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Catalytic value addition of glycerol to lactic acid
by chromium chloride and its corresponding
pincer complex

Himani Narjinari, Sunil Dhole® and Akshai Kumar @ *2¢

The 3d-metal salt chromium(i) chloride (CrCls-6H,0) and its corresponding pincer-Cr complexes were
utilized to bring about the catalytic transfer dehydrogenation of glycerol (GLY) to lactic acid (LA) in the
presence of a sacrificial hydrogen acceptor, acetone. Among the catalysts that were screened, the
(“2NNN)CrCls (0.5 mol%) catalyzed net transfer dehydrogenation of glycerol in the presence of 1.1
equivalents of NaOH at 160 °C afforded 94% lactic acid at 98% selectivity along with another value-
added product isopropanol (IPA). Homogeneous molecular nature of the active catalyst in the reaction
mixture was evident from the retention of catalytic activity in the presence of catalyst poisons such
as PPhs;, CS, and Hg. These homogeneous molecular species are likely to be based on Cr(i) as
inferred from detailed mechanistic investigations involving EPR analysis, HRMS studies and Evan's

rsc.li/catalysis

Introduction

The rapid depletion of fossil-fuel reserves has led to the
increased utilization of biodiesel." Biodiesel production is
accompanied by a significant amount of waste generation
such as glycerol (GLY).” This adds significantly to the global
reservoirs already burdened by the glycerol contribution from
a large number of industries involving cellulose
hydrogenolysis®* and fermentation® processes. Notably, GLY
can serve as a starting material for numerous forms of
specialty chemicals like lactic acid (LA), dihydroxyacetone and
propanediol.””® GLY can also act as a potent hydrogen source
as well as solvent in various metal aided catalysis owing to
the presence of three hydroxyl groups.>*'° LA has a plethora
of applications in diverse industries, which includes
cosmetics, pharmaceuticals, food, green solvent production,
biodegradable plastics, surfactants, chemical production and
polylactic acid production (PLA).'" Traditionally, GLY to LA
conversion is carried out in two pathways which includes
bacterial ~ fermentation  (via  bioconversion)'>  and
heterogeneous catalysis.>*”'* Special conditions required for
bacterial survival apart from challenging product separation
steps are the typical challenges associated with these classical
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magnetic moment experiments. Isotope labelling experiments indicate a KIE of 1.3.

routes to LA."*” Conversely, the use of homogeneous catalysts

demands milder reaction conditions and hence provides
better reactivity as well as selectivity,'>¢™1422

The Ir())-NHC catalyzed glycerol dehydrogenation in an
acceptorless fashion was first demonstrated by Crabtree,
where an impressive yield of LA (90%) was obtained at a very
high selectivity (95%) with a high turnover number of
30100." Tu then utilized a copolymer based Ir-NHC complex
to perform the glycerol dehydrogenation to LA where a very
high yield of LA (98%) was observed with a turnover number
of 3266."° Williams obtained a very high turnover number of
1057172 with a good yield of LA when glycerol was treated
with an Ir(1) complex based on a bidentate (pyridylmethyl)
imidazolium carbene ligand."® Voutchkova-Kostal introduced
highly charged sulfonate functionalization to Ir(1), Ir(m) and
Ru() NHC complexes which rendered a turnover number of
45592 under microwave conditions."”* Very recently, Li
studied the conversion of glycerol to lactic acid in water in
high yields (ca. 99%) and with excellent selectivity (ca. 99%)
that was catalyzed by a water-soluble piano-stool iridium
complex.'”” Very recently, Kumar and Weller have reported
PNP-Ir catalyzed glycerol to LA transformation, where 96%
yield of LA was achieved at a high selectivity of 99% with a
TON of 65 000.'%

