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Diastereoisomeric enrichment of 1,4-enediols and
H,-splitting inhibition on Pd-supported catalysts}
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Pd-supported catalysts are fundamental tools in organic reactions involving H, splitting. Here we show

that 1,4-enediols enriched in one diastereoisomer are produced from the classical Pd-catalyzed semi-

hydrogenation reaction with H,, starting from the corresponding, widely available 1,4-diacetylenic diols.

The semi-hydrogenation reaction proceeds concomitantly with the desymmetrization of the meso/
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rsc.li/obc dissociation on Pd nanoparticles.

1 Introduction

Pd supported catalysts such as Pd on carbon (Pd/C) and the
Lindlar catalyst (Pd-Pb-CaCO;) are recurrently used in organic
synthesis to catalyze the hydrogenation of reducible functional
groups.” The challenge usually consists in stopping the reac-
tion at the desired functionality, since the Pd catalyst splits
and transfers H, so efficiently that over-hydrogenation reac-
tions occur (alkyne — alkene — alkane, nitro — oxime —
amine,...).>* Thus, the strong ability of Pd catalysts to activate
H, is largely presupposed by the scientific community.

We report here that the semi-hydrogenation reaction of 1,4-
acetylene diols 1 on simple Pd catalysts proceeds in a
diastereoselective way to give 1,4-enediols 2 (meso form) prefer-
entially and 3 (racemic form) and, furthermore, that the 1,4-
enediol products 2 and 3 completely poison the Pd catalyst
inhibiting further splitting of H,, as shown in Fig. 1. The
drastic inhibition of H, reactivity on Pd-supported catalysts by
complex molecules is extremely rare and opens new ways to
manage H, gas in the presence of Pd catalysts. This effect may
also explain the spontaneous diastereoisomeric enrichment
found during the semi-hydrogenation reaction of these
substrates.

1,4-Enediols constitute a family of gemini-type compounds
with wide use in industry as emulsifiers, fragrances and drugs,
among other applications.*”® Their synthesis relies on two
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racemic form of the enediol. We also show that these products, if added in advance to H,, completely
inactivate the Pd catalyst (only when added before H,). These results provide a simple way not only to
produce 1,4-enediols enriched in one diastereocisomer by a classical catalytic method but also to stop H,

methodologies: the classical cis-selective Pd-catalyzed semi-
hydrogenation of 1,4-acetylene diols, studied in this work in
depth for the first time as far as we know, and the trans-selec-
tive semi-hydrogenation of the same alkynes with stoichio-
metric LiAlH,.”®

We could not find specific studies for the semi-hydrogen-
ation reaction of 1,4-acetylene diols in the literature, except for
a seminal study published 70 years ago,’ which focused on the
competing full hydrogenation and hydrogenolysis reactions of
2-4, to give products 5 and 6. However, synthetic researchers
recurrently employ the stoichiometric method with LiAlH, ”®
and also the classical catalytic hydrogenation to prepare a
variety of 1,4-enediols, from industrial compounds'® to more
elaborate academic molecules."’™"” However, a significant dia-
stereo enrichment (>1.5:1) of the meso form is not reported
yet, to our knowledge.>"*
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Fig. 1 The spontaneous diastereo-enriched formation of alkenediols 2
during the semi-hydrogenation reaction of alkynes 1 catalyzed by classi-
cal Pd catalysts (i.e. Lindlar catalyst) and the complete inhibition of H,
splitting when the Pd catalyst is previously impregnated with 2 and 3.
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2 Results and discussion

2.1 Pd-catalyzed semi-hydrogenation reaction of 1,4-
diacetylenic diols

2.1.1 Catalyst screening. Table 1 shows the catalytic results
for the semi-hydrogenation reaction of 2,4,7,9-tetramethyl-5-
decyn-4,7-diol 1a (TMDD) with different metal catalysts (see
Tables S1 and S2 in the ESI} for further details). TMDD is a
widely used industrial vehicle agent'®° and the corres-
ponding 1,4-enediol products 2a-4a find application as phase
transfer agents.”® The metal catalysts tested here include
typical Pd catalysts for selective alkyne semi-hydrogenation
reactions, i.e. the Lindlar catalyst,>* colloidal Pd nanoparticles
stabilized with hexadecyl(2-hydroxyethyl)dimethyl ammonium
dihydrogenphosphate (HHDMA) ligands developed by BASF
(c-Pd/TiS, NanoSelect™)**?** and a soluble catalyst based on
CaCoO; clusters, recently developed by our group>** to avoid
Pb in the catalyst,>**” and also benchmark hydrogenation cat-
alysts such as Pd/C, Pt/C and Ni RANEY®.

