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Organoaluminum hydrides catalyzed
hydroboration of carbonates, esters, carboxylic
acids, and carbon dioxide+
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The reductive functionalization of the C=0 unit of carbonates, carboxylic acids, esters, and CO,, respect-
ively has received great attention since its introduction. This method is often used industrially for the syn-
thesis of high value-added energy products in chemistry. This opens up a new way forward to reduce
greenhouse gases and the consumption of traditional energy sources. Herein, we report an earth-abun-
dant, cheap, and readily available aluminum dihydride, which can catalyze the reduction of a range of car-
bonates, esters, carboxylic acids, and CO,, respectively in the presence of pinacolborane as a reducing
agent. Moreover, we demonstrate that the reaction can proceed to obtain good yield products under mild
conditions, with low catalyst loading and solvent-free reactions. The mechanism of the catalytic reduction

rsc.li/dalton

Introduction

The reduction reaction plays a pivotal role in chemical trans-
formation, synthesis, and recycling. Therefore, reduction reac-
tions, especially hydrogenation reactions, have been widely
used in traditional industrial, agricultural, and energy fields
during the last decades. Hydroboration reaction has become a
hot research topic due to its low toxicity, high reactivity, and
high selectivity control in recent years as an alternative
method to the traditional hydrogenation reduction process.
However, it is significant to have a selective and efficient
method to reduce the conversion of CO, and derivatives into a
wide range of C1 chemicals such as formaldehyde, methanol,
etc." Therefore, the hydroboration of carbonates, carboxylic
acids, esters, and carbon dioxide itself, containing C=0 units
are great precursors.

The research on the synthesis and properties of compounds
with low-valent elements and low coordination numbers of
main group species are gradually developed over the past few
years.”® In comparison with transition metals, most of the
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of carbonates has been investigated.

main group metals have the characteristics of earth-abundant,
cheap, and environmentally friendly elements. Among them,
organoaluminum compounds are attracting much attention
due to the strong Lewis acidity of the central aluminum atom,
which can be used for reactions with electron-rich compounds.
This advantage has attracted chemists to struggle along with
the development of new aluminum compounds for catalysts.”®
In 2015 our group presented a method for the selective hydro-
boration of aldehydes and ketones using an organoaluminum
hydride as an excellent catalyst.” Afterward we expanded the
substrates to alkynes,'® nitriles," and carbodiimides,'*"?
while aluminum compounds for catalysis also made great
progress.'*! Given the growing interest in aluminum-cata-
lyzed organic reactions and the fixation of carbon dioxide and
its derivatives, we aimed our target at Al-catalyzed reductions.
Surprisingly, we discovered that the hydroboration reactions of
a broad range of cyclic and linear organic carbonates, esters,
carboxylic acids, and even CO, are efficiently catalyzed by
aluminum hydrides. The reactions proceed under mild con-
ditions. Herein, we report our results (Scheme 1).

Results and discussion
Reduction of carbonates

There is a common method employed in industry to reduce
greenhouse gas emissions by reacting carbon dioxide with
epoxides to form organic carbonates. Carbonates are widely
used as solvents in various chemical reactions due to their

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Previous approaches towards the hydroboration reactions of
organic commodities and the progress of our strategy.

excellent stability.”> Therefore, the reduction of carbonates
becomes quite difficult. Carbonates are often directly catalyzed
by hydrogenation enabling the conversion of CO, into value-
added chemicals such as methanol or diols. However, these
reactions require either high temperature and pressure or tran-
sition metals as catalysts.”>>° Hence, the hydroboration reac-
tion of carbonates can be used as an alternative method to
avoid the use of flammable and explosive gases or transition
metals as reductants. Nevertheless, there are a few reports on
the hydroboration of carbonates (Scheme 1).2*'7** Thus, it is
crucial to develop hydroboration reactions of Al-catalyzed car-
bonates under mild conditions.