In the first report with catalytic systems based on Ru,
Beller reported PNP pincer-Ru catalysed glycerol to LA
transformation with an LA yield of 67% with 67% selectivity
with a high turnover number of 270000.'®” We have
demonstrated the activity of 2,6-bis(benzimidazole-2-yl)
pyridine based pincer-Ru towards dehydrogenating glycerol
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to LA. Under the optimized conditions, up to 90% yield of LA
could be obtained with 98% selectivity.'*® Recently, the
research group of Daw have demonstrated that 78% yield of
lactate was obtained from a mixture of glycerol, ethylene
glycol and methanol (1:1:5) in the presence of NNN pincer-
Ru (1 mol%) and KOH (3.5 equivalents) in +-BuOH (1 mL) at
120 °C in 72 h.*” Thus, it is evident that the catalytic systems
based on Ir and Ru have enjoyed great success in
accomplishing the dehydrogenative transformation of
glycerol to lactic acid. However, in recent times, significant
emphasis has been laid to accomplishing these transitions
using earth-abundant first-row transition elements (Fig. 1).
The first report on the use of a 3d metal for the GLY to
LA transformation again came from Crabtree who along
with Hazari performed this reaction utilizing a PNP pincer-
Fe complex which afforded a turnover number of 880 at
20% conversion of glycerol and 80% selectivity towards
LA*°® Fu have reported a highly reactive pincer-Mn
complex, which afforded high yield of LA (96%) with high
selectivity (96%).2°? Very recently, we have reported a
catalytic system based on a simple base metal salt CoCl,
which could accomplish the glycerol dehydrogenation to LA
at 93% yield with a selectivity of 96% in the presence of
acetone as a hydrogen acceptor.’>* The CoCl,*** based
system was one of the very few examples of catalysts derived
from earth-abundant, readily available 3d metals apart from
the report on catalytic systems based on pincer-Mn by Fu?’”
and pincer-Fe by Crabtree and Hazari.”** In our recent report,
we have demonstrated ("">NNN)MnCl, (0.5 mol%) catalyzed
transfer dehydrogenation of glycerol in the presence of
acetone, where we could achieve 92% yield of LA with 99%
selectivity in the presence of 1 equivalent NaOH at 140 °C.>*”
We have also accomplished this reaction using an Fe complex
based on the same bis(imino)pyridine ligand where excellent
yield of LA (91%) at 99% selectivity was afforded in the
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Fig. 1 Homogeneous 3d-metal based molecular catalytic systems
reported for the transformation of GLY to LA.
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presence of 1.2 equivalents NaOH at 140 °C.*'” To the best of
our knowledge, there are no other reports on homogeneous
3d-metal GLY dehydrogenation catalytic systems reported for
the production of LA.

Taking a cue from the previous success on achieving
alcohol dehydrogenation using commercially available
chromium(m) chloride?”” and its corresponding pincer
complexes,??””/ we attempted the conversion of GLY to LA
using CrCl;-6H,0 and its corresponding pincer-Cr complexes
based on bis(imino)pyridine ligands.?*” To our delight, in
the presence of acetone, we could achieve LA in 94% yield at
a selectivity of 98% along with the formation of isopropanol
as a net transfer dehydrogenation product in the (“Y>NNN)
CrCl; catalyzed reaction of glycerol with acetone at 160 °C
after 24 h.

Results and discussion

Studies on the pincer-Cr catalyzed net transfer
dehydrogenation of glycerol to lactic acid using acetone

For the proposed studies on the net transfer
dehydrogenation of GLY 1 to LA 3 using acetone 2a,
CrCl;-6H,0 and its corresponding NNN pincer-Cr complexes
based on bis(imino)pyridine ligands®** of the type (**NNN)
CrCl; (5a; R = Ph, 5b; R = Cy, 5¢; R = 'Pr and 5d; R = ‘Bu)
were used as potential catalysts. During the course of the
synthesis of the considered pincer-Cr complexes using our
previously reported protocol, we were able to obtain crystals
of 5a which were suitable for single-crystal XRD analysis
(Table S1). Green crystal was obtained for complex 5a in a
solution of MeOH and H,O via slow evaporation. SC-XRD
analysis of 5a revealed that Cr is in an octahedral
environment, to which the pincer ligand is bound in
meridional geometry with one chloride trans to pyridyl-N
and the other two chlorides are trans to each other
(Fig. 2b). Complex 5a has crystallized in the P2,/n space
group. The Cr-N(pyridyl) bond distance is 1.994(8) A (Table
S1). Both the Cr-N(imine) bonds are comparable (2.108(9) A
and 2.099(8) A) in length with the pyridyl(N)-Cr-N(imine)
bond angles of 77.0(4) and 77.4(4), respectively.

The catalytic investigations were initiated using 5 mmol of
glycerol 1, 5 mmol of acetone 2a, 0.5 mol% CrCl;-6H,0 and
KOH (0.5 equivalents with respect to glycerol) where 25%
glycerol conversion was observed that resulted in 23% lactate
3" with 92% selectivity at 160 °C in 24 hours (entry 1,

5¢; R = Pr CICCcha:“ 0415

Fig. 2 (a) The considered catalysts 5a-d. (b) The molecular structure
of 5a is provided as ORTEP drawn at 50% probability. All of the
hydrogen atoms on 5a are omitted for the sake of clarity.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Glycerol net transfer dehydrogenation to lactic acid catalyzed by CrClz;-6H,O and its corresponding pincer complexes under varying

