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Abstract: Direct and stereodivergent Michael additions
of N-acyl 1,3-thiazinane-2-thiones to α,β-unsaturated
aldehydes catalyzed by chiral nickel(II) complexes are
reported. The reactions proceed with a remarkable
regio-, diastereo-, and enantioselectivity, so access to
any of the four potential Michael stereoisomers is
granted through the appropriate choice of the chiral
ligand of the nickel(II) complex. Simple removal of the
heterocyclic scaffold furnishes a wide array of either syn
or anti enantiomerically pure derivatives, which can be
exploited for the asymmetric synthesis of biologically
active compounds, as demonstrated in a new approach
to tapentadol. In turn, a mechanism, based on theoret-
ical calculations, is proposed to account for the stereo-
chemical outcome of these transformations.

Introduction

It is certainly the case that, at present, new methods in
Organic Synthesis must be devised with the compelling need
for selectivity, since they are expected to act in a masterful
manner to produce the desired transformation at a specific
site without affecting other parts of the molecule.[1,2] In this
scenario, the simultaneous control over the regio- and stereo-
selectivity of a particular reaction often presents a formida-
ble challenge. A case in point involves conjugated carbonyl
compounds. Indeed, they may undergo nucleophilic attacks
at either the carbonyl or the conjugated position, namely
1,2- versus 1,4-additions, which usually entail the installation
of up to two stereocenters.[3,4] Faced with the complexity of
satisfying both selective requirements, the importance of
substrate choice has been empirically acknowledged. Ac-
tually, traditional wisdom contends that α,β-unsaturated
ketones or esters predominantly participate in 1,4-additions,
while the more reactive aldehyde counterparts are prone to
evolve through the alternative 1,2-pathway.[5–8] Therefore, it
should be no surprise that, despite undeniable interest, just a
small number of reports describe regio- and stereoselective
Michael additions of acyclic carbonyl compounds to α,β-
unsaturated aldehydes. So far, none of the currently
reported methods take advantage of metal enolates[9,10] and
contrarily hinge on organocatalytic approaches, proceeding
through the iminium mode of action, in which the carbonyl
bond of the electrophile is temporarily replaced by the
iminium counterpart. Indeed, pioneering studies by Palomo
on the intermolecular anti Michael addition of aldehydes to
enals catalyzed by a proline derivative demonstrated the
feasibility of such a strategy.[11,12] A little later, Barbas
reported a comprehensive study on the addition of activated
thioesters of aryl acetic acids to cinnamaldehyde, catalyzed
by the Jørgensen-Hayashi amine to provide the anti Michael
adducts with diastereoselectivities up to 3 :1 and variable
enantiocontrol.[13,14] Consequently, the development of new
methods to successfully achieve 1,4-additions in both a
regio- and stereoselective manner to provide both anti and
syn Michael adducts is still necessary to grant access to new
valuable molecular architectures, unattainable with current
methodologies.[15]
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In this context and beyond the abovementioned chal-
lenges, the interest in a particular stereoselective carbon-
carbon bond forming reaction is nowadays increasingly
associated to the ability to provide any of the potential
stereoisomers,[16] ideally under the premises of Atom
Economy[17] and Green Chemistry.[18] In this context, stereo-
divergent dual catalysis[19,20] has recently emerged as an
engaging option for obtaining any stereoisomer in trans-
formations in which up to two new stereocenters are
installed.[21] In principle, such a conceptual framework
requires the use of distinct chiral catalysts acting on a single
set of precursors to exercise independent control on the
absolute configuration of the stereocenters formed. Lee has
recently demonstrated the gains and opportunities of such
an approach in a highly regio- and stereoselective Michael
addition of pentafluorophenyl aryl acetates to α,β-unsatu-
rated aldehydes through the appropriate combination of a
proline derivative and a chiral Lewis base (see Eq 1 in
Scheme 1).[22] Unfortunately, the profile of the nucleophilic
partner is once again restricted to relatively acidic aryl acetic
esters,[13] so new approaches are needed to enable the
enantioselective formation of carbon-carbon bonds through
the addition of a wide array of carbonyl compounds to the
conjugated position of α,β-unsaturated aldehydes.