We selected two reported aluminum hydrides LAIH, (L =
HC(CMeNATr), Ar = 2,6 - iPr,CeH,) (1, Fig. 1) and L’'AlH, (L'
HC(CMeNAr),, Ar = 2,6 - Et,C¢H3) (2, Fig. 1) as catalysts and
started our initial investigation by utilizing cyclic carbonate 3a
as substrate and pinacolborane (HBpin) as reductant under
the neat condition with catalyst loading of 5 mol%. In the first
test, two aluminum hydrides were used as catalysts in the reac-
tions which were not completed at 50 °C after 8 h (Table 1,

0 R

N HiPr H
4 M7
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C A,

C A

N Hipr N
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2

Fig. 1 The structures of two aluminum hydrides.
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Table 1 Optimization of Al-catalyzed hydroboration of carbonates?

0
o)ko +  3.1HBpin —»ﬁ:; BpinQ_ OBpin  + CH,0Bpin
/
3a 4a
Entry Cat. T (°C) t (h) Yield® (%)
1 1 50 8 46
2 2 50 8 59
3 1 50 10 67
4 2 50 10 78
5 2 80 10 84
6 2 100 10 99
7¢ 2 100 10 9
84 2 100 10 94
9° 2 100 10 91
10 — 100 10 0

“Ethylene carbonate (3a) (1 mmol), HBpin (3.1 equiv.), catalysts
(5 mol%). ®The reaction was monitored by 'H NMR spectroscopy.
“Toluene as a solvent.  THF as a solvent. ° The loading of the catalyst
was 3 mol%.

entries 1 and 2). Extending the time to 10 h showed that large
amounts of carbonate were still observed in the crude product
even though the yield was improved (Table 1, entries 3 and 4).
Based on the results, we noticed that aluminum dihydride 2
showed superior catalytic performance when compared with 1.
The temperature of the reaction system was increased to 80 °C
as a further step to achieve higher yields (Table 1, entry 5). To
our delight, carbonate 3a was completely transformed at
100 °C after 10 h (Table 1, entry 6). Furthermore, when toluene
and THF were selected as solvents, the yields even slightly
decreased (Table 1, entries 7 and 8). With a lower loading of
catalyst 2 to 3 mol%, only 91% yield was obtained (Table 1,
entry 9). No expected product was formed when no catalyst
was added in the control experiment (Table 1, entry 10).
Following the optimal conditions, we investigated the sub-
strate scope and limitation of the hydroboration of different
cyclic and linear carbonates (Table 2). All reactions gave good
yields using 5 mol% loadings of catalyst 2 at 100 °C under
solvent-free conditions within 10 h. Five-membered ring car-
bonates bearing aliphatic groups such as Me and Et showed
quantitative yield under the same condition of ethylene car-
bonate (Table 2, entries 2 and 3). When the branched-chain
was replaced by the methoxy group the conversion of the
hydroboration product is slightly reduced (Table 2, entry 4).
Interestingly, we observed that the reduction of unsaturated
carbonate occurred at the carbonate functional part rather
than at the olefin group (Table 2, entry 5). 4-(Hydroxymethyl)-
1,3-dioxolan-2-one bearing a hydroxyl group reacted with 4.1
equivalent of HBpin and resulted in a nearly quantitative yield
of the corresponding boronate ester (Table 2, entry 6). Organic
carbonates containing a six-membered ring were able to
produce effective yields by reduction (Table 2, entries 7 and 9).
However, 5,5-dimethyl-1,3-dioxane-2-one was observed only in
60% yield and this phenomenon may be related to the low
solubility of the substrate in HBpin (Table 2, entry 8). The
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Table 2 Hydroboration of carbonates catalyzed by 27

o
i
Qo
~ inBQ_ OBpin
or ~ HB- 5mol% 2 pinBQ_{
9 +  3.1equiv. 5 neat, 100°C, 10 h or + CH30Bpin
R‘O’C‘O’R 2 R-OBpin
3 4
Entry Carbonate Product Yield” (%)
1 )O]\ . Bpino™ OB 4a 99
) 8
/
2 Q Bpino” >y OB 4 99
OJLO 3b /Y
o . OBpin
3 )L BpinO P 4c 99
e
4 o Bpin0 OBpin 94
O)I\O - 4d
Do |
/O
o . OBpin
5 J\ BpinO P 4e 99
Be i -
66 o Bpin0 OBpin 99
O)J\O 3f “
Q)_/ OBpin
HO
7 i BpinO._~_OBpin 4g 99
G
o
8 L Bpino\)(/OBpin 4h 60
9 Q 99
O)J\O . ) 4i
%\ 3 BpinO. OBpin
10 jl 3 _-OBpin (3 equiv.) 4) 99
~ _
(O]
11 i 3K ~_-OBpin 4k 99
o7 o
[e] ~_-OBpin
12 ~ )I\ N 3l * a4 99
0" O _-OBpin
13 o _ am /\/OBpin 4m 93
~, N\F
(O]
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“Reaction conditions: 3 (1 mmol) and HBpin (3.1 mmol, 3.1 equiv.)
and 2 (5 mol%), 100 °C for 10 h. * The reaction was monitored by 'H
NMR spectroscopy. ‘4.1 equiv. of HBpin was used. ¢ Average M, of
starting material: ~50 000.