conditions®
OH Work-up OH
HO/Y\OH o X Mol% Cr Catalyst __ withAcid __ OH
OH * )J\ Base (Y Equwalents) )\[f )\[(
160 °C, 2 0
1 28 Sealed Vessel 3
Entry Cr catalyst (X mol%) Base (Y equivalents) % conversionl’ 1 % yieldb 3 % selectivity” 3’ % yield” 4a
1 CrCl;-6H,0 (0 5) KOH 0.5 25% 23% 92% 19%
2 CrCl;-6H,0 (0 5) KOH 0.75 40% 40% 100% 38%
3 CrCl;-6H,0 (0 5) KOH 1 51% 50% 98% 42%
44 CrCl;-6H,0 (0 5) KOH 1.1 62 + 2% 62 +1% >99% 55+ 1%
54 CrCl;-6H,O (O 5) KOH 1.2 62 + 2% 61 +3% 98% 57 £+ 1%
6¢ CrCl;-6H,0 (O 5) KOH 1.3 67 £+ 1% 66 + 1% 98% 60 + 2%
7 CrCly-6H,0 (0.75) KOH 1.1 70% 68% 97% 68%
8 CrCl;-6H,0O (0 ) KOH 1.1 63% 62% 98% 54%
9 CrCl;-6H,0 ( ) KOH 1.1 58% 58% 100% 51%
10 CrCl;-6H,0O (O 075) KOH 1.1 55% 53% 96% 49%
11 CrCl;-6H,0 (0 05) KOH 1.1 55% 54% 98% 40%
12 CrCl;-6H,0 (0.025) KOH 1.1 60% 58% 97% 48%
13 CrCl;-6H,0 (0 01) KOH 1.1 55% 54% 98% 54%
14 CrCl;-6H,0 (0.0075) KOH 1.1 55% 55% 100% 45%
15 CrCl;-6H,O (0 005) KOH 1.1 51% 50% 98% 38%
16 CrCl;-6H,0 (0 0025) KOH 1.1 50% 49% 98% 31%
17¢ CrCl;-6H,0 (0 0025) KOH 1.1 60% 59% 98% 53%
184 CrCl;-6H,0 ( ) NaOH 1.1 88 + 2% 84 +1% 95% 67 £+ 1%
19/ CrCl;-6H,0 (0.5) NaOH 1.1 82% 81% 99% 52%
204 CrCl;-6H,O (0 5) NaO‘Bu 1.1 40 £ 1% 39+1% 99% 5+1%
214 CrCl;-6H,0 (0.5) KO'Bu 1.1 27 £ 1% 26 £ 1% 99% 21+ 1%
224 CrCl;-6H,0 (O 5) NaOEt 1.1 26 + 1% 26 £+ 1% >99% 24 + 1%
23 CrCl;-6H,0 (0.5) Na,CO; 1.1 Trace Trace Trace Trace
24 CrCl;-6H,0 (0.5) K,CO; 1.1 Trace Trace Trace Trace
25 CrCl;-6H,O (0 5) NaHCO; 1.1 0 0 0 0
26 CrCl;-6H,0 (0.5) KHCO, 1.1 0 0 0 0
27 5a (0.5) NaOH 1.1 92% 91% 99% 67%
28 5b (0.5) NaOH 1.1 96 + 1% 94 + 1% 98% 79 + 1%
29 5¢ (0.5) NaOH 1.1 86% 84% 98% 53%
30 5d (0.5) NaOH 1.1 78% 75% 96% 43%
31 5b (0.75) NaOH 1.1 87% 86% 99% 76%
32 5b (0.25) NaOH 1.1 75% 73% 95% 38%
33 5b (0.05) NaOH 1.1 68% 67% 98% 28%
34 5b (0.005) NaOH 1.1 61% 57% 91% 26%
35 5b (0.00125) NaOH 1.1 56% 53% 95% 13%
36% 5b (0.5) NaOH 1.1 73% 72% 99% 47%
37" 5b (0.5) NaOH 1.1 63% 61% 97% 48%
38’ 5b (0.5) NaOH 1.1 26% 24% 92% 20%
39 No Catalyst NaOH 1.1 21% 19% 90% Trace

¢ Reaction conditions: 5 mmol glycerol, X mol% Cr catalyst, base (Y equivalents with respect to glycerol), 5 mmol 2a, at 160 °C, in a 15 mL
pressure tube, under air. ” Determined from 'H NMR analysis using sodium acetate as the standard. ¢ Selectivity of lactic acid = (yield of lactic
acid/conversion of glycerol) x 100. ¢ Average of two runs. ¢ Reaction was done for 96 h. / 0.555 mL acetone was used (1.5 equivalents with
respect to glycerol). £ Reaction was done at 140 °C. " Reaction was done at 120 °C. ' Reaction was done at 100 °C.

Table 1). A higher yield of 3’ (40%) was observed at a higher
KOH loading of 0.75 equivalents (entry 2, Table 1). In the
presence of one equivalent of KOH, 50% yield of lactate 3’
was obtained at 98% selectivity (entry 3, Table 1).

