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ABSTRACT: We prepared bifunctional Mg" porphyrin
catalysts 1 for the solvent-free synthesis of cyclic carbonates
from epoxides and CO,. The activities of 1d, 1h, and 1i, which
have Br~, ClI7, and I" counteranions, respectively, increased in
the order 1i < 1h < 1d. Catalysts 1d and 1j—m, which bear
four tetraalkylammonium bromide groups with different alkyl
chain lengths, showed comparable but slightly different
activities. Based on the excellent catalyst 1d, we synthesized
Mg" porphyrin 1o with eight tetraalkylammonium bromide
groups, which showed even higher catalytic activity (turnover
number, 138,000; turnover frequency, 19,000 h™'). The
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catalytic mechanism was studied by using 1d. The yields were nearly constant at initial CO, pressures in the 1—6 MPa
range, suggesting that CO, was not involved in the rate-determining step in this pressure range. No reaction proceeded in
supercritical CO,, probably because the epoxide (into which the catalyst dissolved) dissolved in and was diluted by the
supercritical CO,. Experiments with '*O-labeled CO, and D-labeled epoxide suggested that the catalytic cycle involved initial
nucleophilic attack of Br~ on the less hindered side of the epoxide to generate an oxyanion, which underwent CO, insertion to
afford a CO, adduct; subsequent intramolecular ring closure formed the cyclic carbonate and regenerated the catalyst. Density
functional theory calculations gave results consistent with the experimental results, revealing that the quaternary ammonium
cation underwent conformational changes that stabilized various anionic species generated during the catalytic cycle. The high
activity of 1d and 1o was due to the cooperative action of the Mg" and Br~ and a conformational change (induced-fit) of the

quaternary ammonium cation.

B INTRODUCTION

Carbon dioxide (CO,) is an inexpensive, nontoxic, and
abundant carbon source for organic synthesis, and CO, has
been converted into various valuable chemicals.'”” For
example, cyclic carbonates, which are used as raw materials
for polycarbonates, as electrolytes in lithium-ion secondary
batteries, and as polar aprotic solvents, have been synthesized
from CO, and epoxides with high atom efficiency. Various
catalysts for this reaction have been developed,*”” including
metal complexes (e.g, metal salen complexes and metal-
loporphyrins) and organocatalysts (e.g.,, quaternary ammonium
salts and N-heterocyclic carbenes).

Among these catalysts, metalloporphyrins show relatively
high catalytic activity.® Various metal ions can be incorporated
into porphyrins, and the rigidity of the porphyrin framework
permits control of the spatial arrangement of the functional
groups attached to it.® Therefore, the catalytic activity of
metalloporphyrins can be improved further by suitable
functionalization. Bifunctional or trifunctional catalysts show
high catalytic activity for various reactions owing to the
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cooperative effects of the catalytic functional groups.3b’e'%l’5b'}”9

In previous work, we designed and synthesized bifunctional
porphyrin catalysts la—g (Figure 1), which showed high
catalytic activity derived from the cooperative action of the
nucleophilic halide anion (X™) and the Lewis acid metal center
(M). The organocatalytic moiety is attached to the meta
position of the benzene ring in 1 to secure the coordination
space of epoxide. The advantage of this catalytic motif is that
strict adjustment of the spacer length is unnecessary because
the X~ anion moves freely to attack the epoxide at an
appropriate angle.” Metalloporphyrins 1c and 1d with
quaternary tributylammonium bromide groups were more
active than la and 1b with quaternary triphenylphosphonium
bromide groups, and Mg" porphyrin 1d was more active than
Zn" porphyrin lc. With 2a as a substrate, 1d showed the
highest catalytic activity, with a turnover number (TON) of
103,000 and a turnover frequency (TOF) of 12,000 h™"' under
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1a: M = Zn, R = O(CH,)¢P*Ph4Br-
1b: M = Mg, R = O(CHy)gP*PhBr-

1h: M = Mg, R = O(CHy)gN*BusCI-
1i: M = Mg, R = O(CHy)gN*Bugl~
1j: M = Mg, R = O(CH,)gN*EtgBr-
1k: M = Mg, R = O(CH,)gN*PraBr-

1¢: M = Zn, R = O(CH,)gN*BugBr-
1d: M = Mg, R = O(CH,)eN*BuBr-
1e: M =Mg, R = O(CHp)gN*BugBr-  11: M = Mg, R = O(CH,)gN*HexsBr-
1f: M =Mg, R = O(CH,),N*BusBr~  1m: M = Mg, R = O(CH,)gN*+OctsBr-