result is consistent with that reported in the article by Leitner
et al. in 2018.%°

Typically, linear carbonates are more challenging to reduce
than cyclic carbonates. Gratifyingly, dimethyl, diethyl, and
ethyl methyl carbonates could achieve full conversion with
excellent yields (Table 2, entries 10-12). The hydroboration of
allyl methyl carbonate which contains the olefin group also
accomplished 93% yield (Table 2, entry 13). Subsequently, we
shifted our interest to the reduction of dibenzyl carbonate and
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diphenyl carbonate which underwent slightly decreased yields
compared to the linear carbonates (Table 2, entries 14 and 15).
To further investigate the applicability of aluminum hydride
compound for catalyzing carbonates, we selected polypropyl-
ene carbonate as the reaction substrate which can be syn-
thesized by propylene and CO, industrially. Remarkably, the
yield of the hydroboration product can achieve 97% conversion
(Table 2, entry 16). The product can be further reacted with
HCl and purified by flash chromatography to obtain the
corresponding alcohol. The catalysts 1 and 2 can be easily syn-
thesized by p-diimine and LiAlH, or AlH3;NMe; in yields
greater than 90% at the gram scale. Even the Al-catalyzed pro-
tocol is not more effective than alkaline earth or transition
metals systems (Al: 100 °C, 10 h, 99% yield vs. Mg/Mn: r.t.
—90 °C, 3-8 h, 99% yield), it is also confirmed that our alumi-
num-based metal catalysts are based on low-cost and easily
available when compared with existing protocols.>**

Reduction of esters

The ester linkages are both prevalent in cellulose and vege-
table oils in nature and an essential transformation process in
the synthesis of organic as well as of drug entities.
Nevertheless, it is very challenging to reduce esters compared
with the carbonyl groups of aldehydes and ketones on account
of the thermodynamic inertness.”> Typically, the transform-
ation is achieved by applying powerful reducing agents such as
BH; and LiAlH, which require stringent reaction conditions
and post-treatment processes.*®™** Therefore, the reduction of
esters with boranes such as pinacolborane (HBpin) is compara-
tively stable and convenient to handle, thus avoiding unnecess-
ary safety problems. As far as we know, only a few examples of
hydroboration reactions of esters have been discussed in
recent years and these catalysts are mainly made of rare earth
and alkaline earth metals (Scheme 1).*>***” In some of the
above descriptions, the ester is only served as a single example
of substrates that have been published.”****® Thus, it is
necessary to develop a general protocol for the aluminum
system to catalyze the hydroboration of esters.

Initially, we explored whether the ester and pinacolborane
would react spontaneously for lack of catalyst, unfortunately,
no exciting results were detected even at temperatures up to
60 °C (see the ESI Table S1,} entries 1 and 2). Further, a
detailed investigation by using aluminum dihydride 2 as a
catalyst was investigated for the reduction of esters (Table S1,T
entries 3-7). Noticeably, the yield increased with the rising
temperature and the prolonged reaction time. Ultimately, the
reaction yield achieved 99% within 12 h at a catalyst loading of
5 mol% with a temperature of 60 °C.