The catalytic results show that small amounts of the
different Pd catalysts (0.003-0.15 mol%, Table 1, entries 1-3)
give on average an ~1.5 to 1 ratio of the meso form 2a with
respect to the p/L form 3a, with low formation of trans 4a or
alkane products 5a-6a. However, according to the experiments
performed with the Lindlar catalyst (entry 1), the diastereoiso-
meric ratio can be increased by changing the reaction con-
ditions (pressure, reaction time, and solvent): the diastereoiso-
meric meso : p/1 ratio (2a/3a) improves to 2 when increasing H,
pressure and concentration and to 2.5 when changing the
solvent from ethanol to toluene (see also Table S1%). The
quantification of the different regioisomers is based on the
assignation of the corresponding signals by combined gas-
chromatography-mass spectrometry (GC-MS, Fig. S17), 'H, **C
and distortionless enhancement by polarization transfer

Table 1 Catalyst screening for the semi-hydrogenation reaction of
TMDD 1a. The amount of metal catalyst employed is the minimum
amount that was found to achieve full conversion under the indicated
reaction conditions. The mass balance is completed with dihydroxyla-
tion products. The trans enediol 4a was typically <1%

HO Me 2a , meso
OH Metal catalyst, H; (3 bar), +
Me $HF EtOH (0.5ml, 0.6 M),  3a, racemate
1a (0.3 mmol +
Bu ©3mmol g5 °C,3h 5a/ 6a, alkanes
Catalyst 5a/6a
Entry (metal mol%) 2a (%) 3a(%) (%) 2a/3a
1 Lindlar (0.15) 53 (58)% 34 (29)* 13 (0)? (0)’ 1.55 (2.00)*
(64 (25)° (2.50)
2 c-Pd/TiS (0.015) 59 34 7 1.44
3 Pd-(CaCO3), (0.003) 53 42 5 1.26
4 Pd/C (0.04) 15 9 76 1.60
5 Pt/C (0.018) 28 20 52 1.37
6 Ni-RANEY® (25] 25 21 54 1.15

910 bar H,, 12 h reaction time, 1 M EtOH. 1 M toluene as a solvent,

12 h reaction time.
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(DEPT) nuclear magnetic resonance (NMR, Fig. S27), including
2D-nuclear Overhauser enhancement spectroscopy (NOESY,
Fig. S31), the independent synthesis of the ¢trans product 4a by
the LiAlH, method, and comparison with literature data.®'*
The commercial non-selective catalysts exhibit prominent
alkane formation along with undesired hydrogenolytic reac-
tions (entries 4-6 in Table 1, see also Table S27). The signifi-
cant diastereo enrichment found here with Pd catalysts (up to
2.5:1) is much higher than any results previously reported.”**

2.1.2 Substrate scope. We then synthesized different sym-
metric and asymmetric 1,4-acetylene diols 1b-h (see the ESIf)
and tested them in the semi-hydrogenation reaction under the
optimized reaction conditions, as shown in Fig. 2. In all cases,
milder reaction conditions than for 1a were required to avoid
undesired side-reactions (see Table S31). The enrichment of
the meso diastereoisomer in the mixture is observed for half of
the alkynes tested, which indicates that this effect is reason-
ably general during the semi-hydrogenation reaction of 1,4-
acetylene diols.”® We tried to separate the enediol mixtures by
preparative thin-layer chromatography (TLC). Unfortunately,
even after running the TLC at very slow velocity, the product
mixture could not be separated. We also tried to separate the
mixture after derivatization to either ethers (i.e. pyranes),
esters or siloxy compounds; however, the reactions did not
proceed quantitatively and the product mixtures could not be
separated either.