1g:M=Mg, R = O(CHz)e'Nt /> gr- 1n: M =Mg, R = O(CHy)¢NEt,

Figure 1. (a) Cooperative activation of epoxide with a bifunctional
catalyst. (b) Bifunctional catalysts 1.

solvent-free conditions (Scheme 1). In contrast, a binary
catalytic system composed of (5,10,15,20-tetraphenyl-
porphyrinato)magnesium(II) (Mg(TPP)) and tetrabutylam-
monium bromide (TBAB) showed much lower catalytic activity
(TON = 5,000) under otherwise identical reaction conditions.
These results clearly indicate the importance of cooperation
between the two functional groups in the same molecule.
Comparison of catalysts 1d—f, which have different alkyl chain
(linker) lengths, revealed that the catalytic activities decreased
slightly in the order 1d > le ~ 1f (C6 > C8 =~ C4). Catalyst 1g,
which has the alkylpyridinium bromide groups, showed much
lower activity because of the poor nucleophilicity of the Br™ ion
of the tight ion pair and the low solubility of 1g in epoxide 2a.”

Scheme 1. Synthesis of Cyclic Carbonate 3 from Epoxide 2
and CO,
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a: R'=Bu, R2=H (1d: TON = 103,000, TOF = 12,000 h~")
b: R =Ph, R2 = H
c:R'"=Bu, R2=D
d: R'=Me, R2=H

Here, we studied bifunctional catalysts 1 in more detail. We
conducted further structural optimization by synthesizing 1h—
m, which have different ion pairs, and 1n, which has the
diethylamino groups. We investigated the reaction mechanism
by changing the CO, pressure (concentration) and by carrying
out the reaction with '®O-labeled CO, and D-labeled epoxide.
Density functional theory (DFT) calculations were conducted
to gain additional insight into the catalytic mechanism. These
mechanistic studies have revealed the molecular behavior of
highly active bifunctional catalysts 1 cooperatively using the
flexible organocatalytic group and the Lewis acidic metal center
under solvent-free conditions. The present study is also useful
for the design of new catalysts as well as the understanding of
congener catalysts
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B RESULTS AND DISCUSSION

Structural Optimization by Tuning the Pendent
Nucleophilic Group. We optimized the structure of catalysts
1 by synthesizing a series of new derivatives (1h—m, Figure 1)
and evaluating their catalytic activity for 2a (Scheme 1). First,
the effect of the X~ anion on the catalytic activity was examined
(Table 1). The catalytic activities of 1d, 1h, and 1i, which bear

Table 1. Effect of Counter Anion on Catalytic Activity”

entry catalyst yield (%)b TON
1€ 1d 99 19,800
2° 1h 48 9,600
3° 1i 7 1,400
49 Mg(TPP) + TBAB 78 3,900
54 Mg(TPP) + TBAC 75 3,800
64 Mg(TPP) + TBAI 20 1,000
7° TBAB 71 14
8° TBAC 99 20
9° TBAI sS 11

“Conditions: 2a (1.00 g, 10.0 mmol), catalyst (mdlcated below), C02
(1.7 MPa), 120 °C, 3 h, in a 30 mL autoclave. *Determined by 'H
NMR using 2-methoxynaphthalene as an internal standard. “Catalyst 1
(0.005 mol %). dMg(TPP) (0.02 mol %), quaternary ammonium salts
(0.08 mol %). “Quaternary ammonium salts (S mol %).

Br~, CI', and I” ions, respectively, increased in the order 1i <
1h < 1d (I” < CI” < Br7; entries 1—3). In general, Cl™ has the
highest nucleophilicity in aprotic solvents, whereas I” has the
highest leaving ability."' Our results indicate that both the
nucleophilicity and the leaving ability of the X~ anion are
important for the catalytic activity of 1, although the former
seems to be more important because 1h is more active than 1i.
For comparison, we also evaluated the catalytic activities of
TBAB, tetrabutylammonium chloride (TBAC), and tetrabuty-
lammonium iodide (TBAI) both in the presence and in the
absence of Mg(TPP) (entries 4—9). In the binary catalytic
systems, there was little or no difference in catalytic activity
between TBAB and TBAC (entries 4 and S). However, when
the quaternary ammonium salts were used alone, TBAC
showed the highest catalytic activity (compare entries 7—9).
These results can be explained as follows: in the absence of the
Lewis acid, nucleophilic attack of Br~ on the epoxide was
slower than that of CI” because Br™ is intrinsically less
nucleophilic than CI7; but in the presence of Mg(TPP), the
ring-opening of the epoxide by Br~ was more effectively
accelerated by the metal coordination. The ring-opening
activity of 1d was further enhanced by structure-specific
synergy between the Lewis acid (Mg") and base (Br~), which
was revealed by DFT calculations as described later.