Inspired by the screening data, we evaluated the applica-
bility of aluminum compound 2 to catalyze the hydroboration
of varieties of ester substrates under optimized conditions.
Table 3 shows the full scope of investigated esters. In the case
of esters featuring different substituents, quantitative conver-
sion was performed in 12 hours using 5 mol% of compound 2
at 60 °C no matter of the aliphatic or aromatic groups (Table 3,
entries 1-7). It should be pointed out particularly that this

This journal is © The Royal Society of Chemistry 2022
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Table 3 Hydroboration of esters catalyzed by 2°
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“Reaction conditions: 5 (1 mmol), HBpin (2.1 mmol, 2.1 equiv.) and 2
(5 mol%), 60 °C for 12 h. ?The reaction was monitored by 'H NMR
spectroscopy. © Product + EtOBpin. ¢ Product + MeOBpin. °4.2 equiv. of
HBpin was used.

catalytic system is more selective for ester groups than olefin
groups (Table 3, entry 4). Next, we extended our substrate
scope to cyclic esters including lactide which transformed the
corresponding dialkoxy boronic esters in excellent yield
(Table 3, entries 8-10). To obtain the information on the cata-
lytic reaction of heterocyclic ester, we combined 2-coumara-
none with HBpin to reach quantitative yield (Table 3, entry 11).
Apart from the above substrates, a further range of electron-
donating and electron-withdrawing group substrates proved to
be suitable for this transition. In summary, we confirmed that
this catalyst has good functional group tolerance (Table 3,
entries 12-15). Similarly, esters can get the consistent con-
clusion with carbonates that the Al-based catalysts are not
more efficient than alkaline earth metal systems (Al: 60 °C,
12 h, 99% yield vs. Mg r.t., 0.5-1 h, 99% yield).>**°

This journal is © The Royal Society of Chemistry 2022
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Reduction of carboxylic acids

As the broad basic unit in organic chemistry, alcohols have a
wide range of applications in the fine chemical, agricultural,
and pharmaceutical industries.**™* It is important not only to
generate novel functional groups in organic synthesis but also
to enable biomass feedstocks for utilizing high-value chemi-
cals. The conventional approach is to utilize metal hydrides
such as LiAlH, or Zn(BH,), as reducing agents, but the safety
of the reaction and the subsequent disposal of the reactants
pose problems.*>* Moreover, hydrogen gas is considered to
be one of the most efficient reagents for reduction. However,
the extremely flammable nature of hydrogen and the demand-
ing requirements for equipment to withstand high pressure
and temperature conditions restrict its widespread
application.>>>>*® Another methodology for the reduction of
carboxylic acids to alcohols is through hydrosilylation, which
suffers from the disadvantages of requiring transition metals
(Ru, Rh, Ir, Fe, Mn, Cu, etc.) as catalysts that limit the range of
substrates or require a light-mediated process.>” **

Gunanathan and co-workers described the first example of
a ruthenium-based catalyst acting on the reaction of the car-
boxylic acid with HBpin. The resulting alkyl boronate was
treated hydrolytically to produce the primary alcohol. This pro-
cedure opened the way for the study of hydroboration of car-
boxylic acids.®® Previously, Leitner et al., as well as Maji et al.,
reported manganese-catalyzed borohydride reactions of car-
boxylic acids.>>*® However, to our knowledge, there is only one
case of main group metal-catalyzed hydroboration reaction
reported of carboxylic acids.®” With the increasing demand for
transition metal substitution and green catalysts, there is a
strong need to extend aluminum-catalyzed hydroboration reac-
tions with unsaturated substrates to carboxylic acids, consider-
ing the interest in developing new catalysts for carboxylic acid
reduction. During this protocol, there are several research
groups, which have recently reported such reactions under
catalyst-free and solvent-free conditions. Nevertheless, con-
ditions such as excessive HBpin or heating are required to
achieve a successful synthesis (Scheme 1).5%7°

The reaction condition of the standard scheme which was
obtained by screening the conditions using benzoic acid as the
reaction substrate (see the ESI Table S27). Firstly, the hydro-
boration reaction of benzoic acid with 3.1 equiv. of HBpin was
carried out at room temperature under neat conditions. Only
57% yield was obtained after 1 hour (Table S2,} entry 1). Then,
the HBpin was increased to 3.3 equiv. which resulted in a yield
of 63% under the same condition (Table S2,} entry 2). We were
gratified to find that the yield excellently increased after the
reaction time was extended to 2 h (Table S2,} entries 3 and 4).
In addition, a parallel experiment was conducted by decreas-
ing compound 2 to 1 mol%, and the production was sub-
sequently reduced (Table S2,T entry 5). When no catalyst was
employed in the reaction, a sharp decline in the corresponding
benzyl borate was detected (Table S2,f entries 6 and 7).
Notably, the main group Al-catalyzed protocol is more effective
when compared with transition metal systems (Al: r.t., 2 h,

Dalton Trans., 2022, 51, 6756-6765 | 6759
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99% yield vs. Ru/Mn: 60-115 °C, 20-24 h, 99% yield).>*>*
Certainly, Al-catalyst has significant advantages over catalyst-
free systems and lower reaction temperatures.

