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1 | INTRODUCTION

Benzyl alcohol (BA) derivatives are kinds of valuable
building blocks in organic synthesis and fine-chemical
industries such as cosmetics, dyes, coatings, inks, and
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| Zhen-Hong He' | Zhe Cao' | Weitao Wang' |

The synthesis of benzyl alcohols (BAs) is highly vital for their wide applica-
tions in organic synthesis and pharmaceuticals. Herein, BAs was efficiently
synthesized via hydroxymethylation of phenylboronic acids (PBAs) and para-
formaldehyde over a simple Rh—PPh; catalyst combined with an inorganic
base (NaOH). A variety of BAs with the groups of CH;~, CH;0™, Cl™, Br, and
so on were obtained with moderate to good yields, indicating that the protocol
had a good universality. Density functional theory (DFT) calculations proposed
the Hayashi-type arylation mechanism involved the arylation step of PBA and
Rh(OH)(PPh3), catalyst to form Rh(I)-bound aryl intermediates and the hydro-
lysis step of Rh(I)-bound aryl intermediates and HCHO to generate BA product
(the rate-determining step). The present route provides a valuable and direct
method for the synthesis of BAs and expands the application range of
paraformaldehyde.

KEYWORDS
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I For example, benzyl benzoate, salix, and beneate hydro-
chloride contain the BA motif, which are widely used in
anti-infective for dermatology,'”! antipyretic analgesia,®!
and treatment of ulcer disease,'”’ respectively (Figure 1).
Generally, BAs can be obtained from reduction of

polymers.'#! BA is also an important structural motif in ~ benzaldehydes,!'®!*! hydrolysis of benzyl chloride,'?!
many bioactive natural products and pharmaceuticals.!>®! electrochemical ~catalyzed oxidation of toluene, ™!
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Benzyl Benzoate Salix Bneneate hydrochloride

FIGURE 1
motif

Examples of drug molecules with a benzyl alcohol

reduction of carboxylic acids,"* etc. Intrigued by the

wide applications and development of downstream
products, to develop more routes for the synthesis of BAs
is highly important.

As well known, the hydroxymethylation is an impor-
tant reaction for introduction of a hydroxymethyl group
into a molecular.'>22 It has been reported that BAs
could be synthesized via hydroxymethylation of aryl
halides and triflates!?®; however, the catalyst was rather
complicated and high loadings (the combination of 5 mol
% Pd (dba),, 12 mol% Ru-phos, and 1.5 equiv. Na,CO3),
and the reactants were expensive resulting in a high-cost
route. The hydroxymethylation of organoboron com-
pounds and formaldehyde has also been reported for
synthesizing of BAs by using Pd and a complex
ligand (bromo-substituted 1,3-diaryl-imidazoline carbene
ligand) or a NHC ligand.!"** Besides BAs, lots of impor-
tant chemicals were synthesized via hydroxymethylation
by using HCHO as a C1 source, including isoquinoline
alkaloid decumbenine B,**! (2-(pyridin-2-yl)phenyl)
methanol,"!! and 5-hydroxymethyl furans.!?®’

Herein, a hydroxymethylation method, similar to
the Hayashi-Miyaura reaction,””?*! was developed
to synthesize BAs by using paraformaldehyde and
phenylboronic acids (PBAs) as the reactants over a sim-
ple homogeneous Rh—PPh; complex catalyst with an
inorganic base (Scheme 1). The reaction proceeded effi-
ciently and had a good tolerance for the substitute groups
under the given conditions. Density functional theory
(DFT) calculations suggested the Hayashi-type arylation
pathway was the possible mechanism. The present

(I)H

B~ Rh-PPh3 complex CH,OH
RO (HoHo), ————m Y
L NaOH T

R=H, 3-CHg-, 4-CHy-, 4-CH30-,

Isolated yield up to 92%
3-CgHs-, 3-Cl-, 4-Br-

SCHEME 1
acids with paraformaldehyde

Rh-catalyzed hydroxymethylation of arylboronic

approach provided a straightforward approach to synthe-
size BAs and utilization of formaldehyde.