2.1.3 Diastereoisomeric enrichment mechanism. The dia-
stereoisomeric enrichment might proceed from the epimeriza-
tion of the C-OH bond, either in alkyne 1 or alkenes 2/3.>97*
This hypothesis is supported by solvent screening (Table S2+),
which reveals dependency of the diastereoisomeric ratio on
the polarity of the solvent, maximized for intermediate
polarities (such as toluene), suggesting that an SN; process
could be operating here. To test this, the starting 1,4-acetylene
diol 1a was placed in the presence of the Lindlar catalyst
(0.15 mol%) and H,0(*®0) (15 equivalents), and the reaction
was monitored by GC-MS. The results (Table S4 and Fig. S4t)
show that the quaternary C-OH bond in 1a incorporates 48%

o Pd Lindlar OH OH

H Q o 0

Ri (0.15 mol%), RN on R on R RiG
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n‘Pent e (53%, 1.2) 1F (95%, N.D.) 19 (80%, 1.0)  1h (99%)

Fig. 2 Catalytic results for different 1,4-acetylene diols 1b—h during the
semi-hydrogenation reaction under the indicated reaction conditions
(see also Table S31). Within parentheses are shown the reaction yield
and diastereoisomeric ratio. N.D.: isomers not distinguishable by GC and
NMR.
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of ®0 (1a-"®0). This incorporation does not occur without the
Pd catalyst, which suggests that the diastereoisomeric enrich-
ment of the meso form may occur by epimerization of the C-
OH bond of 1 catalyzed by Pd, prior to hydrogenation. Fig. 3
depicts this process.

To check that the epimerization reaction occurs in alkyne
1a without requiring the participation of H,, the semi-hydro-
genation products 2a/3a were also placed in the presence of
the Lindlar catalyst and H,O(*®0) (as above), and the results
(see again Table S4 and Fig. S4t) show that the quaternary C-
OH bonds in 2a/3a incorporate just 6% of '®0 atoms. This is
congruent with the higher stability of the propargyl cation.
Molecular mechanics calculations (MM2) show that the stabi-
lization energy for the propargyl cation is just 12 kcal mol™,
and that the minimum stabilization energy for the meso form
of 1a is slightly higher than that of the rac form, although
product meso 2a is slightly less stable than rac 3a (see Fig. 3).
These results support the fact that the epimerization occurs on
the alkyne products rather than on the alkene products. The
incorporation of 'O atoms under H, could not be con-
veniently assessed by the coincidence of masses in the hydro-
genated products and the isotopically-labelled products.

It is true that the reaction does not canonically produce
water, but water is not strictly necessary for the epimerization,
since the simple formation of the highly stabilized propargyl
cation of alkyne 1a generated a nucleophilic OH™ to carry out
the epimerization reaction (see Fig. 3). Indeed, H,O must be
present in traces during the reaction, supplied by the reactants,
solvent or catalyst support. Even any trace of air in the reaction
system will produce water after reaction with H,. Thus, some
water molecules must be present during the reaction anyway.

This mechanism is in line with the substrate scope results
shown in Fig. 2. There, it can be seen that tertiary alcohols that
are able to stabilize better the carbocation in the tertiary carbon
atom, after H,O release, are indeed the higher yielding substrates
(i.e. products 1a-d and 1f), while secondary alcohols and tertiary
alcohols that are not so prone to stabilize the carbocation only
gave moderate results (products 1e and 1g, respectively).

2.2 Inhibition of H, splitting on the Pd catalyst

2.2.1 Gemini alkenediols as powerful Pd poisons. A typical
experiment to assess alkene selectivity during the semi-hydro-
genation reaction consists in carrying out the catalytic process