Taking the optimized reaction into account, we exploited
the scope and limitations of the hydroboration of carboxylic
acid. As shown in Table 4, we realized that either the aromatic
acids with an electron-donating group (-Me, -tBu, -OMe) or
electron-withdrawing substituents (-F, -Cl, -NO,, -CN), could
afford quantitative yields of the corresponding boronate ester
in 2 hours (Table 4, entries 2-8). Compounds with larger steric
hindrances like diphenylacetic acid and 2-naphthoic acid also

Table 4 Hydroboration of carboxylic acid catalyzed by 2°

o
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7 8
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“Reaction conditions: 7 (1 mmol), HBgin (3.3 mmol, 3.3 equiv.) and 2
(2 mol%), room temperature for 12 h. ” The reaction was monitored by
"H NMR spectroscopy with mesitylene as an internal standard.
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underwent a reduction reaction in excellent yield (Table 4,
entries 9 and 10). Remarkably, 2-thiophenecarboxylic acid pro-
ceeded to hydroboration with HBpin, and a 99% yield was
observed (Table 4, entry 11). Then, we expanded the substrate
scope to the aliphatic carboxylic acids. Surprisingly, we
observed that aliphatic carboxylic acids were obtained in quan-
titative yields under the same conditions which supported the
suitability of the Al-catalyst for structurally diverse carboxylic
acid substrates (Table 4, entries 12-18).

Reduction of carbon dioxide

The high-performance hydroboration catalysis of various sub-
strates containing C=O0 functional groups by aluminum com-
pounds prompted us to explore directly the reduction of CO,.
As a sustainable C1 feedstock, there is interest in converting
from CO, to products such as formaldehyde and methanol,
which are currently synthesized from non-renewable
feedstocks.”" ®® Lately, the hydroboration of CO, has received
significant attention in organic synthesis. The majority of the
reported catalytic systems focus on transition-metal complexes
(including Ni,*"* Pd,**"*> Cu,*® Fe,*” Ru,*®*° Co,”® Mn,* and
Zn®"), alkali metal complexes,”°> and other main-group
catalysts.”*°® However, hydroboration of CO, by using an
aluminum catalyst is still rare (Scheme 1).%'%°

In this case, we increased the reaction temperature and
catalyst ratio to 10 mol% to ensure adequate consumption of
HBpin. The experimental results showed that CO, could be
fully reduced with a yield of 95% after 48 h of stirring. With
this exciting result, it offers a new approach for the direct
reduction conversion of CO, (Scheme 2).

It is interesting that the hydroboration of CO, with HBpin
using the similar organoaluminum hydrides catalyst was not
observed in the previous report from Aldridge and co-
workers.'" However, organoaluminum hydrides can catalyze
CO,, this was observed by So and his colleagues, and they
explained the reaction mechanism using DFT calculations.”
This phenomenon deserves to be further explored in our
future work.

Proposed mechanism

To further understand the mechanism, we chose catalytic car-
bonate as the template and conducted several additional
control experiments. An equimolar mixture of organoalumi-
num catalyst 2 with ethylene carbonate 3a and HBpin, respect-
ively, was reacted at room temperature, and the results were
analyzed by "H NMR spectroscopy. We found that only the
reaction of 2 with ethylene carbonate showed a new single
resonance at 4.32 ppm in the '"H NMR with a 2H intensity by
integration which is presumable to form an aluminum-oxygen

10 mol% 2
100 °C, 48 h

CO, + HBpin CH;0Bpin  + O(Bpin),

1 atm. 95% yield

Scheme 2 Aluminum-catalyzed hydroboration of CO,.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Energy profile for the formation of the intermediate INT-4 and
formaldehyde. Optimized geometries of the transition states TS-2 and
TS-3 with important geometrical parameters are also provided. Bond
distances (d) are in angstroms (A). Only key hydrogen atoms are shown
for clarity. L = HC(CMeNAr),, Ar = 2,6 — Et,CgHs.