2 | RESULTS AND DISCUSSION

To establish the catalytic procedure, we chose commer-
cially available PBA 1a as a model substrate to react with
paraformaldehyde. Initially, we investigated different cat-
alysts for the reaction as shown in Scheme 1 (Table 1).
No product was detected when the catalyst was absent,
indicating that the reaction could not occur spontane-
ously (Table 1, Entry 1). The catalytic system of RhCl;
combined with PPh; and NaOH showed the best results,
which gave BA with 87% isolated yield (Table 1, Entry 2;
GC and GC-MS spectra for the reaction of Entry 2 in
Table 1 are given in the Supporting Information). Con-
trastively, when NaOH was absent, only 2% of BA was
obtained, indicating that the base is necessary for the
reaction (Table 1, Entry 3). Despite NaOH was indispens-
able, when it was used alone, the reaction proceeded
badly with only 6% yield of BA (Table 1, Entry 4).
Following that, various metal catalysts including PdCl,,
RuCl;, CoCl,, CuCl,, and ZnCl, were evaluated in the
reaction. However, all of them exhibited low activities
(Table 1, Entries 5-9). Phosphine ligand is very important
in homogeneous organic reaction as reported.!*>*°2 n
this work, we examined effects of phosphine ligands on
the catalytic performances (Table 1, Entries 10-17).
Notably, all the other ligands (L2-19) gave low yields
than that of PPh; (L1). After that, we studied the effect of
various bases on the catalytic performances, including
Na,CO3;, K,CO;, Cs,CO5, and CsF, and organic bases
such as Et;N and diaza(1,3)bicyclo[5.4.0Jlundecane
(DBU) (Table 1, Entries 18-23). They gave moderate
yields to target products except for DBU and Et;N, which
gave product in only 1% and 26% yields, respectively. This
was probably because organic bases were ineffective in
promoting transmetalation, which need to form a M—OH
intermediate and/or M-bound aryl intermediates. NaOH
gave the highest yield to BA, which is significantly
superior to the other bases, and thus, we chose it as the
optimum one for the reaction under the given conditions.
As a result, we chose the RhCl;—PPh;—NaOH catalytic
system for further use in the reaction.

We also investigated the dependence of reaction
conditions on the yield of BA, including reaction tem-
perature, reaction time, and the dosages of base and
paraformaldehyde. The results are given in Figure 2
The BA vyield increased with increasing the temperature
from 50°C to 130°C, indicating that the temperature
affected the reaction efficiency remarkably. However,
the yield was dropped with further elevating the
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TABLE 1
of various catalysts on
hydroxymethylation of phenylboronic
acid (PBA) and paraformaldehyde

Catalytic performances

OH
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B. CHO
OH Catalyst OH
+ (HCHO)n — 4 + others

1a 2a 3a
Ph._.Ph o™h
ﬁh Ph\O,F"\Q PhoP PP, Ph,p PPz PhoP >"""pph,
Ph
L1 L2 L3 LS
thp ©6\P0y2 \ﬁPth
Pth &>PCys PPPhth
PPh2 PPh,
L7 L8 L9
Yield® (%)

Entry Catalyst Ligand Additive 2a 3a Others®
1 — — — 0 0 0
2 RhCl; L1 NaOH 93 (87) 0 0
3 RhCl; L1 — 2 2 0
4 — — NaOH 5 6 0
5 PdCl, L1 NaOH 14 3 0
6 RuCl, L1 NaOH 15 8 0
7 CucCl, L1 NaOH 12 0 0
8 CoCl, L1 NaOH 3 0 0
9 ZnCl, L1 NaOH 6 1 0
10 RhCl; L2 NaOH 38 0 0
11 RhCl; L3 NaOH 3 3 0
12 RhCl; L4 NaOH 40 0 0
13 RhCl; L5 NaOH 42 0 0
14 RhCl; L6 NaOH 53 0 0
15 RhCl; L7 NaOH 42 0 0
16 RhCl; L8 NaOH 3 2 0
17 RhCl, L9 NaOH 3 6 0
18 RhCl, L1 Na,CO, 43 0 0
19 RhCl, L1 K,CO; 50 0 0
20 RhCl; L1 Cs,CO; 41 2 0
21 RhCl, L1 CsF 49 0 0
22 RhCl; L1 DBU 1 0 0
23 RhCl; L1 Et;N 26 0 0

Note. Reaction conditions: PBA, 1 mmol; paraformaldehyde, 7 mmol (based on C-molar); catalyst,
4.8 x 10~ mmol; ligand/catalyst metal 8/1, 130°C, 6 h, base 0.72 mmol; THF, 2 ml.