Next we tuned the tetraalkylammonium cation moiety, which
can be expected to affect the nucleophilicity of the X~ anion
(Table 2). Although bifunctional catalysts 1k—m were only
slightly less active than 1d, 1j showed somewhat lower activity.
The less bulky triethylammonium cation in this catalyst may
have formed a tighter ion pair with Br~, thus decreasing its
nucleophilicity. This result is similar to the previously reported
results indicating that catalyst 1g, bearing the alkylpyridinium
bromide groups, showed low activity because the alkylpyr
idinium cation is less bulky than tetraalkylammonium cations.”

To evaluate the advantage conferred by the Br™ anion of 1d,
we examined 1n, which has the diethylamino groups instead of
quaternary ammonium salts. We anticipated that 1n would
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Table 2. Effect of Counter Cation on Catalytic Activity”

entry catalyst yield (%) TON
1 1d 68 34,000
2 1j 56 28,000
3 1k 67 33,500
4 1 66 33,000
5 Im 65 32,500

“Conditions: 2a (1.00 g, 10.0 mmol), catalyst 1 (0.002 mol %), CO,
(1.7 MPa), 120 °C, 3 h, in a 30 mL autoclave. YDetermined by 'H
NMR using 2-methoxynaphthalene as an internal standard.

show lower activity than 1d or 1j because the nucleophile (the
amino group) of In must be connected to the substrate via a
covalent bond with some strain during catalysis. Indeed, the 1n-
catalyzed reaction of 2a (0.005 mol %, 1.7 MPa CO,, 120 °C, 3
h) gave 3a in only 15% yield (compared to 99% for 1d and 79%
for 1j under otherwise identical conditions). This result clearly
demonstrates the superiority of the tetraalkylammonium
bromide (ion pair) over the amino group as an organocatalytic
site.

Based on all the results shown above, we designed and
synthesized Mg" porphyrin 1o with eight tetraalkylammonium
bromide groups (Figure 2). Although we were concerned about

the reaction proceeded under solvent-free conditions. The
autoclave was charged with 2a, 1d (0.005 or 0.002 mol %), and
CO,, and then the mixture was heated with stirring at 100 °C
for 3 h (Figure 3). The yields remained nearly constant at initial
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0 T T T T T T —&
0 1 2 3 4 5 6 7 8
CO, pressure (MPa)

Figure 3. Effect of CO, pressure. Conditions: 2a (1.00 g, 10.0 mmol),
catalyst 1d (red and blue: 0.005 mol %, magenta: 0.002 mol %),
additive 3a (red and magenta: 0 mol %, blue: 20 mol %), CO, (initial
pressure indicated above), 100 °C, 3 h, in a 35 mL stainless steel
autoclave with a sapphire window. The yield was determined by 'H
NMR using 2-methoxynaphthalene as an internal standard.

10: R = O(CH,)gN*BusBr-

Figure 2. Bifunctional catalyst lo.

the poor solubility of 1o in epoxide 2a because of the eight ion
pairs and higher molecular symmetry, fortunately, lo was
soluble in 2a and exhibited even higher catalytic activity than
1d (Table 3, entries 1—4). The maximum TOF and TON for

Table 3. Comparison of Catalytic Activities of 1d and 10“

entry catalyst loading (mol %) time (h) yield (%)b TON
1 1d 0.003 1 36 12,000
2 lo 0.003 1 57 19,000
3 1d 0.0008 24 82 103,000
4 1o 0.0008 24 95 119,000
S 1o 0.000S 24 69 138,000

“Conditions: 2a (1.00 g, 10.0 mmol), catalyst 1 (indicated above),
CO, (1.7 MPa), 120 °C, in a 30 mL autoclave. “Determined by 'H
NMR using 2-methoxynaphthalene as an internal standard.

1o reached 19,000 h™' and 138,000, respectively (entries 2 and
5), which are the highest values for the reaction of epoxides
with CO, into cyclic carbonates to the best of our knowledge.