Hi
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Fig. 3 The proposed mechanism for the diastereo-differentiation found
in products 2a/3a. Energy values correspond to the minimum stabiliz-
ation energy found for the corresponding molecules and intermediates
according to molecular mechanics calculations in a vacuum (MM2).
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with the alkene product as the starting material. Thus, we
placed the alkene mixture 2a/3a in the presence of the Lindlar
catalyst under the reaction conditions indicated in Table 1 and
started the reaction. Perhaps not surprisingly, the reaction did
not proceed at all, which may indicate that alkenes 2a/3a are
very unreactive towards the hydrogenation reaction (Fig. 1
bottom).**** However, the hydrogenation reaction of 1a pro-
ceeded with <10% conversion when 1a was mixed with 2a/3a
from the beginning (60 :40, Fig. S51), which is extremely rare
considering that the reaction proceeds from 1a to 2a/3a. Fig. 4
shows that this lack of catalytic activity of the Lindlar catalyst
when 1a and 2a/3a are present from the beginning of the reac-
tion also occurs when the semi-hydrogenation reaction is halted
by simply releasing the H, atmosphere and letting air seep into
the reaction mixture, at ~50-70% conversion (>99% selectivity
to 2a/3a). Notice that pressurizing back with H, does not re-start
the reaction and, indeed, the inhibition persists if the Lindlar
catalyst is filtered off and washed with ethanol (Fig. S5t). The
inhibition effect also occurs in toluene (Fig. S6 and S7%), and
thus it seems to be independent of the solvent used, and the
trans enediol 4a also inhibits the catalyst. In contrast, the reac-
tion proceeds to completion if H, is present from the beginning.
Moreover, if the reaction time is extended further and more Pd
catalyst is added in order to achieve an over-hydrogenation reac-
tion and get the alkane product 5a/6a, the solid then retains
some of the catalytic activity after recovery (Fig. S51). These com-
bined results suggest that the enediol products 2a-4a poison
the Lindlar catalyst in the hydrogenation reaction, provided that
H, is not introduced before, since in that case the semi-hydro-
genation reaction proceeds normally.

2.2.2 Other Pd-catalyzed hydrogenation reactions. In order
to check if 1,4-enediols are general inhibitors of Pd-supported
catalysts, provided that they are added before H,, the hydro-
genation of nitrobenzene 7 or acetophenone 9 was carried out
in the presence of the Lindlar catalyst and also a commercial
sample of Pd/C, with or without impregnation with 2a/3a.
Fig. 5 shows that the hydrogenation reaction is hampered
when the 1,4-enediol is added in the starting mixture, for both
Pd-supported solid catalysts, giving products aniline 8 and
phenylethanol-ethylbenzene 10-11, respectively, in low yields
compared to the mixture without enediols. The reduction of
the nitro group does not stop at the nitroso group or the oxime

Non-interrupted kinetics Interrupted, stripped areas = no H,

100 :
AN
. 80 7 T
°\° 3a
5 601 7
L 404 Sa/6a 1]
) I”””*wwl—/*/”/” 1
20| 7
0 . | o
- T T T T T a T : ; : |
0 40 80 120 160 0 s - - -

Time (min) Time (min)

Fig. 4 Kinetics for the semi-hydrogenation reaction of TMDD 1 cata-
lyzed by the Lindlar catalyst (0.5 mol%) at 10 bar Hy, 1 M EtOH and
65 °C, either continuous (left) or interrupted after H, release and re-
filling (right).
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NO, Lindlar or Pd-C NH2  Lindlar (0.25 mol%), 4 h:
© (2ai3a or not) @ with 2a/3a: 17%; without: 64%
H, (3 bar), 60 °C Pd/C (0.05 mol%), 6 h:
7 (0.3 mmol) Toluene (0.5 ml, 0.6 M) 8 with 2a/3a: 65%; without: 88%

Lindlar (0.75 mol%), 22 h:
with 2a/3a: 2+3%; without: 31+3%

Pd/C (0.22 mol%), 6 h:
with 2a/3a: 43+53%; without: 17+82%

Ox_Me HO.__Me Me
(As above
but 80 °C)
+
9 10 1

Fig. 5 Results for the hydrogenation reaction of nitrobenzene 7 (top)
and acetophenone 9 (bottom) in the presence of different Pd-supported
catalysts (Lindlar or Pd/C) with or without impregnation with enediols
2a/3a, at 3 bar H, and 0.6 M toluene and under the indicated reaction
conditions, optimized for each catalyst and reaction. Selectivity towards
the indicated products is >95% in all cases, and nitroso or oxime inter-
mediates were not found for 7. Notice that for 9, the fully hydrogenated
product 11 is the major product without 2a/3a.

group and directly goes to the amine group, even at intermedi-
ate conversions. Phenylacetylene was also tested as a reactant
under the optimized reaction conditions with or without the
poisoning agents 2a/3a (Table S51), and the results show how
the hydrogenation reaction is hampered in the presence of the
alkenediols. These results suggest that the addition of 2a/3a
can control the selectivity of different hydrogenation reactions.