#GC yield and the isolated yield are indicated in brackets.
®Mainly benzyl formate.
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FIGURE 2 Effects of reaction conditions on hydroxymethylation of phenylboronic acid (PBA) with paraformaldehyde. The conditions

are similar to that of Entry 2 in Table 1

temperature. The reaction time also affected the cata-
lytic performances under the given conditions. The BA
yield increased initially and then fell to 43% after 24 h.
Thus, we chose 6 h as the optimized reaction time
(Figure 2b).

As mentioned above, the base is highly vital for the
reaction, probably resulting from the neutralization of in
situ generated boric acid (see the following proposed
mechanism). Figure 2c shows the effect of base dosage on
the reaction, and it could be found 0.72 mmol of NaOH
exhibited the best performance. The molar ratio of
paraformaldehyde (based on C-atom) to phenyl boronic
acid affected the yield of BA, and the best result was
obtained at the ratio was 7/1 (Figure 2d). During our
experiments, the higher molar ratio resulted in depoly-
merization of formaldehyde in the reactor. As a result, to
obtain a high yield of BA, the optimal reaction conditions
were 0.72 mmol of NaOH, 7 mmol of paraformaldehyde
(based on HCHO) at 130°C for 6 h. Then, we studied
the effect of solvent on the catalytic performances
of Rh—PPh;—NaOH catalytic system. Various solvents
including DMF, DMSO, acetonitrile, dichloromethane,
cyclohexane, water, and toluene were studied, and THF
showed the best performance (Figure S1 vs. Entry
2, Table 1).

With the optimized reaction conditions in hand, the
universality of the present protocol to synthesize BAs was
investigated. A variety of PBAs reacted well with
paraformaldehyde and gave moderate to excellent iso-
lated yields to the corresponding products (Table 2). In
particular, the electron-donating groups at 4-position of
PBA, such as CHj;~ and CH3;07, exhibited higher
than 90% yield to the target products (Table 2,
Entries 1 and 2). The electron-withdrawing groups, such
as Brr and Cl” impeded the reaction. For example,
4-bromophenylboronic acid gave 71% yield to 2ha, and
3-chlorophenylboronic acid generated 2da with the yield
of 62% even at a higher temperature (Table 2, Entries
3 and 4). The CH;~ group at 3-position produced 76%
yield to 2ea after 12 h, and phenyl group at 3-position
gave 2fa with the yield of 71% at 150°C, respectively
(Table 2, Entries 5 and 6). The strong steric resistance
hindered the reaction remarkably, and this was validated
by the instance of 2-methylphenylboronic acid, which
gave only 53% yield even under harsh conditions
(Table 2, Entry 7). Based on these results, the hydro-
xymethylation of PBAs with paraformaldehyde could be
accomplished under the catalyzing of Rh—PPh; complex
combined with NaOH as the base with satisfactory yields.
To obtain the feasibility and generality of the present
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TABLE 2 General applicability study of the reaction of phenylboronic acids and paraformaldehyde over Rh—P-base catalytic system

OH
B, Rh-P-base
RE Y OH + (owo), TR YT O otmers
= =
1a 2a
Entry Substrate Product Yield*
1 laa 2aa 91

(B?H /@/\OH
“OH >0
o

2 1ba 2ba 92
3 1ca 2ca 71
/©/\OH
J©/ Br
4° 1da 2da 62
OH cl
cl B. ol
\© OH
s° lea 2ea 76
6° 1fa 2fa 71
QP ¢
o o™
7° 1ga 2ga 53
: o
S
CHs

(Continues)
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TABLE 2 (Continued)
OH
B, Rh-P-base
R{j/ OH 4+ (HCHO), ————> R@/\OH+ others
7 =
1a 2a
Entry Substrate Product Yield*
g4 1ha 2ha 87
\©/CHO OH
9d lia 2ia 52
@LCHO OH
104 1ja 2ja 78

F\©/CHO

O
:O ’
m

Note. Reaction conditions: PBAs, 1 mmol; paraformaldehyde 7 mmol (based on C-molar); RhCl;, 4.8 x 103 mmol; P/Rh 8/1, 130°C, 6 h; NaOH, 0.72 mmol.

