael additions. Overall, the observed excel-
lent chemoselectivity, high yields, mild reaction conditions at
25 °C, and lack of any toxic metal salts make our transesterifi-
cation a practical and green sustainable candidate for industrial
acrylate synthesis.
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