Effect of CO, Pressure. We investigated the effect of CO,
pressure on the 1d-catalyzed reaction in a stainless steel
autoclave with a sapphire window so that we could observe how

CO, pressures in the range of 1—6 MPa, suggesting that CO,
was not involved in the rate-determining step in this pressure
range. Interestingly, almost no reaction proceeded in super-
critical CO, (scCO,) at above 7 MPa of initial CO, pressure.
Epoxide 2a dissolved in scCO,, whereas catalyst 1d did not."?
When the initial CO, pressure was 6—6.5 MPa, CO, was
partially liquid at room temperature but changed to scCO,
upon heating to 100 °C; during the heating period, 3a
accumulated at the bottom of the autoclave, and 1d dissolved in
the 3a, which appeared to promote the reaction. In contrast,
when 0.25—5.5 MPa CO, was heated to 100 °C, CO, remained
as a gas, substrate 2a remained as a liquid, and 1d dissolved in
it. These results suggest that dissolution of 1d in the epoxide or
the cyclic carbonate was the key to the reaction. In view of
these results, we decided to use 3a (20 mol %) as an additive
for the solubilization of 1d, and we carried out the reaction in
scCO, (Figure 3). At a CO, pressure of >7 MPa CO,, 1d and
3a dissolved completely in the scCO,'*> but no reaction
proceeded. Dilution of the epoxide and 1d in scCO, likely
contributed to the drop in reaction rate."?

Catalytic Cycle. To determine the order of reaction with
respect to catalyst 1d, we examined the dependence of the
conversion on catalyst loading. The reactions of 2a with CO,
(1.7 MPa) were conducted with varying amounts of 1d at 120
°C for 1 h. The results are shown in Figure 4. Clearly, the
conversion of 2a at 1 h, which is proportional to the reaction
rate, is proportional to the amount (concentration) of 1d.
Therefore, the kinetic order with respect to 1d is 1, and one
catalyst molecule is involved in the rate-determining step.

To investigate the reaction mechanism in detail, we used
80-labeled CO, in the 1d-catalyzed reaction of styrene oxide
(2b) (Scheme 2). The Br~ ion can attack either on the less
hindered side of 2b (path B, § attack) or on the more hindered
side of 2b (path A, & attack), giving two regioisomeric cyclic
carbonates 3b, which can be converted to benzaldehyde. Mass
spectrometric analysis of the benzaldehyde indicated that the
signal ratio of the products of path B and path A was 99:1 (see
the Supporting Information). This high f selectivity for 2b is
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Figure 4. Determination of the reaction order with respect to catalyst
1d. The experiments were done in triplicate.

Scheme 2. Investigation of the Reaction Mechanism by
Using '®0-Labeled CO,”
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“(a) Synthesis and analysis of '®O-labeled cyclic carbonate 3b. (b)
Two possible catalytic cycles: nucleophilic attack by the Br™ ion on the
less hindered side of 2b (path B, f attack) and more hindered side of
2b (path A, a attack).

surprising because Darensbourg, Lu, and co-workers have
reported that the control of regioselectivity is difficult in the
copolymerization of 2b with CO,. od In addition, Kleij, Bo, and
co-workers have reported that the o pathway is predominant in
the conversion of 2b into 3b with a Zn(salphen)/TBAI
catalytic system4 It is believed that in most catalytic systems,
terminal epoxides with electron-donating substituents favor S
attack, while those with electron-withdrawing substituents, such
as 2b, undergo a attack but with low selectivity. Therefore, the
high f selectivity of 1d toward 2b, which has been revealed by
the isotope experiment with '*O-labeled CO, (Scheme 2), is
unusual and significant."*

Next, we determined whether the epoxide or CO, was
initially attacked by the Br™ ion, by investlgatmg the reaction of
trans-deuterated epoxide 2c (Scheme 3)." Attack of the Br~

Scheme 3. (a) Investigation of the Reaction Mechanism by
Using Deuterated Epoxide trans-2c and (b) Two Possible
Catalytic Cycles via the Nucleophilic Attack of Epoxide
(path B) or CO, (path C) by the Br™ Ion

@ n2 Hey ol Hey
2 Heu 1d(0.005 molo) T T
- 0. 0 + 0_ 0
Y TR
trans-2c o o
trans-3¢  99:1 cis-3¢c

o-
Br :_H Bu 5 9y
> ¢ HC ,Bu
D N2
H O~ (.
CO, ¢
Br- D u
CO, HS  SBu
path B '%/’ path C
Br.) H Bu
D‘})_{
H o] trans-2c O_
,o«
(0} trans-3c¢  cis-3c

ion on the epoxide (path B) would afford trans-3c (retention of
configuration) via two inversions, whereas attack of the Br™ ion
on CO, (path C) would afford cis-3c (inversion of
configuration). Analysis of the product mixture by 'H NMR
indicated that trans-3c and cis-3¢ were produced in a ratio of
99:1 (see the Supporting Information).