“Tsolated yield.
12 h, 130°C.
€12 h, 150°C.

9dAldehyde, 7 mmol. NMR data for the products are given in the Supporting Information.

Rh—P catalyst, more types of aldehydes have been tested
(Table 2, Entries 8-10). Interestingly, these aldehydes can
also exhibit high yield, demonstrating that the Rh—P
catalyst is applicability in the hydroxymethylation. The
present findings provide a practical and direct method to
synthesize BAs and utilize of formaldehyde.

Next, some control experiments were performed to
investigate the catalytic mechanism, which are listed in
Table 3. Initially, in consideration of aromatic aldehyde
that was detected in the products, we wondered whether
the BA was obtained from benzaldehyde. Thus, benzalde-
hyde was used instead of PBA to react with paraformal-
dehyde under the conditions of Entry 2 in Table 1.
However, no product was detected even prolonging the
reaction time to 12 h (Table 3, Entries 1 and 2), demon-
strating that BA was not produced from Cannizzaro reac-
tion. We also used HCOOH, methanol, and methyl
formate as the C1 source to react with PBA, respectively.
However, no corresponding product was detected

TABLE 3 Control experiments of hydroxymethylation for
different reactants

Entry Reactants 2a Yield® (%)
1 Benzaldehyde (HCHO), 0
2° Benzaldehyde (HCHO), 1
3 PBA CH,0H 0
4 PBA HCOOH 0
5 PBA HCOOCH; 0
PBA Formalin 72
7¢ PBA (HCHO), 0
gd PBA (HCHO), 0

Note. Reaction conditions were similar to Entry 2, Table 1.

Abbreviation: PBA, phenylboronic acid.

4GC yield.

The reaction time was 12 h.

“Water as solvent.

dWater as solvent, and TPPTS was used as phosphine ligand with the same
P/Rh molar ratio.
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(Table 3, Entries 3-5). Interestingly, when formalin, an
aqueous solution of individual formaldehyde molecule
without polymerized trioxymethylene or paraformalde-
hyde, was used, the reaction proceeded with 72% yield
(Table 3, Entry 6), which was lower than the highest
yield (93%). The results indicated that formaldehyde was
applied as the true C1 source for hydroxymethylation of
BPA, which was decomposed from paraformaldehyde;

‘ TS,-1
55.2
=
~ p—
= Int,-1 436"
£ 28.7 +  TSw-T:
=| PPH; g
s 2
= Rc+I+H20
+HCHO
% ':)Int -1
PPh3+HCHO

Chemistry

thus, we chose formaldehyde as the reactant in the
following DFT calculations.

Water was then used as the solvent, however, no
product was detected (Table 3, Entry 7). In consideration
of the low solubility of PPh; ligand in water, the water-
solubility of TPPTS (sodium salt of tris(m-sulfophenyl)
phosphine) was applied with the same P/Rh molar ratio.
However, the reaction did not take place at all (Table 3,

TS,-2
p—
;654

FIGURE 3 Density functional theory (DFT) computed energy surface and optimized structures of two Rh-catalyzed pathways for the
hydroxymethylation of phenylboronic acids and HCHO with RhCI(PPh;);
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SCHEME 2 Proposed catalytic mechanisms for thehydroxymethylation of phenylboronic acid (PBA) and paraformaldehyde with

RhCI(PPh,),

Entry 8). The result indicated that the great amount of
water prevented the reaction from proceeding. Indeed,
small amount of water was generated in the depolymeri-
zation of paraformaldehyde!® and neutralization of
NaOH with boric acids and also existed in THF solvent,
which was proved to have a slight effect on the catalytic
performances in the experimental results.