compound (see ESIt for details). A detailed theoretical explora-
tion of aluminum-catalyzed hydroboration of carbonates
would be of great importance and necessary to unravel the
complete mechanistic picture for this kind of fascinating
system. Therefore, quantum chemical calculations were per-
formed at the R-BP86-D3/def2-TZVP//R-BP86/def2-SVP level'”
to explore the mechanistic avenues in aluminum dihydride 2-
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catalyzed hydroboration of cyclic carbonate 3a, leading to the
formation of 4a and methoxyboronic acid pinacol ester
(CH;0Bpin). The reaction initiates with insertion of the carbo-
nyl group of 3a into the Al-H bond in the catalyst to afford a
significantly stable intermediate INT-1 (Fig. 2). This step needs
to surmount an energy barrier of 18.8 kcal mol™'. INT-1 then
rearranges to INT-2 to facilitate the approach of the oxygen
(02) center towards aluminum, which leads to the formation
of an appreciably stable intermediate INT-3 via TS-2. The intra-
molecular hydride transfer from the aluminum center to the
carbonyl carbon of INT-3 in the subsequent step promotes the
liberation of formaldehyde (HCHO), giving rise to the gene-
ration of a remarkably stable intermediate INT-4. The incom-
ing pinacolborane (HBpin) gets coordinated to the oxygen
center (03) in the resulting intermediate INT-4 to furnish a
slightly less stable adduct INT-5 via TS-4 (Fig. 3)."*® The sub-
sequent hydride transfer from boron to aluminum with simul-
taneous Al-O3 bond rupture leads to the generation of INT-6.
The step requires an intrinsic energy barrier of 5.9 kcal mol™
and the single imaginary mode in the corresponding tran-
sition state TS-5 animates the breaking of Al-O3 (2.254 A) and
B-H (1.741 A) bonds with concomitant Al-H (1.659 A) bond
formation. INT-6 then rearranges to INT-7 and the coordi-
nation of the second HBpin to the oxygen center (O2) in INT-7
results in INT-8 via TS-6. This step needs to overcome an
energy barrier of 9.0 kcal mol™, indicating a slightly higher
energy barrier required for the coordination of the second
pinacolborane compared to the first one. INT-8 then under-
goes similar hydride transfer to afford the desired product 4a
with the regeneration of the catalyst. This step corresponding
to an overall activation barrier of 25.1 kcal mol™" is the rate-
determining step for the catalytic transformation. The calcu-
lated rate-limiting energy barrier is reasonable under the
solvent-free, 100 °C reaction conditions.

.Bpin
H |
¢ A2 3
i -9~ 0kpin
. L—Al
\,pin 1
2 1
5 /O :2 8 TS-7
o) Jrm—
e L—all_, 1 9~"0epin (20,00,
L—AI_ 1 30 LAY / \
30 AL . / Y2
i s P TS-6 INT-8,/ Vsl
= J— HBpin 7(-31.6) (-31.8) .32.4
5 TS-4 7 (333)\ e, )
g iy J— INT-5 7 \ /7 H—z in pINBO~" .
= HEpin (-37.8) ~ \ INT-6 m '|p| OBpin
8 : (-39.2) — 2 3
i: INT-4 7/ 02 (-41.3) (-4(1.6) 1/9\/\0 i
9 . L—Al
Q| (45.1) i ) 0 x \
2 ~F 7 e H
0 30 L—A" 4 S,
L—A_ 3 /\,‘pin \H ] 1/02\/\8;pin
e H ™ pin | —al
\
H

Fig. 3 Energy profile for the 2-catalyzed formation of 4a. L = HC(CMeNAr),, Ar = 2,6 Et,CgHs.
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Fig. 4 Energy profile for the alternative pathway leading to the formation of the intermediate INT-7. Optimized geometry of the transition state
TS-8 with important geometrical parameters is also provided. Bond distances (d) are in angstroms (A). Only key hydrogen atoms are shown for

clarity. L = HC(CMeNAr),, Ar = 2,6 Et,CgHs.

