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ABSTRACT: A Ru-catalyzed isomerization of Achmatowicz derivatives that opens unexplored routes to diversify the biogenic
furanic platform is reported. The mechanistic insights of this formally redox-neutral intramolecular process were studied
computationally and by deuterium labeling. The transformation proved to be a robust synthetic tool to achieve the synthesis of
bioderived-monomers and a series of 4-keto-d-valerolactones that further enabled the development of a flexible strategy for the
synthesis of acetogenins. A concise and protective group-free asymmetric total synthesis of two natural products, namely, (S,S)-
muricatacin and the (S,S)-L-factor, is also described.
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Bl INTRODUCTION Ir-catalyzed dynamic kinetic redox isomerization of Achmato-
. . . 29 . . . .

The biogenic furanic platform is considered to be a promising wicz derivatives.” This approach involves oxidation of the

sustainable source of chemicals,1_3 for example, for the hemiacetal and consequent diastereoselective reduction of the

manufacture of resins and biofuels.”* Among other trans- ketone (Scheme 1A) and provided access to the key

formations that exploit this platform, the Achmatowicz intermediates (1) in the synthesis of naturally occurring

rearrangement proved to be an efficient synthetic tool to
produce structurally complex derivatives from simple furans
and thus holds a unique place in the synthesis of many natural
products and diverse organic syntheses.” '' Its potential to

sugars. Later on, the same isomerization has been achieved by
employing an enantioconvergent biocatalytic approach to yield
y-hydroxy-6-lactones in an enantio- and diastereoselective

serve as a key step in the production of biomass-derived CS fashion (Scheme 1B). The transformation has been shown to
alcohols was recently reported by our group.'”"? proceed also in vivo.’”’’
The exploitation of the densely functionalized Achmatowicz To the best of our knowledge, transformations that utilize

dihydropyranones in organic synthesis has been reported in
. 14,15 .

many instances. The hemiacetal and ketone groups

received particular attention as numerous oxidations of the

the reduction of the olefin instead of the ketone in a redox
isomerization of Achmatowicz dihydropyranones still have not

hemiacetal'*™"® and reductions of the ketone group'’~'* have emerged. Herein, we present a new highly efficient Ru-
been reported. To a lesser extent, the reduction of the olefin catalyzed isomerization of a range of Achmatowicz derivatives
has also been described.>?%%! to 4-keto-6-valerolactones (2) by consecutive oxidation of the

The redox isomerization of allylic alcohols into saturated hemiacetal and reduction of the olefin. This strategy enabled
carbonyl compounds is among the most well-studied the preparation of biorenewable monomers and a series of

transition-metal-catalyzed processes.””>* The development of
efficient catalysts”*~>” for this transformation showcased
impressive advances; however, the majority of the reported
examples have been devoted to the synthesis of simple a- and/
or f-branched aldehydes and ketones. Despite their obvious
utility,”® synthetic strategies that harness transition metal-
catalyzed redox isomerization in the context of Achmatowicz
derivatives have been scarcely described. Aiming at an
expedient synthesis of carbohydrates, Wang et al. reported an

bioactive lactones (Scheme 1C).
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Scheme 1. Redox Isomerization of Achmatowicz Derivatives
and Downstream Applications
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B RESULTS AND DISCUSSION

We began our studies using 10 mol % [Ir(cod)MeO], as a
catalyst. In the absence of a ligand, we observed full conversion
of the starting material 3. The desired product 4 was formed in
low yields alongside the formation of two major side products
(Scheme 2), namely, S, arising from the reduction of the

Scheme 2. Redox Isomerization of 6-Hydroxy-2H-pyran-

3(6H)-one 3
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ketone, and the oxidized product 6 (Table 1, entry 1). We
were not able to identify other reaction products, and thus we
anticipated that this was due to the occurrence of undesired
polymerization reactions in which products could not be
elucidated by NMR spectroscopy or detected by GC analysis.