On the basis of the results of these mechanistic studies, we
propose the catalytic cycle shown in Scheme 4. After
coordination of the epoxide with the metal atom, nucleophilic
attack by the Br™ ion on the less hindered side of the epoxide

Scheme 4. A Proposed Catalytic Cycle

intermediate 2 (12)
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affords an alkoxide anion via a ring-opening reaction,'® which is
followed by CO, insertion and ring closure to form the cyclic
carbonate and regenerate 1d.

DFT Calculations. To gain deeper insight into the reaction
mechanism, we performed DFT calculations along the
proposed reaction pathway (Scheme 4). To investigate the
effect of the X~ anion on catalytic activity, we used
monosubstituted porphyrins 1d’, 1h’, and 1i’ (Figure S) as

N“Bus X~
(?Hz)s
(0]
1d': X=Br
O 1h': X=ClI
1i': X=1

Figure S. Model catalysts for DFT calculations.

models for catalyst 1d, 1h, and 1i, respectively, and we used
epoxide 2d as a substrate (Scheme 1). The potential energy
profiles calculated for the reactions catalyzed by 1d’, 1h’, and
1i’ are shown in Figure 6. The intermediate and transition-state
structures in the 1d’-catalyzed reaction are shown in Figure 7,
and those for 1h’ and 1i’ are given in the Supporting
Information.

Interestingly, the quaternary ammonium (QA) cation carries
the positive charges on the H atoms, but not on the central N
atom (Figure 7), and the positively charged H atoms form an

anion-binding site. As represented by Figure 7a, the X™ anion in
reactant complex R is stabilized by the positive charges
distributed over the QA cation and is poised to attack epoxide
2d. Nucleophilic attack by the X~ anion gives intermediate I1
via transition state I1_TS (Figure 7b,c). The activation energies
(E,) are 13.5, 16.1, and 20.2 kcal/mol for the reactions with
1d’, 1h', and 1i’, respectively, which suggests that the
nucleophilicity of the X anion in 1 increases in the order I”
< CI” < Br~ (Figure 6). Note that the usual order of the
nucleophilicities of Br~ and CI™ is reversed in this case; the
nucleophilicity of “naked” X~ anions in polar aprotic solvents
generally increases with basicity: I~ < Br~ < CI=."""7

The X~ anion in 1 is not “naked” but “solvated by the
tethered QA cation” so that the nucleophilicity of the X~ anion
can be affected by the tethered QA cation. Therefore, the
reversal in nucleophilicity occurred probably because the QA
cation in 1d’ stabilizes Br~ with the best complementarity
throughout the nucleophilic attack, especially in the transition
state; see the concave anion-binding site that is complementary
to the Br™ ion (Figure 7b). This stabilization can be deduced by
comparing the shortest distances between the QA cation and
the X™ anions in transition state I1_TS. The shortest distance
between Br~ and H(QA) in 1d’ is 2.67 A (Figure 7b), whereas
that between CI~ and H(QA) in 1h’ is 2.69 A and that between
I” and H(QA) in 1i’ is 348 A (Supporting Information).
Because the ionic radii of the X~ anions increase in the order
Cl™ < Br™ < I, the shortest distance between Br~ and H(QA)
(2.67 A) strongly suggests that tight and attractive interactions
between Br™ and the QA cation stabilize the transition state.

A (20.2) 269.4i cm!
20.0 — (19.2) 130.0i cm-!
(18.1)
(16.1) 365.9i cm-! (16.4)
15.0 (14.4)
12 P_TS P
bent form
< 10.0
g
7.0 A
= (7.0) (5.9) (6.6) 118.2i cm! (6.2) 398.4i om-
o
< 50— 5.5 5.5) \\10712i cm-!
3 (1.0) (5.5) @9 (5.5) icm
3 (0.9) (0. _
o (0.8) (0. (2.5) | 441.8i cm!
& o0 ~_0. (-0.5) | 451.0i cm-1
°
<
2
o
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2
[ R 11_TS " 1---CO, 12_TS
-10.0
E,=+12.3
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(-14.6), E,=+18.0
-15.0 —
(-18.5)
-20.0 — 1d': X =Br (-21.3)
1h': X =Cl \22.0)
1i': X =1 (-24.1)
-25.0 —