We have also explored the alternative pathway leading to
the generation of the intermediate INT-7 (Fig. 4). The inter-
molecular hydride transfer from the catalyst to the carbonyl
carbon of INT-3 furnishes a remarkably stable intermediate
INT-9 with the liberation of formaldehyde. This step needs to

surmount an activation barrier of 25.9 kcal mol ". Then
similar HBpin coordination followed by hydride transfer to the
aluminum center with the release of catalyst molecule affords
INT-7. Though this reaction channel demands a slightly
higher energy barrier compared to that of the intramolecular

0%\
! .H
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H
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© J—
E 2. /(3710 Epin
] \ H— <
8| HcHo. ~Bpin H’ \o A d (Al-H) = 1.645
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Fig. 5 Energy profile for the 2-catalyzed formation of CH3;OBpin. Optimized geometry of the transition state TS-13 with important geometrical
parameters is also provided. Bond distances (d) are in angstroms (A). Only key hydrogen atoms are shown for clarity. L = HC(CMeNAr),, Ar = 2,6

Et2C6H3.
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hydride transfer (22.3 kcal mol ™), participation of a second
catalyst molecule in the reaction channel is less likely to
operate under the experimental conditions. We have also
checked another alternative route for the formation of INT-7
involving a substantially stable cyclic intermediate INT-13
(Fig. S5t). However, the second hydride transfer from alumi-
num to the carbonyl carbon in INT-2 with concurrent C-O2
bond breaking to afford INT-13 demands a drastically high
energy barrier of 67.4 kcal mol™". Additionally, participation of
HBpin instead of 2 in the generation of formaldehyde from
INT-3 also involves TS-18 which shows a reasonably high
barrier height of 36.5 kcal mol™" and therefore, can be safely
discarded on the kinetic ground (Fig. S6t). Moreover, we have
performed distortion-interaction analysis to cast light on the
origin of activation barriers for TS-8 and TS-18 (Tables S3 and
$41).19*71% Though the distortion energy of the INT-3 frag-
ment is appreciably lower in TS-18 than TS-8 [A*E4;INT-3:
27.7/22.7 kecal mol™" in TS-8/TS-18], immensely larger distor-
tion energy of the HBpin fragment in TS-18 compared to the
catalyst fragment in TS-8 accounts for the substantially higher
activation barrier in the former transition state [A*Edist—z/
A*E4;-HBpin: 8.6/27.8 kcal mol™ in TS-8/TS-18].

On the other hand, 2-catalyzed hydroboration of formal-
dehyde furnishes CH3OBpin product (Fig. 5). The insertion of
formaldehyde into the Al-H bond in the catalyst initiates this
reaction channel to yield substantially stable intermediate
INT-11, accompanying a moderate energy barrier of 13.6 kcal
mol ™. The coordination of pinacolborane to the oxygen center
in INT-11 generates a slightly less stable intermediate INT-12
via TS-12. Finally, the hydride transfer from boron to alumi-
num with concurrent Al-O bond rupture delivers CH;OBpin
and the catalyst also gets regenerated. This step demands an
intrinsic energy barrier of 6.9 kcal mol™" and an overall energy
barrier of 15.4 kcal mol™" with respect to INT-11. Hence, DFT
calculations reveal that the aluminum dihydride species not
only catalyzes the formation of 4a but also plays a crucial role
in generating formaldehyde in the catalytic system, which
eventually furnishes CH3;OBpin. The theoretical calculation
results also verify our conjecture about the control experiment
(Scheme S17).

Conclusions

In summary, we report the first excellent catalytic performance
of reduction of a wide range of CO,-derived cyclic five- and six-
membered carbonates, linear carbonates, polycarbonates, by
using the cheap and environmentally friendly organic alumi-
num hydrides under neat condition. The new protocol shows
excellent capabilities in hydroboration of esters, carboxylic
acids, and carbon dioxide as well. Its simplicity and versatility
make it a useful protocol compared to most the hydroboration
strategies for challenging C=O functionalities. In-depth
mechanistic underpinning of aluminum dihydride 2-catalyzed
hydroboration of carbonate 3a suggests a very unique reaction
route with involvement of 2 in two parallel pathways, one

This journal is © The Royal Society of Chemistry 2022
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giving rise to product 4a and the other to CH;0Bpin via hydro-
boration of formaldehyde generated in the catalytic system. All
transformations are carried out smoothly, under neat con-
ditions with suitable catalyst loading, and showing they’re sus-
tainable applications.
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