The yield of lactate further increased to 62 + 1% when 1.1
equivalents of KOH was used (entry 4, Table 1). On further
increasing the equivalents of the base, comparable yield of
lactate 3’ was observed (entries 5 and 6, Table 1). Further
optimization was hence carried out using 1.1 equivalents of
KOH. While increasing the loading of CrCl;-6H,0 to 0.75
mol% led to comparable yield of lactate 3' (68%, entry 7,

This journal is © The Royal Society of Chemistry 2025

Table 1), further lowering the catalyst loading resulted in
lactate yields that were in the range of 60-50% after 24 hours
of reaction (entries 8-16, Table 1). Notably, with a very low
loading of 0.0025 mol% CrCl;-6H,0, 59% yield of lactate 3’
which corresponds to an unprecedented turnover number of
23 600 TON was obtained in 96 hours (entry 17, Table 1).

To investigate the effect of various bases, the GLY to LA
transformation reaction was done using 5 mmol glycerol, 5
mmol acetone, 0.5 mol% CrCl;-6H,0, and 1.1 equivalents of
base at 160 °C for 24 hours (entries 18-26, Table 1). A very
good yield of lactate 3’ (ca. 84 + 1%, entry 18, Table 1) was

Catal. Sci. Technol., 2025, 15, 7473-7482 | 7475
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obtained in the presence of NaOH. Use of NaO‘Bu gave lower
yield of lactate 3' (39 + 1%, entry 20, Table 1). Both KO‘Bu
and NaOEt have shown poor efficiency giving rise to similar
yield of 3' (26 = 1%, entries 21 and 22, Table 1). The
carbonate and bicarbonate salts of neither sodium nor
potassium were active (entries 23-26, Table 1). Increasing the
amount of acetone hardly improved the productivity of 3’
(entry 18 vs. 19, Table 1).

Under the optimized conditions (entry 18, Table 1), the
transfer dehydrogenation of glycerol with acetone was
repeated using pincer-Cr complexes based on bis(imino)
pyridine ligands®?*/ of the type (**NNN)CrCl; (5a; R = Ph,
5b; R = Cy, 5¢; R = 'Pr and 5d; R = ‘Bu) which were
previously reported by our group.?*”” To our delight,
complexes 5a and 5b have shown better reactivity than the
precursor CrCl;-6H,O in terms of productivity of lactate 3’
(entry 18 vs. entries 27 and 28, Table 1). In particular, 91%
lactate 3’ was obtained with 99% selectivity, when glycerol
(5 mmol) was treated with 0.5 mol% 5a in the presence of
acetone (5 mmol) and NaOH (1.1 equivalents with respect
to glycerol) (entry 27, Table 1). Under similar conditions,
slightly better reactivity was demonstrated by 5b compared
to 5a (entry 27 vs. entry 28, Table 1) where 94 + 1% lactate
3’ yield was obtained with 98% selectivity along with 79 +
1% of isopropanol. Meanwhile, slightly lower yield of
lactate (84%, entry 29, Table 1) but still at high selectivity
(98%) was observed upon the use of catalyst 5c¢ under
identical conditions.

View Article Online
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The optimization of the loading of 5b was then
investigated. On increasing the loading of 5b to 0.75 mol%,
86% yield of lactate 3' with 99% selectivity was obtained,
which is slightly lower compared to that of 0.5 mol% 5b
(compared entry 31 with 27, Table 1) which may be attributed
to the lower solubility of the higher amount of the catalyst.
On lowering the loading of 5b to 0.25 mol%, a decrement in
the yield of lactate 3’ was observed (73% with 95% selectivity,
entry 32, Table 1). Further sequential lowering of 5b loading
led to gradual decrement in lactate 3’ yield however with
good turnover numbers (entries 33-35, Table 1).

To investigate the effect of the temperature, the reaction
was performed at lower temperatures also. On lowering the
temperature from 160 °C to 140 °C, a lower yield of lactate 3’
(72%, entry 36, Table 1) was obtained which drops to 61% at
120 °C (entry 37, Table 1). The yield of lactate 3’ further
dropped to 24% at 100 °C (entry 38, Table 1). One would
observe that in all entries in Table 1, the yield of IPA 4a is
slightly lower than 3', which apparently can be attributed to
the secondary dehydrogenation of 4a back to 2a along with
the generation of hydrogen. Accordingly, hydrogen was
detected in GC measurements for representative examples
(see Fig. S1a-f for H, detected from entries 4, 28, and 31-34,
Table 1). Alternatively, the possibility of a competing aldol
reaction of 2a with the corresponding aldol products acting
as hydrogen acceptors can also explain the lower yield of 4a.
A similar argument could explain the lower yields of 4a-4q in
Table 2 relative to 3'.