The use of t-Bu-BiPy and BiPy as ligands rendered product 4
in high yields of 84 and 85%, respectively (Table 1, entries 2
and 3). Noteworthy, the formation of the side products 5 and
6 was not detected. However, we still experienced a 16%
unidentified loss of yield. The use of 4,4'-diMeO-BiPy or 1,10-
phenanthroline ligands did not provide a positive effect (Table
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1, entries 4 and 5). Unfortunately, our further attempts to solve
that issue using [Ir(cod)MeO], as a catalyst failed under
various reaction conditions (see Supporting Information 1,
Table S1, entries 1—19).

Despite the fact that, in several instances, the [Ir(cod)-
MeO],/BiPy catalyst provided 4 in very high yields (Table S1,
entries 6, 7, and 12—14), the high catalyst loading and the
unidentifiable loss of yield provoked us to continue our studies
by screening a series of other catalysts. In this series,
[Ir(cod)Cl],, Pd(OAc),, Pd,(dba);, and [Ru(cod)Cl,], were
found to be ineffective under various conditions (Table SI,
entries 20—26). Although, in some instances, the formation of
4 was observed in the presence of Ru(CO)(H)(Ph;P);Cl or
[Ru(p-cymene)Cl,],, the yields have been far from satisfactory
(Table S1, entries 27—37). The use of 2 mol % [RuCp*-
(MeCN),]PF; in THF rendered a more promising 70% yield
of 4 (Table 1, entry 6). To our delight, 4 was formed in nearly
quantitative analytical yields when the reaction was performed
in refluxing MeCN (Table 1, entry 7). Noteworthy, this was
the first experiment in which significant degradation of the
starting material and/or the reaction products was not
observed. The yield was reproducible in the presence of only
1 mol % catalyst (Table 1, entry 8). However, the decrease of
the catalyst loading to 0.5 mol % rendered 4 in an 89% yield
(Table 1, entry 9).

The 4-keto-S-valerolactone (KVL) 4 has been previously
reported from levulinic acid (LA) as a biorenewable monomer
for the production of chemically recyclable and biodegradable
polymer poly(4-ketovalerolactone) (PKVL).>> Such an ap-
proach utilizes S-bromo levulinic acid (S-BrLA) as an
intermediate, thus requiring extensive use of Br,. Furthermore,
due to the availability of several activated positions, the
regioselective bromination of LA proved to be troublesome
and rendered a mixture of regioisomers and bis-brominated
products.*”

Stepping on the availability of 3 and our ?revious work on its
upscale synthesis under flow conditions, © we achieved the
gram scale production of 4 in up to 87% of isolated yield
(Table 1, entries 10 and 11). In contrast to the previous
methods that rendered up to a 40% yield from LA, the overall
yield of 4 from furfuryl alcohol was >80%. Noteworthy, our
strategy is much more atom-efficient due to the lack of
regioselectivity issues and extensive use of halogens.

To investigate the scope of the Ru-catalyzed isomerization
(Scheme 3), we prepared a variety of alkyl-substituted
Achmatowicz derivatives, namely, 7a—7l. In this series, we
observed that the reaction rate was governed by the length of
the substituent. The methyl- and ethyl-substituted lactones 8a
and 8b were obtained in excellent yields in the 3 h reaction
time. The n-pentyl 8c and phenethyl 8d derivatives were
converted in only 30 and 35% isolated yields after 24 h,
respectively, whereas the remaining starting material was
predominantly preserved. The steric bulk of i-Pr 7e and
cyclohexyl 7f derivatives was reflected in prolonged reaction
times; however, the corresponding lactones 8e and 8f were
obtained in excellent yields. The reaction tolerates a variety of
other substituents including allyl (8g), spiro (8h—8j), and
disubstituted derivatives (8k and 8I).