Figure 6. Potential energy profiles for the 1d’, 1h’, and 1i'-catalyzed reactions of 2d with CO,. Computations were performed at the B3LYP/6-31G*
level with the self-consistent reaction field (SCRF) method (Et,O). The relative energies based on reactant R (stretched form) are given in kecal/mol.
The energy of CO, is included in the former steps where CO, does not appear explicitly. The stretched and bent forms designated here can be seen

in Figure 7.
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O 77(0
-0.08(Br)

P_TS

+0.26(H

12 12_TS

Figure 7. Optimized structures of (a) reactant R (stretched form), (b) transition state I1_TS, (c) I1 (stretched form), (d) I1 (bent form), (e)
transition state 12_TS, (f) 12, (g) transition state P_TS, and (h) product P in the 1d’-catalyzed reaction of 2d with CO,.

The same tendency can be seen for the distances between X~
and H(QA) of the linker moiety, which is a part of the concave
anion-binding site: 2.99 A (Figure 7b), 3.11 A, and 3.84 A
(Supporting Information) for 1d’, 1h’, and 1i/, respectively.
These observations strongly suggest that the linker length is
important for the transition-state stabilization, which was
observed experimentally, 1d (C6) > le (C8) ~ 1f (C4),
although the difference was not so critical probably because of
the flexible alkyl chains.” Furthermore, these attractive
interactions between the QA cation and the Br atom appear

to be more or less retained in intermediate I1 (stretched form)
(Figure 7c, 2.82 and 3.09 A).

It is also interesting to compare the conformational changes
of the QA cations in 1d’, 1h’, and 1i’ in going from R to I1
(stretched form). We used the N(QA)—O(2d) distance to
estimate the conformational change of the QA cation. In the
case of 1d’, the N(QA)—O(2d) distance changes from 9.30 A
in R to 8.54 A in the stretched form of I1; that is, the N(QA)
atom in 1d’ gets closer to 2d by 0.76 A. The corresponding
values in 1h’ and 1i’ are 1.40 and 1.11 A, respectively. Clearly,
1d" experiences the smallest conformational change. The

dx.doi.org/10.1021/ja507665a | J. Am. Chem. Soc. 2014, 136, 15270—15279
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smallest conformational change observed for 1d’ is a result of
the best preorganization leading to the ring-opening reaction
guided by the multipoint interactions described above. For
more discussion of the origin of the reversed order of the
nucleophilicities of Br~™ and CI” in 1 see the Supporting
Information."”

The charge on the Br atom changes from —0.88 in R to
—0.20 in the stretched form of I1, whereas that on the O atom
of 2d changes from —0.62 in R to —0.92 in the stretched form
of I1; this shift in negative charge from the Br atom to the O
atom is facilitated by the partial emergence of the positively
charged Mg atom from the porphyrin cavity (Figure 7a—c)."®
This shift in negative charge triggers the conversion of the
stretched form of I1 into a bent form in which the QA cation is
closer to the negatively charged O atom of 2d that has been
ring-opened (2.31 A; Figure 7d). To maximize these attractive
interactions, the methyl group of 2d, which is directed upward
in the stretched form of I1 (Figure 7c), points away from the
QA cation in the bent form of I1 (Figure 7d).

After CO, has been weakly bound to give complex I1---CO,
(not shown in Figure 7), the C—O bond forms via transition
state I2_TS, in which a negatively charged O atom of CO, is
stabilized by the QA cation (Figure 7e). This reaction has a
very small activation barrier (E, = 0.6—0.7 kcal/mol for 1d’ and
1h’ and 2.8 kcal/mol for 1i’; Figure 6). Formation of the C—O
bond and coordination of the resulting carbonate anion to the
Mg atom lead to intermediate 12, which is stabilized by multiple
interactions between the carbonate anion and the QA cation in
a bent conformation (Figure 7f). The QA cation interacts with
the two negatively charged O atoms, with the shortest
H(QA)—O(carbonate) distance being 2.18 A. Electrostatic
stabilization is clearly maximized by the conformational change
of the QA cation. This CO, insertion reaction is very
exothermic (AH® ~ —20 kcal/mol; Figure 6)."