Table 2 Glycerol net transfer dehydrogenation to lactic acid catalyzed by 5b using various acceptors®

o o Work-up O
Ho > Non, 0.5 Mol% 5b )}( __withAcid__ OH
OH )k NaOH (1.1 Equlvalents) %RQ
Ry R, 60 8
1 2aq Sealed Vessel 3
Entry Acceptor % conversion” 1 % yieldb 3 % selectivity” 3’ % yield” 4a-4q
14 Acetone (2a) 96 £ 1% 94 + 1% 98% 67 £ 1%
2¢ Acetone (2a) 0% 0% 0% 0%
3/ Acetone (2a) 18% 18% 100% 0%
4 Acetophenone (2b) 76% 74% 97% 72%
5 Benzaldehyde (2¢) 31% 30% 97% 49%
6 4’-Chloroacetophenone (2d) 78% 76% 97% 32%
7 4'-Methylacetophenone (2e) 90% 89% 93% 84%
8 Cyclopentanone (2f) 74% 72% 97% 45%
9 4'-Nitroacetophenone (2g) 32% 18% 56% Trace
10 Benzophenone (2h) 54% 50% 93% 47%
11 3’-Methoxyacetophenone (2i) 75% 73% 97% 56%
12 4-Acetylpyridine (2j) 48% 45% 94% 6%
13 4’-Bromoacetophenone (2k) 87% 84% 96% 22%
14 4"-Fluoroacetophenone (21) 7% 6% 86% 0%
15 4'-CF;-Acetophenone (2m) 47% 45% 96% 15%
16 4’-Methoxyacetophenone (2n) 74% 73% 98% 51%
17 4'-tert-Butylacetophenone (20) 25% 23% 92% 0%
18 2-Acetylthiophene (2p) 65% 62% 95% 49%
19 4'-Hydroxyacetophenone (2q) 15% 12% 50% Trace
208 No acceptor 10% 8% 80% 0%

¢ Reaction conditions: 5 mmol glycerol, 0.5 mol% 5b, NaOH (1.1 equivalents with respect to glycerol), 5 mmol acetone (1 equivalent with
respect to glycerol), at 160 °C, in a 15 mL pressure tube, under air. ” Determined from "H NMR analysis using sodium acetate as the standard.

¢ Selectivity of lactic acid = (yield of lactic acid/conversion of glycerol) x 100.

@ Average of two runs. ¢ Reaction was done in the absence of a

base.”/ Reaction was done in the absence of 5b. ¢ Reaction was done in the absence of any acceptor.
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Under the optimized conditions but in the absence of a
base, no reactivity was observed (entry 2, Table 2), while in
the absence of 5b, only 18% yield of 3' was observed with
100% selectivity towards 3’ (entry 3, Table 2). The GLY to LA
transformation was then performed in the presence of
various acceptors under the optimized reaction conditions
(entry 28, Table 1), to understand the effect of acceptors on
the productivity of lactate 3’ (Table 2).

In the presence of acetophenone 2b as an acceptor,
moderate yield of lactate 3' (74%) was observed (entry 4,
Table 2). In the presence of benzaldehyde 2¢, poorer yield of
lactate 3’ was obtained (30%, entry 5, Table 2). Hence, further
studies were continued with various derivatives of
acetophenone.

A very poor yield of lactate 3’ (6%) was obtained when 21
with a strong electron withdrawing p-fluoro group was
employed as an acceptor (entry 14, Table 2). The yield of 3’
improved to 45% when the p-fluoro group was replaced by a
p-trifluoromethyl group in 2m (entry 15, Table 2). In the
presence of 2d containing a poor electron-withdrawing chloro
group, comparable yield of lactate 3’ (76% at 97% selectivity)
was observed in comparison to 2b that results in 70% yield
of 3’ (entry 4 vs. entry 6, Table 2). Similarly, 2i containing an
poor electron withdrawing methoxy group in the meta
position shows comparable reactivity yielding 73% of lactate
to 2b (entry 4 vs. entry 11, Table 2). Acceptor 2k with a
relatively less electron withdrawing p-bromo substituent
resulted in 84% yield of lactate 3' (entry 13, Table 2). Based
on the observation, it is evident that the yield of lactate 3’
systematically decreased on increasing the electron deficiency
and followed the trend p-Br > p-Cl ~ m-OMe > p-CF; > p-F.
When the reaction was performed in the presence of 2e,
which contains an electron-donating methyl group, a much
higher yield of 89% lactate 3’ with 93% selectivity was
obtained (entry 7, Table 2).

When cyclopentanone 2f was used as an acceptor, a lower
reactivity was observed when compared to the corresponding
activity with another aliphatic acceptor acetone (compared
entry 8 with entry 1, Table 2). It might be attributed to the
fact that cyclopentanone is more sterically crowded than
acetone. Poor yield of lactate 3' (18%) was observed in the
presence of a nitro derivative of acetophenone 2g (entry 9,
Table 2) along with the formation of ethylene glycol EG (3%)
and formic acid FA (11%), ultimately resulting in very low
selectivity towards LA (56%). When benzophenone 2h was
used, 50% yield of lactate 3’ was obtained (entry 10, Table 2).