We attempted to gain deeper understanding of the unusual
effect of the length of the substituents by means of 2D '"H-'H
NOESY NMR experiments. Unfortunately, the NMR data did
not provide conclusive information on the proximity of those
substituents to the reactive protons from the allylic system.
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Table 1. Catalytic Experiments™"”
entry catalyst loading (mol %) solvent temp (°C)

1 [1r(cod)MeO], 10 DCE 60

2 [1r(cod)MeO], 10 DCE rt

3 [Ir(cod)MeO], 10 DCE 60

4 [Ir(cod)MeO], 10 DCE 60

S [Tr(cod)MeO], 10 DCE 60

6 [RuCp*(MeCN),]PF, 2 THF reflux
7 [RuCp*(MeCN),;]PFq 2 CH,CN reflux
8 [RuCp*(MeCN),]PFy CH,CN reflux
9 [RuCp*(MeCN),|PE, 0.5 CH,CN reflux
10 [RuCp*(MeCN);]PFy CH,CN reflux
11 [RuCp*(MeCN),]PF, 1 CH;CN reflux

ligand (mol %) time (h) 3 (%) 4 (%) 5 (%) 6 (%)
18 3 26
84
85
6 61
53 27
70
99
99
89
87
18 85%¢

—_

+-Bu-BiPy (10)

BiPy (10)
4,4'-diMeO-BiPy (10)
1,10-Phen (10)

[ N N N N N

—_
~

“Yields determined by GC analysis using dodecane as an internal standard. 0.5 mmol 1 in 5 mL of solvent. “Yield after chromatographic
purification. “gram scale (3 = 1.14 g, 10 mmol). “gram scale (3 = 2.28 g, 20 mmol).

C . b
Scheme 3. Scope of the Ru-Catalyzed Isomerization®™
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However, the experimental data supported the involvement of
steric effects.

The exposure of 7c¢ to the less sterically bulky complex
[RuCp(MeCN);]PF, rendered the corresponding lactone 8c
in an improved 50% yield (Scheme 3), indicating that the
steric bulk of the catalyst plays an important role; however, this
role was not dominant. This finding led us to elevate the
catalyst loading and the reaction temperature (2 mol %, 130
°C). To our delight, this resulted in a significant improvement,
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leading to the formation of 8¢ in an excellent yield of 90%. Due
to decomposition at high temperatures, our attempt to increase
the yield of the phenethyl derivative 8d was unsuccessful. On
the other hand, the increased catalyst loading alone did not
provide a pronounced effect. Furthermore, spiro lactone 8h,
which was previously obtained in only 33%, was isolated in an
80% yield. Finally, we performed a gram-scale isomerization of
Achmatowicz derivative 3 under the same conditions used for
the [RuCp*(MeCN);]PFy catalyst (see Supporting Informa-
tion 1, Section S2.3.1). Nevertheless, we did not observe any
effect of the steric bulk of the catalyst over the reaction rate.

In all the cases, we observed slight decomposition of the
products during purification on silica gel (for analytical yields,
see Supporting Information 1, Section $2.3.2). Despite the
hydrolysis of the lactones being the most obvious cause for the
reduced yields, we were not able to identify the formation of
the corresponding acids.

Next, we turned our attention to the synthesis of 5-
hydroxyalkylbutan-4-olides, which are lactones widespread in
nature that exhibit diverse biological properties, such as insect
antifeedant activity’” and anti-tumor activity.”**> Members of
this family are found in microbial metabolite cultures of
Erwinia quernica®® and Streptomyces griseus.”” The short-chain
homologues are flavor constituents in alcoholic beverages.”**”
Given this, it comes as no surprise that much attention has
been given to their synthesis and exploitation as synthons in
the preparation of complex natural products.**~**

We rationalized that a reduction of the ketone in derivatives
8a—8k will deliver simultaneous isomerization of the formed 4-
hydroxy-o-valerolactones to the more stable 5-hydroxyalkylbu-
tan-4-olides, thus providing a concise flexible synthetic route to
achieve the synthesis of these biologically significant lactones.
To our delight upon simple treatment with NaBH, in DCM in
the presence of a catalytic amount of AcOH (Method A), 4
was directly converted in a nearly quantitative yield to lactone
10 without isolation of the intermediate hydroxylactone 9
(Scheme 4).