The catalytic cycle is completed by an intramolecular Sy2
reaction that occurs via transition state P_TS and gives product
P (Figure 7gh). In transition state P_TS, the QA cation
interacts tightly with the two negatively charged O atoms of the
carbonate rather than with the leaving Br atom. The E, values
for the ring-closing reaction increase in the order 1i’ < 1d" <
1k, and the AH® (absolute) values show the opposite trend
(Figure 6). These trends are related to the strength of the C—X
bonds. The average bond dissociation energies (D°) for the C—
Cl, C—Br and C—I bonds are reported to be 95, 67, and 50
kcal/mol, respectively.”® The E, and AH® values for 1i’ are the
smallest and the most negative, respectively, because the C—I
bond is the weakest of the C—X bonds. In contrast, 1h’ shows
the largest E, value and the least negative AH® value because
the C—ClI bond is the strongest of the C—X bonds. The X~
anion regenerated in P interacts strongly with the QA cation.
Replacement of cyclic carbonate 3d with epoxide 2d and a
conformational change gives a stretched form of R.*'

Because the highest energy transition state is generally the
rate-determining step,'' Figure 6 indicates that the rate-
determining step involves transition state I1 TS in all cases.
On the basis of the E, values for I1_TS, we can predict that the
catalytic activities of the three catalysts should increase in the
order 1i’ (20.2 kcal/mol) < 1h’ (16.1 kcal/mol) < 1d’ (13.5
keal/mol). This prediction agrees qualitatively with the yields
shown in Table 1. Figure 6 also suggests that the CO, insertion
reaction is not the rate-determining step because the E, value
for transition state I2_ TS is very small in all cases, as described
above, and because I12_TS is lower in energy than I1_TS. This

prediction is supported by the fact that the yields were almost
constant at 1—6 MPa CO, pressure (Figure 3). The final step is
the ring closure of stable intermediate I2. Because the E, values
for transition state P_TS are relatively large (Figure 6), this
step contributes to the whole reaction rate to some degree. To
the best of our knowledge, the E, value calculated for 1d’ (13.5
kcal/mol) is the smallest, which accords with the fact that 1d
and lo are the most active catalysts so far reported.

B CONCLUSIONS

Chemical fixation of CO, is becoming increasingly important.
Here, we describe the structural optimization and detailed
mechanistic analysis of highly active bifunctional catalysts 1,
which have a metal center and quaternary ammonium groups.
Structural optimization of the organocatalytic moiety revealed
that the combination of a tributylammonium cation and a Br™
ion was the best choice. A key to the solvent-free reactions was
the solubility of the catalyst in the epoxide substrate or the
cyclic carbonate product. The high catalytic activity of 1d
(TON = 103,000 and TOF = 12,000 h™!) and 1o (TON =
138,000 and TOF = 19,000 h™') is achieved by means of
synergistic cooperation between a Lewis acid (Mg") and a base
(Br™) without self-quenching. On the basis of the results of
experiments using '*O-labeled CO, and D-labeled epoxide, we
have proposed a mechanism for the reaction. The proposed
reaction mechanism was supported by the results of DFT
calculations. The activation energies (E,) estimated for the rate-
determining step were in good agreement with the
experimentally observed trend for the catalytic activities of
1d, 1h, and 1i. 1d and 1o are the most active catalysts so far
reported, which has been supported by the E, value calculated
for 1d’ (13.5 kcal/mol), which is the smallest value. The
cooperative effect of the two functional groups in 1 is the
principal origin of the catalytic power. Although 1 was
originally designed to activate the epoxide by orienting it in a
near-attack conformation (Figure la), DFT calculations
revealed that the flexible QA cation stabilized various anionic
species generated during the catalytic cycle in an induced-fit
manner, which is reminiscent of enzymatic catalysis. Synergistic
multiple interactions accompanied by conformational changes
play a pivotal role in bifunctional catalysts 1 orchestrating metal
catalysis and organocatalysis.

B EXPERIMENTAL SECTION

Synthesis of Catalysts. Bifunctional porphyrins 1h—o were newly
synthesized according to the previously reported methods.”*> The
detailed procedures are given in the Supporting Information.

Effect of CO, Pressure. A 35 mL stainless steel autoclave with a
sapphire window was charged with epoxide 2a (1.00 g, 10.0 mmol), 3a
(0 or 20 mol %), 1d (1.05 mg, 0.501 yumol, 0.00S mol % or 0.420 mg,
0.201 pmol, 0.002 mol %), and then CO,. The mixture was heated
with stirring at 100 °C for 3 h. The reactor was cooled in an ice bath
for 30 min, and excess CO, was released carefully. The crude product
was dissolved in Et,0O, and the solution was concentrated. The NMR
yield was determined by using 2-methoxynaphthalene as an internal
standard.