On the basis of the obtained results, we further stud-
ied the mechanism of the reaction using formaldehyde as
C1 source by DFT/MO06-2X (conductor-like polarizable
continuum model [CPCM)]) calculations, and details for
the calculation are given in following computational
sections. The titled reaction of PBA with the highest yield
was chosen as a calculation model (Table 1, Entry 2), in
which Rh—PPh; complex could efficiently catalyze the
hydroxymethylation of PBA and paraformaldehyde.
Generally, RhCl; in the presence of triphenylphosphine
(L1, PPhs) can reduced to Rh(I)—P catalyst I (RhCl
(PPhs);). Based on the conclusions, two mechanisms with
RhCI(PPh;); were proposed in the present work, that is,
Rh-aromatic complex pathway and Rh—H,0 complex
pathway, which were verified by DFT computations and
shown in Scheme 2.

Starting with the Rh catalyst (I), PBA (Rc), HCHO,
and H,O (in situ formed in the reaction or existed in the
solvent), the Rh-catalyzed reaction processes through an
aromatic complex pathway and an H,O complex pathway
are given in Scheme 2. DFT-computed energy surface
and transition state structures in two pathways are

shown in Figure 3. In the former case, a new aromatic
Rh—P complex (II) is firstly formed by the release of
PPh; and the complex of Rc in Rh catalyst I, which is
next approached by H,O and HCHO to generate interme-
diate Int,-1 (III). This process is endergonic by
28.7 kcal mol™" in solution (Figure 3). Next, the hydro-
xymethylation process (Int,-1 — Int,-2) involves a
six-ring transition state (TS,-1) with the free energy
barrier of 26.5 kcal mol ™" for producing the intermediate
Int,-2. Finally, the product P, B(OH);, and Rh-catalyst
I are released by the dissociation of Int,-2. The whole
titled reaction is exergonic by 35.0 kcal mol™ in solu-
tion (THF).

Interestingly, after the release of PPh;, Rh catalyst
I can also combine firstly by H,O to form a new an
H,0—Rh—P complex (V), and this pathway is denoted as
the H,O complex pathway. Compared with the aromatic
Rh—P complex pathway, it involves two processes, that
is, the hydrolysis of Rc and the hydroxymethylation of
HCHO, partly due to the high steric hindrance with
the approach of Rec and HCHO to the H,O complex V;
the reaction energy of Rc and V to form Int-1 is
slightly higher (3.1 kcal mol™"), indicating the formation
of Inty-1 is much easier than that of Int,-1
(28.7 kcal mol ™%, right cycle) at the beginning of the reac-
tion. For the hydrolysis step of Rec (Inty-1 — Inty-2),
the free energy barrier through TS,,-1 is 40.5 kcal mol ™"
relative to Inty-1. After Int,,-2 releases B(OH)s, a phenyl
complex Ph—Rh—P (Int-3) is formed, which is similar
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product P and hydroxo-Rh catalyst X; thus, the catalytic

DFT calculations are also carried out to verify the
Hayashi-type arylation mechanism by Rh(I)-bound aryl
intermediates. And the computed free energy profile and
the corresponding optimized geometries are shown in
Figure 4. After catalyst I is introduced hydroxyl with the

WANG ET AL.
CH,OH
V(P) ‘\ AN cycle can be achieved.
PhaPy «——php O o0
Rh-OH N R
Ph;P Ph3P/ ‘@ H  (HcHO)
OH" X
Xin
PPhs, CI HCHO

PPh PPh

RhCl, H20 3

PhsP. PhsR  PPh,

PPh
\Rh/ : Hayashi-type arylation pathway R

Xl
PPh;3, CI Rh(l)-bound aryl intermediate
PhaP oph
OoH H _Rh-OH 4/ B(OH)
| Ph;P Q “B(OH),

PhP. O X -
N_7°N\ ' |
JRh_RhPPNs 4 0~H
PhP” TO7 ~
3 ] PPh; Ph3p/ PPh3
H X
)2

SCHEME 3 The Hayashi-type arylation mechanism for the
hydroxymethylation of phenylboronic acid (PBA) and
paraformaldehyde with Rh(OH)(PPhs),

to our previous work.** Next, the hydroxymethylation
step (Int,,-3 — Int,,-4) takes place through TS,,-2 with a
very high free energy barrier of 68.6 kcal mol™* for pro-
ducing the intermediate Int,,-4, indicating that the H,O
complex pathway is severely unlikely to occur. Obviously,
the aromatic complex pathway is more favorable
Rh-catalyzed pathway in the hydroxymethylation of PBA
and HCHO with RhCI(PPh;);. However, this pathway
may be restricted by the formation of pre-intermediate
Int,-1 (endergonic by 28.7 kcal mol™").