Mechanistic investigation on the pincer-Cr catalyzed net
transfer dehydrogenation of glycerol to lactic acid using
acetone

To check the homogeneity of the reaction, three well-
established catalyst poisons® involving PPh;, CS, and
mercury were used. Negligible lowering of reactivity towards
production of 3’ was observed when the transfer
dehydrogenation of GLY catalyzed by CrCl;-6H,O and 5b

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Control experiments.

(compared eqn (1) with eqn (3) and eqn (2) with eqn (4),
Scheme 1) was performed in the presence of PPh;. Similar
observation was made in the presence of CS, (compared
eqn (1) vs. eqn (5), Scheme 1 and eqn (1) vs. eqn (6),
Scheme 1). Considering the fact that PPh; or CS, can
poison both homogeneous and heterogeneous catalysts,*? a
confirmatory mercury poisoning test was also performed,
where slight lowering of yield was observed (compared eqn
(2) vs. eqn (7), Scheme 1). These observations draw evidence

of the reaction being mostly homogeneous. Interestingly,
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the high reactivity under open vessel conditions (compared
entry 4, Table 2 vs. eqn (8), Scheme 1) in the presence of
acetophenone (the boiling point is 202 °C) under the
optimized reaction conditions gives an indication of the
involvement of both hydrogenolysis and alcoholysis.

From the EPR analysis of the reaction mixture (entry 28,
Table 1) at 0 h and 1 h, it is evident that at 0 h Cr(m) species
(g = 2.0006)** is involved, whereas at 1 h Cr(u) species (g =
1.9843)** is involved (Fig. 3). HRMS analysis (Fig. 4) of the
reaction mixture demonstrated the presence of several
pincer-Cr mono-glyceroxide and pincer-Cr bis-glyceroxide
species. Magnetic moment measurement (via Evan's
method)**? of 5b in the absence and presence of a base in
2% ‘BuOH in D,O (Fig. 5) bodes well with the observation
from EPR (Fig. 3) of the reaction mixture. A magnetic
moment of 3.42 BM of the reaction mixture before the
addition of a base corresponds to Cr(m) species,*” which
converts to a Cr(u) species with a magnetic moment of 4.5
BM in the presence of a base.*” Subjecting a mixture of
glycerol (2.5 mmol) and glycerol-d8 (2.5 mmol) to the
optimized reaction conditions (eqn (10), Scheme 1) resulted
in a modest KIE of 1.3 along with 46% lactate 3'. This KIE
gives an indication of the involvement of C-H activation as a
part of the catalytic cycle, but it might not be a part of the
rate determining step. Kinetic studies indicate that the
reaction demonstrates a first-order dependence of rate on the
concentration of 5b and NaOH (Fig. 6). Thus, from the
control experiments, it may be inferred that well-defined
molecular pincer-Cr(n) complexes are involved in the catalytic
cycle with a likely contribution from the alcoholysis and/or a
Meerwein-Ponndorf-Verley type pathway (Scheme 2).

The first step in the pincer-Cr catalyzed net transfer
dehydrogenation of glycerol to lactic acid using acetone
involves the generation of the active Cr(u) species 6 from the
Cr(u) precursor (5b) in the presence of a base (Scheme 2).
Subsequent salt metathesis of 6 with NaOH in the presence
of glycerol 1 will generate the alkoxide species 7 along with
loss of water. This will be followed by a B-hydride elimination
at 7 which will give rise to the hydride species 9 via TS-8
along with the extrusion of a molecule of glyceraldehyde 1'.
Glyceraldehyde 1’ will follow a series of base mediated
reactions which involves dehydration of 1’ to 10 and a
subsequent tautomerization of 10 to 11. Ultimately, a base

(b)t=1h; g=1.9843

(a)t=0h; g = 2.0006

0 2(‘)0 4(‘)0 8(‘)0 860
Field (mT)

Fig. 3 EPR analysis of the reaction mixture obtained from the
optimized transfer dehydrogenation of glycerol (entry 28, Table 1 and
eqgn (2), Scheme 1) (a) at 0 h in the absence of NaOH and (b) at 1 h in
the presence of NaOH. The X-band EPR spectra were recorded in
methanol on a JESFA200 ESR spectrometer at 78 K with a microwave
power of 0.998 mW and a microwave frequency of 9.14 GHz.
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Fig. 4 HRMS analysis of the reaction mixture obtained from the
optimized transfer dehydrogenation of glycerol (entry 2, Table 2 and
eqn (2), Scheme 1) at (a) t = 0 h at room temperature and (b) t = 1 h at
160 °C (also see Fig. S2a-c).

mediated intramolecular Cannizzaro reaction in 11 leads to
the final lactate 3'.