In the presence of NaBH,, mono-substituted substrates 8a—
8c were converted to the corresponding butyrolactones 12a—
12c¢ in good to high yields (Scheme 4). In the case of n-pentyl
lactone 8¢, the increased steric bulk of the substituent
hampered the valerolactone to butyrolactone isomerization
and we obtained an inseparable mixture of the intermediate
hydroxyl lactone 11c and the desired product in a 65% yield.
However, a simple treatment of this mixture with a catalytic
amount of aq. HCl in MeOH rendered quantitative isomer-

https://doi.org/10.1021/acscatal.2c04867
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Scheme 4. Synthesis of S-hydroxyalkylbutan-4-olides™”
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ization to 12c, which was isolated without further purification.
Noteworthy, in all cases, we obtained an inseparable mixture of
diastereoisomers in a near 1:1 ratio. The treatment of 8a—8c
with bulkier L-selectride (Method B) delivered products 12a—
12c as single syn-diastereoisomers in good yields. The L-
selectride reduction reaction does not tolerate bulkier i-Pr and
cyclohexyl substituents, and we observed the formation of
complex mixtures of products. This observation is in
accordance with steric effects governing the better diaster-
eoselectivity achieved with L-selectride. However, upon
treatment with NaBH,, the desired butyrolactones 12e and
12f were achieved in good yields and moderate diastereose-
lectivity (dr = 80:20 and 83:17, respectively). To our delight,
the phenethyl 8d and allyl 8g substituted derivatives reacted
smoothly in the presence of L-selectride. The corresponding
lactones 12d and 12g were isolated as single syn-
diastereoisomers in good yields. Noteworthy, one can foresee
the latter as a precursor to higher acetogenin synthesis due to
the presence of the terminal olefin prone to downstream
modifications. Despite the fact that treatment with aq. HCI/
MeOH was required, the spiro 8h—8j and disubstituted
derivative 8k were converted in excellent yields to the
corresponding products 12h—12k in the presence of NaBH,.

Finally, we wanted to demonstrate the utility of our
synthetic strategy by its application to the protective-group-
free total asymmetric synthesis of two important members of
the acetogenin family, namely, L-factor and muricatacin. The
L-factor is isolated from Streptomyces griseus and is considered
an autoregulator of anthracycline biosynthesis.** Muricatacin is
isolated from the seeds of Annona muricata and has received
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attention in research due to its anti-proliferative activity and
cytotoxicity against various human tumoral cell lines.*>*” Tt has
been intensively exp101ted as a gateway synthon to higher
acetogenin synthesis."® To date, the synthetic approaches to
achieve the synthesis of these chiral S-hydroxyalkylbutan-4-
olides mainly exploit nature’s chiral pool,”” namely, carbohy-
drates, which, in many instances, require laborious multistep
synthesis and extensive use of protective groups.”’>* Catalytic
asymmetric approaches have been rarely reported and are
limited to the use of asymmetric dihydroxylation or
epoxidation of synthetic unsaturated carboxylic acids.*”**>*
We initiated our asymmetric synthesis from furfuryl alcohols
S-14c and S-14m that are readily available in their both
enantiomeric forms from Noyori asymmetric hydrogenation of
the corresponding ketones 13c¢ and 13m (Scheme §5).°%%

Scheme 5. Asymmetric Synthesis of (+)-L-factor and
(+)-Muricatacin
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Achmatowicz rearrangement using Oxone as an oxidant
rendered S-7c and S-7m in high yields (75 and 80%,
respectively). The valerolactones S-8c and S-8m obtained
after isomerization with [RuCp(MeCN);]PF, were subjected
to reduction by L-selectride, which proceeded in a stereo-
selective manner and delivered L-factor and muricatacin as
single (+)-(4S,5S) diastereoisomers without racemization in 77
and 85% yields, respectively.