In view that the titled reaction is similar to Hayashi-
Miyaura reaction,'?’-?"! the Hayashi-type arylation mech-
anism by Rh(I)-bound aryl intermediates is also studied
in the present work. The Rh-catalyzed reaction processes
through the Hayashi-type arylation pathway are given in
Scheme 3. Hayashi et al.®®! found that the identical
hydroxorhodium complex coordinated with [Rh(OH)
(binap)], can be readily obtained by the reaction of [RhCl
((S)-binap)], with KOH in aqueous THF. Then, an iso-
lated hydroxo complex 1/2[Rh(OH)(binap)], and PBA in
THF can generate a Rh(I)-bound aryl intermediate to fur-
ther proceed the hydroxymethylation. Similarly, [RhCl
(PPhs),],, which is formed by combined two molecular
catalyst I after the release of a PPH;, can also be trans-
formed [Rh(OH)(PPhs),], (IX) with NaOH in aqueous
THF (Scheme 3). Next, the transmetalation of a phenyl
group from PBA to hydroxorhodium of an isolated
hydroxo complex Rh(OH)(PPhs;), (X) can regenerate the
phenylrhodium complex (Rh(I)-bound aryl intermediate,
XII). Then, the hydrolysis of oxa-m-allyl complex
(a complex of HCHO and XII) can finally generate the

dechlorination to form Rh(OH)(PPhs), (X),*’! the
arylation of PBA and X takes place through TSy-1 with a
low free energy barrier of 10.5 kcal mol™ to generate aryl
intermediate Intyg-2 (Intg-1 — Intg-2). Moreover,
Inty-1 is low in free energy than PBA and X by
18.4 kcal mol™, indicating that which the intermediate
Inty;-1 are more favorable to generate in the hydro-
xymethylation of PBA. Next, Inty-2 release B(OH); to
form XII' (Rh(I)-bound aryl intermediate after the release
of a PPh; ligand in XII), which is consistent with the
observed results of *'P NMR experiments./*>>* For the
hydrolysis of oxa-r-allyl by inserted HCHO in XII' (Intg-
3 — Inty-4), the free energy barrier through TSy-2 is
24.8 kcal mol ™! relative to Inty-3, which is slightly lower
than the pathway via TS,-1 (26.5 kcal mol™'). Moreover,
the free energy of TSy-2 (15.6 kcal mol ™, relative to zero
potential energy surface in Figure 4) is much lower than
that of TS,-1 (55.2 kcal mol™, relative to zero-potential
energy surface in Figure 3), implying that the Hayashi-
type arylation pathway is more favorable than the aro-
matic complex pathway from the energy point of view.

For probing the effect of Rh—P catalyst on the titled
reaction, the direct hydroxymethylation pathway of PBAs
and HCHO is calculated and shown in Figure S2. The
free energy barrier of the direct pathway (IM1 — IM2)
takes place through TS1 is 33.5 kcal mol™!, which is
approximately 12 kcal mol™ higher than that of the
boronate complex pathway (Int,-1 — Inty-2). Therefore,
the Hayashi-type arylation pathway is the most favorable
hydroxymethylation way kinetically.

Apparently, Rh—P catalyst X could effectively pro-
mote the hydroxymethylation of PBA with HCHO via the
Hayashi-type arylation pathway. However, the participa-
tion of hydroxide (i.e., KOH or NaOH) is a necessary con-
dition of the conversion of Rh—P catalyst I into Rh—P
catalyst X.[*°! Compared with the obtained only 2% of BA
without NaOH (Table 1, Entry 3), the BA with high 87%
isolated yield (Table 1, Entry 2) is achieved in the exis-
tence of NaOH. DFT-predicted results could explain well
the experimental observation and can deeply explore the
role of NaOH in the hydroxymethylation of PBA. The
hydroxymethylation of PBA in the presence of NaOH is
more likely to go through the Hayashi-type arylation
pathway with Rh(OH)(PPh;), catalyst, whereas that in
the absence of NaOH may only occur through the aro-
matic complex pathway with RhCI(PPh;); to hinder the
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s

Rc+X+H,0
+HCHO

0.0 7.9

AG (kcal/mol)

|I'lt|.|-3

TSH-2

IntH-4

FIGURE 4 Density functional theory (DFT) computed energy surface and optimized structures of three Rh-catalyzed pathways for the
hydroxymethylation of phenylboronic acids and HCHO with Rh(OH)(PPhs;),

formation of product BA, which are in well agreement
with the experimental results. Thus, we suppose that
NaOH may not only play a role in dissociating parafor-
maldehyde and neutralizing the generated B(OH); to
regulate the acid-base property but also provide a more
favorable Rh(OH)(PPhj), catalyst for the titled reaction.