The pincer-Cr-hydride species 9 has three paths
(path A-C) at its disposal (Scheme 2). Along path A,
the Cr-H bond in 9 would undergo a c-bond metathesis with
the O-H bond of glycerol 1 leading to the regeneration of
alkoxide species 7 via TS-12 along with the extrusion of H,.
Notably, hydrogen was detected from the headspace of the
reaction mixture (eqn (1) and (2), Scheme 1 and Fig. S1a and
b). However, entry 20 in Table 2 indicates that the
contribution (ca. 8% yield of 3') from acceptorless path A is
very minor.

Along path B, 2a would insert into the Cr-H bond in 9
to give the pincer-Cr isopropoxide 14 while going through
TS-13. Species 14 can undergo a o-bond metathesis
(alcoholysis) with the O-H bond of glycerol 1 leading to the
regeneration of alkoxide species 7 wvia TS-15 while
generating isopropanol 4a (Scheme 2). Reactivity under
open-vessel conditions (eqn (8), Scheme 1) is suggestive of
the involvement of the alcoholysis along path B.
Alternatively, if the pincer-Cr isopropoxide species 14
undergoes a o-bond metathesis (hydrogenolysis) with

(a) 1.16/ 1.08

v = 400 MHz
* — Peak corresponding to Av = (1.16-1.08)ppm*400 MHz
BUOH (2% in D,0) =32Hz

#% —Peak corresponding to c=39mM, T=298K
e = (3% Av)/(1000* v*c)

Hor= T98V(*T) = 3.42 g

*% |
BuCH (2% in D,0) in presence
of 3.9mM 5b . %

112 1.06
(b) g V=400 MHz

* — Peak corresponding to B Av = (1.12-1.06)ppm*400 MHz
BUOH (2% in D,0) =24Hz
c=17mM T=298K
= (3% Av)/(1000* vic)
i Ve = T98N(4'T) = 4.5 g

*% —Peak corresponding to
BuOH (2% in D,0) in presence ||
of 1.7 mM 5b in 0.1 M NaOH.

4.0 3.5 3.0 25 20 1 05 00 -05 -10 -15 -20

5 1.0
1 (ppm)

Fig. 5 Magnetic moment determination via Evan's method of a) 5b
before addition of NaOH and b) 5b after addition of NaOH at room
temperature.
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Fig. 6 (a) Time-profile of transfer dehydrogenation of glycerol in an open vessel using glycerol (0.460 g, 5 mmol, 3.3 M), NaOH (0.2198 g, 5.4956
mmol, 3.6 M), acetophenone (1.2 g, 10 mmol, 6.6 M), at 160 °C, in the presence of 5b (0.0013-0.0114 g, 0.003-0.025 mmol, 0.002-0.016 M). (b)
Dependence of the initial rate of transfer dehydrogenation of the glycerol reaction on the concentration of 5b (extracted from the data at 15
minutes in Fig. 6a). (c) Dependence of the initial rate of transfer dehydrogenation of the glycerol reaction on the concentration of NaOH (extracted
from the data at 15 minutes in Fig. S59. Reaction conditions: glycerol (0.460 g, 5 mmol, 3.3 M), 5b (0.0114 g, 0.025 mmol, 0.016 M), acetophenone
(1.2 g, 10 mmol, 6.6 M), at 160 °C, in the presence of NaOH (0.05-0.22 g, 1.25-5.5 mmol, 0.8-3.6 M)).
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Scheme 2 Plausible mechanism involved in the 5b catalyzed net transfer dehydrogenation of glycerol to lactic acid.

hydrogen, the pincer-Cr hydride 9 would be regenerated
along with the formation of 4a. Notably, though hydrogen is
detected from the headspace of the reaction mixture (eqn
(1) and (2), Scheme 1 and Fig. Sla and b), the
hydrogenolysis through path C is unlikely to contribute to
the observed catalysis, as independent experiments with
molecular hydrogen under the optimized
conditions yielded no product (eqn (9), Scheme 1).

reaction

This journal is © The Royal Society of Chemistry 2025

In alternative path D, the pincer-Cr glyceroxide species 7
would interact with 2a to initiate a direct transfer of the
B-hydrogen via Meerwein-Ponndorf-Verley type TS-17
leading to the extrusion of glyceraldehyde 1’ and formation
of pincer-Cr isopropoxide species 14 (Scheme 2). Species 14
upon alcoholysis would regenerate 7 and produce 4a.
Notably, while path B has a sequence of p-hydride
elimination and insertion steps, path D has a concerted
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B-hydride transfer step prior to the alcoholysis step that is
common to both the paths.