We also subjected the Achmatowicz derivative S-7m to
isomerization in the presence of 1 mol % of the bulkier
[RuCp*(MeCN),]PF; catalyst in MeCN under reflux. No
formation of the desired lactone S-8m was observed, which is
in accordance with our observation in that the isomerization
reaction is highly influenced by the length of the alkyl
substituents at C-6 in the Achmatowicz dihydropyranones.

A deuterium labeling study was undertaken to determine the
mechanism of the Ru-catalyzed isomerization. To this end, we
prepared D-3 isotopically labeled at the hemiacetal position.
To obtain information on the molecularity of the process, we
performed a crossover experiment between D-3 and 7b and
analyzed the products by mass spectrometry and NMR
spectroscopy (Scheme 6A). The deuterium was transferred
intramolecularly to form product 3D-4, while deuterated
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Scheme 6. Deuterium Labeling Studies
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product 8b was not observed. Noteworthy, by NMR
experiments, we observed the incorporation of the deuterium
solely at position 3, leading to the formation of product 3D-4
(Scheme 6B).

There are two generally accepted reaction pathways for the
intramolecular transition metal-catalyzed redox isomerization
of allylic alcohols that do not require an isolated metal-hydride
precatalyst or its in situ generation. Both mechanisms operate
via an intramolecular 1,3-hydride shift>” with the involvement
of either oxidative addition to the allylic C—H bond, forming a
z-allyl metal-hydride complex™®™® (Scheme 7A) or the

Scheme 7. Reported Mechanisms for the Transition Metal-
Catalyzed Redox Isomerization of Allylic Alcohols

ARV E

...... ™, OH
A on M B oJ[M]
am H g H Bl
\ Al B-ll
?j\—OH o ?/: o
[M]-H s H-[M]
[Ru]w I 6
| 8N O
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Ru B-Il

formation of metal alkoxide species’”®'™® (Scheme 7B).
The latter has been proposed in several instances for Ru(II)
catalysis.”*®° The hydride transfer (Scheme 7, A-Il — A-III or
B-II — B-III) in both previously established mechanisms
should result in a regioselective deuterium incorporation at
position 4, leading to compound 4D-4 (Scheme 6).

In our case, the exclusive formation of product 3D-4
suggests the formation of a type B-II Ru z-olefin complex that
undergoes 1,4-hydride addition relative to the ketone governed
by electrophilic and/or thermodynamic reasons (Scheme 7).

We then performed an Ir-catalyzed isomerization of D-3 and
observed a significant isotopic effect leading to a more sluggish
reaction as compared to the non-deuterated substrate 3.
Despite product 3D-4 being predominantly formed, the
formation of 25% 4D-4 was also evident (Scheme 8).
Therefore, we suggest that the occurrence of competitive
mechanisms that involve enolization of the lactone and
consequent side reactions might be a possible cause for the
lower yields of the Ir-catalyzed redox isomerization.
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Scheme 8. [Ir(cod)MeO],/BiPy-Catalyzed Redox
Isomerization of D-3