Synthesis of '®0-Labeled Cyclic Carbonate 3b. A 30 mL
stainless steel autoclave was charged with styrene oxide (2b) (2.40 g,
20.0 mmol), 1d (2.10 mg, 1.00 gmol, 0.005 mol %), and then '*O-
labeled CO, (0.75 MPa). The mixture was stirred at 120 °C for 24 h.
The reactor was cooled in an ice bath for 30 min, and excess CO, was
released carefully. Purification by silica gel column chromatography
(hexane/EtOAc (3:1)) gave '®O-labeled 3b as a colorless oil (1.87 g,
55%). "H NMR (CDCl,, 600 MHz) & 4.35 (t, ] = 8.2 Hz, 1H), 4.80 (t,
] = 8.2 Hz, 1H), 5.68 (t, ] = 8.2 Hz, 1H), 7.36—7.38 (m, 2H), 7.42—
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7.47 (m, 3H); 3C NMR (CDCl,;, 150 MHz) § 71.1, 78.0, 125.8,
129.2, 129.7, 135.8, 154.8; MS (EI) caled for C,H O'%0,: 168.1;
found: 168.1 (M").

Conversion of '80-Labeled 3b into Benzaldehyde. A mixture
of '80-labeled 3b (934 mg, 5.56 mmol) and 2 M NaOH (11 mL) was
stirred at room temperature for 2 h. After neutralization, the product
was extracted with EtOAc and washed with brine. The mixture was
dried over Na,SO, and concentrated. Purification by silica gel column
chromatography (hexane/EtOAc (1:2)) gave the product as a white
solid (699 mg, 90%). MS (EI) caled for CgH ;0™ 0: 140.1; found:
140.1 (M*). A solution of '80-labeled 1-phenyl-1,2-ethanediol (210
mg, 1.50 mmol) in MeOH (S mL) was stirred at 40 °C for 10 min
under Ar. NalO, (353 mg, 1.65 mmol) and 0.5 M H,SO, (18 mL)
were added, and the mixture was stirred at 40 °C for 20 min. The
product was extracted with Et,0. The mixture was dried over Na,SO,
and concentrated. Purification by distillation (S mmHg, 60 °C) gave
benzaldehyde (134 mg, 84%), which was subjected to mass
spectrometry. MS (EI) caled for C;HO: 106.0; found: 106.0 (M");
MS (EI) caled for C;H¢'®0: 108.0; found: 108.0 (M*).

Synthesis of trans-Deuterated Cyclic Carbonate 3c. A 30 mL
stainless steel autoclave was charged with trans-deuterated epoxide 2c
(984 mg, 9.73 mmol),"* 1d (1.05 mg, 0.501 umol, 0.005 mol %), and
then CO, (1.5 MPa). The mixture was heated with stirring at 120 °C
for 6 h. The reactor was cooled in an ice bath for 30 min, and excess
CO, was released carefully. Purification by silica gel column
chromatography (hexane/EtOAc (3:1)) gave trans-3c as a colorless
oil (1.02 g, 72%). '"H NMR (CDCl;, 600 MHz) & 0.93 (t, ] = 7.2 Hz,
3H), 1.32-149 (m, 4H), 1.66—1.72 (m, 1H), 1.79-1.85 (m, 1H),
4.06 (d, J = 7.0 Hz, 1H), 4.70 (q, ] = 7.0 Hz, 1H); *C NMR (CDCl,,
150 MHz) & 13.5, 22.0, 26.2, 33.2, 68.9 (t, Jcp = 23.7 Hz), 76.9, 155.0;
IR (neat) 2962, 2936, 2870, 1794, 1543, 1466, 1366, 1304, 1177, 1061,
775, 714 cm™.

Computational Details. DFT calculations were performed along
the proposed reaction pathway (Scheme 4). Monosubstituted
porphyrins 1d’, 1h’, and 1i’ (Figure S) were employed as model
catalysts for 1d, 1h, and 1i, respectively, while epoxide 2d was
employed as a substrate (Scheme 1). Computations were performed at
the B3LYP**/6-31G*** level. The self-consistent reaction field
(SCRF) method with the polarizable continuum model (PCM)*®
was adopted to take into account of the solvation effect. The PCM
parameters for Et,O, which is expected to have a dielectric constant
similar to that of epoxide, was used.*® The harmonic frequency and
normal mode were calculated to verify the transition-state structures.
Natural population analysis (NPA)>” was done to calculate the natural
atomic charges. Computations were performed with Gaussian 09
program.”®

B ASSOCIATED CONTENT

© Supporting Information

Synthesis of lh—o, 'H and C NMR spectra, isotope
experiments, determination of binding constants, computa-
tional details, and complete ref 28. This material is available free
of charge via the Internet at http://pubs.acs.org.
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