2.2.3 Inhibition mechanism exerted by the gemini alkene-
diols. Fig. 6 shows a H,-D, isotopic exchange experiment on
the Lindlar catalyst, in the presence and absence of 2a/3a. The
isotopic exchange yield drops from 54.3% to 1.9% due to the
presence of 2a/3a, clearly indicating that the formation of H-D
does not occur if the solid catalyst is impregnated with 2a/3a.
The same phenomenon is observed on the Pd/C surface
(Fig. S87), and the Raman spectrum of Pd/C confirms the inhi-
bition of H, splitting after addition of 2a/3a (Fig. S97).
Unfortunately, the corresponding Raman spectrum for the
Lindlar catalyst could not be obtained, probably due to a low
Pd-H signal strength. These results strongly indicate that ene-
diols 2a/3a are a new class of Lewis bases for Pd nanoparticles,
able to completely inhibit the dissociation of H, on the
surface, which should enable the use of these Pd-based
materials in the presence of a H, atmosphere without generat-
ing hydrogen reactive species.*®*®

Fourier-transform infrared (FT-IR) spectroscopy supports
the strong binding of the diol to the support (Fig. S107). It can
be seen that the original signal at 1441 cm ™", corresponding to
the carbonate groups of the Lindlar catalyst, decreases in
intensity after adding the 1,4 enediols 2a/3a, with the appear-
ance of a new band at 1404 cm™". This new band does not
correspond to free 2a/3a, as indicated by the relative intensity
of the main 2a/3a signals (i.e. 2951 vs. 1364 cm™"). A fast evalu-
ation of the adsorption mode of alkyne 1a and alkene 2a on
the surface of different Pd crystalline slabs [(100), (110) and
(111)] was carried out with a graph neural network called
GAME-Net.>® The results (Fig. S117) show that the adsorption
process is exothermic in all cases and that the adsorption

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 H,—D, isotopic exchange experiments, at 30 °C, for the fresh
Lindlar catalyst (top) and poisoned Lindlar catalyst, with the 2a + 3a
mixture (bottom).

energy for the alkenes is systematically higher than for the
alkyne, >25 kcal mol™" in the case of the more common Pd(111)
surface. By modelling the latter (Fig. S127), it can be seen how
alkenes 2a/4a are disposed parallelly to the Pd(111) surface,
regardless of the cis/trans configuration, with the alkene and
alcohol groups pointed towards the Pd atoms. These results
explain that both 2a and 4a poison the Pd surface. The simplest
gemini alkynediol 2-butyn-1,4-diol 1h also shows similar ener-
getic values on Pd surfaces (Fig. S11f). The above results,
together, confirm the strong binding of 1,4-enediols to Pd-sup-
ported catalysts, inhibiting the H, activation, which could also
have application in the synthesis of ligand (1,4-enediols)-modi-
fied Pd nanoparticles for a variety of applications.

3 Conclusions

We have shown here that the semi-hydrogenation reaction of
1,4-diacetylenic diols catalyzed by different supported Pd cata-
lysts preferentially gives the meso form of the enediol, probably
by a selective C-OH bond epimerization process, also catalyzed
by Pd. The resulting 1,4-enediol products inhibit the dis-
sociation of H, on the Pd-supported catalysts if added in the
beginning of the hydrogenation reaction, when H, is not
present yet in the reaction mixture, not only for alkynes but
also for nitro and ketone groups. The adsorption mode and
strength of 1,4-enediols seem to be the key factors here. These
results are of interest to design hydrogenation reactions with
classical Pd catalysts.
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