[Ir(COD)MeOQ],/BiPy
i 10 mol% 1R 6 DL
3 + 3
THF, rt o~ o Y
O (e}
D-3 3D-4 4D-4

25% deuterium
incorporation by NMR

75% deuterium
incorporation by NMR

The preference for the transposition of the hydrogen from
the hemiacetal to the f-position of the enone was studied by
means of density functional theory®® (DFT) calculations. The
formation of a 16-electron complex is summarized in Figure 1,
taking cation A as the starting point. The part1c1pat10n of such
an intermediate is based on previous proposals®”®® on the
complexation of allyl alcohols to [RuCp*(MeCN);]PF,. Such
a process can be achieved by a dissociative ligand exchange and
the participation of a ruthenium-complexed product that
assists in the deprotonation of the starting allyl alcohol (vide
infra - Figure 4). The displacement of an acetonitrile ligand
from A is a favorable process as the 16-electron ruthenium
complex B becomes 11.0 kcal/mol more stable than the initial
cation. A f-hydride elimination with an energy barrier of 14.5
kcal/mol results in the formation of 16-electron ruthenium
complex D, which is slightly less stable (2.2 kcal/mol) than the
previous tridentate complex B. The f-agostic intermediate C
represents a mid-way geometry between the transition states
involved in the f-hydride elimination. The more exigent basis
set (B3LYP-cc-pVTZ, SMD) revealed intermediate C as a step
in the uphill f-hydride elimination process, although the same
intermediate was flanked by two more energetic transition
states BC* and CD* at the gas phase B3LYP-cc-pVDZ. The
intermediate nature of species C in the f-hydride elimination
process is demonstrated by the elongation of the C—H bond of
the allylic hydrogen (1.184 vs 1.108 A in B) and the formation
of the Ru—H bond (1.957 A). This is also accompanied by the
weakening of the C—H bond as demonstrated by the lower
Wiberg index (0.89 in B and 0.72 in C) due to a stronger
interaction by the metal center with the migrating hydrogen
atom (WIg, 4 = 0 in B and Wi, ; = 0.13 in C). The hydride
elimination is accompanied by a growing interaction of the
metal center with the carbon atom during its change in the
oxidation state. Such an event is visible in the structure of the
four-membered intermediate C as the interaction between the
metal and the carbon atoms is described by a 0.16 WI even
though they are distant by dg,c = 2.419 A. The f-hydride
elimination process with the migration of the hydride to the
metal becomes complete with D. This intermediate has the
hydride placed 2.538 A away from the newly established sp”
carbon (and a low 0.06 WI). The metal atom coordinates by #*
with the newly created C=O bond as demonstrated by the
distances from the metal to each atom of the carbonyl group
(dre-o = 2.106 and dy, ¢ = 2.230 A) and considerable Wiberg
index (Wlg,.o = 0.55 and dg,c = 0.44).

Other isomers of complex D that could form after
decomplexation of the $,6-dihydropyran-2,5-dione (DHPD)
and further 7 coordination were optimized to identify more
stable isomers (Figure 2). Indeed, the coordination of DHPD
to the ruthenium center by the carbon—carbon 7 system leads
to considerably more stable complexes (F;—F,) than the #”
coordination by the carbonyl z system (D and E) or by
coordination to the oxygen lone pair (not shown). Although
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Figure 1. B3LYP/cc-pVTZ/SMD//B3LYP/cc-pVDZ relative free energies (kcal/mol) of stationary points along the f-hydride elimination
pathway. Bond lengths (in A) and Wiberg indexes (in italic) of relevant bonds are presented. The initial point (A) relates to the energy of the

[RuCp*(MeCN),alcohol]* cation.

dgon=1.6004; 0.71
druc-0)= 2018 A
q4=0.13

dry(c0= 2.070 A il
qy=0.11

dpn= 1.599A; 0.71
d g, /=2.054A

Bcgepyran = 66° I~ daun= 1.589A; 0.69

4n=0.15 d pyyy= 2.066 A
Gry = -0.47 Bcpr-pyran = 22°
4u=0.18
Gru = -0.45
Fy F,
-28.3 kcal/mol -25.1 kcal/mol

dpen= 1.5934; 0.70
dgyy=2.051A
Ocpr-pyran = 62°
q,=0.17

Qpe = -0.47 dren=1.590A; 0.69
d /= 2.058A

Bopr-pyran = 24°
qn=0.18
Qro = -0.46
Fy Fy
-28.0 kcal/mol -24.0 kcal/mol

Figure 2. B3LYP/cc-pVTZ/SMD//B3LYP/cc-pVDZ relative free
energies (kcal/mol) of stationary points for n*> complexes of
RuCp*H(CH,CN) with DHPD. Bond lengths (in A) and Wiberg

indexes (in italic) of relevant bonds and selected atomic natural
charges are presented.