Experimental
Materials and methods

All the complexes were synthesized in anhydrous THF under
argon using the Schlenk technique at room temperature. All
the reactions were performed in a sealed vessel under air.
Kinetic experiments were performed in an open vessel under
air. Glycerol, NaOH, KOH, Na,CO;, K,CO;, NaHCO;, and
KHCO; were purchased from Himedia. Deuterated glycerol-
ds, D,0, NaO’Bu, KO‘Bu and NaOEt were purchased from
Sigma-Aldrich. The ketones were purchased from MERCK or
Sigma-Aldrich or SRL or Alfa Aesar or TCI and used as such.

Physical measurements

'H, ®C {"H} and *H NMR were performed either on a
Bruker ASCEND 600 operating at 600 MHz for "H and *H
and 151 MHz for *C or on a Bruker AVANCE 400 operating
at 400 MHz for "H. Chemical shifts (d) are reported in ppm,
spin-spin coupling constants (J) are expressed in Hz, and
other data are reported as follows: s = singlet, d = doublet
and q = quartet. HRMS measurements were recorded using
an Agilent Accurate-Mass QTOF ESI-MS 6520. The X-band
EPR spectra were recorded on a JESFA200 ESR spectrometer.

General procedure for transfer dehydrogenation of glycerol to
lactic acid using 5b

In a 15 mL sealed tube, glycerol (0.460 g, 5 mmol, 6.8 M)
followed by sodium acetate (0.05 g, 0.6095 mmol, 0.8 M),
NaOH (0.2198 g, 5.4956 mmol, 7.5 M), 5b (0.0114 g, 0.025
mmol, 0.02 M) and acetone (0.37 mL, 5 mmol, 6.8 M) were
added. The reaction mixture was heated in a preheated oil
bath at 160 °C for 24 hours. After 24 hours, the reaction
mixture was brought to room temperature. Subsequently,
0.5 mL H,O was added to the reaction mixture and was
allowed to homogenize under continuous stirring for 10
minutes. An aliquot was drawn and submitted for NMR
analysis in D,0 as the NMR solvent. The yield of lactate (3')
was determined as 94% from "H NMR using sodium acetate
as an internal standard.

General procedure for kinetic studies

(a) variation in the loading of 5b. To each of the five
round-bottom flasks, glycerol (0.460 g, 5 mmol, 3.3 M)
followed by sodium acetate (0.05 g, 0.6095 mmol, 0.4 M),
NaOH (0.2198 g, 5.4956 mmol, 3.6 M) and acetophenone
(1.2 g, 10 mmol, 6.6 M) were added in the presence of
5b (0.0013-0.0114 g, 0.003-0.025 mmol, 0.002-0.016 M).
The reaction mixture was heated at 160 °C. Aliquots (10 pL)
were collected at regular intervals. The yield of lactate (3')
was determined from "H NMR analysis using sodium acetate
as an internal standard and D,O as the NMR solvent.
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(b) Variation in the loading of NaOH. To each of the four
round-bottom flasks, glycerol (0.460 g, 5 mmol, 3.3 M)
followed by sodium acetate (0.05 g, 0.6095 mmol, 0.4 M), 5b
(0.0114 g, 0.025 mmol, 0.016 M) and acetophenone (1.2 g, 10
mmol, 6.6 M) were added in the presence of NaOH (0.05-0.22
g, 1.25-5.5 mmol, 0.8-3.6 M). The reaction mixture was
heated at 160 °C. Aliquots (10 pL) were collected at regular
intervals. The yield of lactate (3') was determined from 'H
NMR analysis using sodium acetate as an internal standard
and D,0 as the NMR solvent.

Conclusions

Commercially available first-row transition metal salt
CrCl;-6H,0 and its corresponding pincer complexes in the
presence of a sacrificial hydrogen acceptor, acetone, is found
to accomplish the transfer dehydrogenation of glycerol
(GLY) to lactic acid (LA). In particular, the pincer-Cr
complex, (?>NNN)CrCl; (0.5 mol%) was found to efficiently
bring about the catalytic net transfer dehydrogenation of
glycerol in the presence of 1.1 equivalents of NaOH, at
160 °C to afford 94% lactic acid at 98% selectivity along
with another value-added product isopropanol (IPA). The
scope of the studies on the GLY to LA conversion under
transfer dehydrogenation conditions has been extended to
include various carbonyl compounds (16 examples) as
acceptors. The acceptor 4'-methylacetophenone with an
electron donating methyl group has shown the best result
with 89% yield of lactate.

While reactions with catalyst poisons such as PPhj, CS,
and elemental mercury revealed the homogeneous molecular
nature of the catalyst, EPR studies and magnetic moment
measurements using Evan's method revealed that these
homogeneous molecular species are likely to be based on
Cr(n). Detailed mechanistic studies are indicative of the sole
contribution of the alcoholysis path towards the observed
reactivity with a KIE of 1.3.
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