3 | CONCLUSIONS

In conclusion, we developed a highly efficient protocol to
synthesize BAs from PBAs and paraformaldehyde via
hydroxymethylation. The Rh—PPh; catalytic system
exhibits high activity and selectivity for the reaction. A
variety of benzylalcohols were synthesized with moderate
to good isolated yields, demonstrating that the route has
a good universality. Importantly, paraformaldehyde, an
optional alternative for the toxic CO, is used for the

hydroxymethylation of PBAs. DFT calculations indicated
Rh(OH)(PPh3), catalyst could efficiently achieve the
hydroxymethylation of PBA via the Hayashi-type
arylation pathway. The present route encourages a more
efficiency synthesis of BAs and opens a new way to
utilize formaldehyde.

4 | EXPERIMENTAL SECTIONS

41 | Chemicals

PBA (97%), CsF (99%), L4 (98%), 2-tolyboronic acid
(98%), and DBU (99%) were provided by Beijing
Innochem Sci-Tech Co., Ltd. PPh; (99%), L3 (97%), L5
(97%), L6  (98%), L7  (98%), L8  (98%),
4-methoxyphenylboronic acid (98%), benzaldehyde
(99%), 4-tolyboronic acid (98%), 3-tolyboronic acid (98%),
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biphenyl-3-boronic acid (98%), 4-bromophenylboronic
acid (97%), and methyl formate (98%) were obtained from
Adamas Reagent Co., Ltd. Et;N (99%), NaOH (96%),
CoCl, (99%), CuCl, (99%), formic acid (88%), and Na,COs
(99.8%) were purchased from Guangdong Guanghua Sci-
Tech Co., Ltd. 3-Chlorophenylboronic acid (97%) and L9
(97%) were obtained from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. RhCl; (98%), PdCl, (98%), and
RuCl; (95%) were provided by J&K Chemicals. Parafor-
maldehyde (95%) was bought from Tianjin Fuchen
Chemical Reagents Factory. All other chemicals were
purchased from commercial sources and used without
further purification.

4.2 | Hydroxymethylation of PBA with
paraformaldehyde

The reaction was performed in a 16-ml Teflon-lined
stainless-steel reactor with a magnetic stirrer.*®! The typ-
ical procedures for hydroxymethylation were carried out
as follows: PBA (0.1220 g, 1 mmol) and paraformalde-
hyde (0.2100 g, 7 mmol, based on C-atom), RhCl;
(1.0 mg, 48 x 107 mmol), PPh; (10.0 mg,
3.8 x 1072 mmol), and NaOH (28.8 mg, 0.72 mmol) were
added into the autoclave, and then it was closed and
flushed with N, for three times to remove air. The mix-
ture was heated to 130°C and reacted for 6 h. Upon reac-
tion completion, the reactor was cooled in an ice bath to
0°C, and the liquid phase was analyzed by GC (Agilent
7890B, HP-INNOWAX, 30 m X 0.32 mm X 0.25 pm) with
undecane as an internal standard. The products were sep-
arated by a silica gel column chromatography with ethyl
acetate and petroleum ether as eluent.

4.3 | Computational sections

All  calculations were implanted in Gaussian
09 software,®” and images of the optimized structures
were displayed and prepared with CYLview software.*®!
Geometry optimization and frequency analysis were per-
formed in THF solvent with the CPCMP**’! using
MO06-2X and a mixed basis set of LanL2DZ!*!! for Rh and
6-31G(d,p) for other atoms (C, H, O, B, P, and CI) (All
optimized structural information is given in the
Supporting Information). Intrinsic reaction coordinate
(IRC) computations validated the connections between
reactants, transition states, and products.
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