the natural charge of the metal-bonded hydrogen atom is kept
the same in the D, E, and F isomers shown (qy = 0.11-0.18),
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the metal center becomes more negative when coordinated to
the C=C bond (isomers D and E, g, = —0.47 to —0.45) than
when coordinated to the C=O0 bond (isomers F, qg, = —0.34
to —0.32). The stability of the complex upon coordination by
the metal to the C=C bond was seen to be dependent on the
orientation of DHPD to the pentamethylcyclopentadienyl unit.
Geometries F, and F,, both having co-planar DHPD and Cp*
units, were determined to be 2.9—4.3 kcal/mol less stable than
F, and F; in which the abovementioned rings are kept as far as
possible.
Given the somewhat small differences in energies of the four
isomers F;—F,, the reduction of DHPD by hydride delivery
from the ruthenium complex was further studied (see the
Supporting Information for further details). The two most
energetically favorable paths are presented in Figure 3 in which
conformer F, is considered to undergo hydride delivery to the
4-position of DHPD and conformer F, is to undergo hydride
delivery to position 3. The energy barrier of the four-center
transition state for the hydride delivery to the 3-position is 8.6
kcal/mol (G,) in contrast to the 13.7 kcal/mol required to
reach intermediate G,. After complete delivery of the hydride
to the a,f-unsaturated ketone, complex H, is further stabilized
in 1.6 kcal/mol upon bis-coordination of the ketone to the
metal center in I,. The metal complex becomes even more
stable as O-bound enolate J, having a similar energy to F,. In
contrast, the same type of coordination with the ester’s
carbonyl group in I, does not warrant any stabilization to
complex H,;. Moreover, the isomerization from the C-bound
enolate of the ester moiety H; to its O-bound enolate J, is 13.1
kcal/mol higher in energy than 5> complex F;. An increase in
the charge of the metal center during the hydride migration
process indicates a change in the oxidation state of the metal as
qru changes from —0.46 in F, to +0.04 in J,. The lack of
stabilization in O-bound enolate J; in comparison to its J,
congener is well in agreement with the observed isomerization
of the isotopically labeled substrate.
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Figure 3. B3LYP/cc-pVTZ/SMD//B3LYP/cc-pVDZ relative free energies (kcal/mol) of stationary points along the pathways for the hydride
delivery to the 3- and 4- positions of DHPD in black and gray, respectively. See the Supporting Information for further details and alternative

pathways considered.

The release of the product occurs when another molecule of
allyl alcohol is taken into the process (Figure 4). Such
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Figure 4. B3LYP/cc-pVTZ/SMD//B3LYP/cc-pVDZ relative free
energies (kcal/mol) of proton exchange from allyl alcohol and
regeneration of the catalytic active species. Bond lengths (in A) and
Wiberg indexes (in italic) of relevant bonds are presented.

molecule coordinates to ruthenium by the hydroxyl group to
form intermediate J’, which ultimately increases the proton
lability and proton transfer to the oxygen atom of the O-bound
enolate via transition state J'B’*. Despite the energy demand
for the approaching allyl alcohol to the metal complex, the
proton transfer barrier is only 1.6 kcal/mol, leading to a more
stable complex B’, which readily releases the enol of the final
product, and complex B, which is ready to undergo S-hydride
elimination and close the catalytic cycle.

B CONCLUSIONS

In summary, we have presented a new practical intramolecular
Ru-catalyzed redox isomerization of Achmatowicz derivatives,
which allows easy access to a range of important lactones. In
doing so, we provided a new high-yielding route to the
biorenewable monomer 4-ketovalerolactone (KVL), thus
paving the way for its larger use in the design of new
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polymers. Furthermore, we utilized our findings in the
synthesis of several biologically significant lactones and
developed a new concise protective-group-free asymmetric
synthesis of two natural products, namely, muricatacin and L-
factor. The selectivity of the process, namely, that concerning
the preference for the delivery of the hydride to a specific
position of the unsaturated heterocycle, was verified by
isotopic labeling and rationalized by computational means.
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