Considering the benefits of a process with a wider scope
and the lack of regio- and stereoselective Michael additions
of metal enolates to α,β-unsaturated aldehydes, we envis-
aged that a close, but less stringent version, of the
aforementioned stereodivergent dual catalytic model might
be successful. This would entail a single transition-metal
catalytic model in such a way that the simple change of the
chiral ligand would give access to all the potential stereo-
isomers in a highly regio- and stereocontrolled manner.[16,23]

Herein, we report that direct and asymmetric Lewis
acid-mediated Michael additions of N-acyl 1,3-thiazinane-2-

thiones to α,β-unsaturated aldehydes catalyzed by nickel(II)
complexes, containing chiral diphosphines 5,5’-bis[di(3,5-di-
tert-butyl-4-methoxyphenyl)phosphino]-4,4’-bi-1,3-benzo-
dioxole (DTBM-SEGPHOS) or 2,2’-bis(diphenylphos-
phino)-1,1’-binaphthyl (BINAP), produce, at will, enantio-
merically pure syn or anti stereoisomers in good to high
yields (Eq 2 in Scheme 1). Importantly, the aldehyde group
is transformed through its activation and becomes a
protected silyl enol ether in the resultant Michael adduct,
which facilitates further transformations and thus enhances
the synthetic usefulness of the method.

Results and Discussion

Preliminary Studies and Optimization

During our studies on the direct, asymmetric, and silyl
triflate-mediated aldol reactions from N-acyl thiazinane-
thiones catalyzed by chiral nickel(II) complexes,[24] mixtures
of aldol and Michael adducts and other unidentified by-
products were obtained when cinnamaldehyde (a) was used
as the electrophilic partner. In turn, parallel theoretical
calculations showed that the participation of C1 and C3 for
the LUMO of the silyl-activated cinnamaldehyde were
similar (Figure 1). All in all, these signs encouraged us to
make further efforts towards the search of selective 1,4-
additions.

Therefore, we first explored the regiochemical outcome
of the Michael additions using the achiral (Me3P)2NiCl2
complex under differing conditions. To our surprise, the silyl
triflate proved to be crucial. Indeed, the use of a sterically
hindered silyl triflate such as triisopropylsilyl triflate (TIP-
SOTf) produced the desired Michael adduct with remark-
able regioselectivity, while less bulky trimethylsilyl triflate

Scheme 1. Direct and Stereodivergent Michael Additions to α,β-Unsaturated Aldehydes. TMS= trimethylsilyl, TIPS= triisopropylsilyl, TIPSOTf= -
triisopropylsilyl triflate.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2024, e202319308 (2 of 10) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



(TMSOTf) showed opposing selectivity (see Table S1). The
scaffold turned out to play a key role too; the
thiazinanethione[25] and thiazolidinethione adducts proved to
be the most selective, with the former being more efficient
in terms of the kinetics of the process (see Table S1).[26]

Having identified the pairing of thiazinanethione/TIPSOTf
as the best combination for obtaining Michael adducts, we
next assessed the influence of chiral nickel(II) catalysts. We
were pleased to observe that all chiral catalysts examined
produced the desired 1,4-addition with absolute regioselec-
tivity. Furthermore, the diastereoselectivity heavily de-
pended both on the solvent and the ligand (see Table S2) to
such an extent that [DTBM-SEGPHOS]NiCl2 in 4 :1
toluene/CH2Cl2 gave the syn Michael adduct (syn/anti
88 :12). Such a solvent mixture also turned out to be the

most appropriate when [BINAP]NiCl2 was used; but how-
ever, this catalyst led to the anti counterpart instead (syn/
anti 15 :85). Finally, and most importantly, both the syn and
anti diastereomers were obtained enantiomerically pure (ee
99%). All together, these results proved that we could
access at will, in a highly stereoselective manner, any of the
four possible Michael stereoisomers, with absolute regiocon-
trol, by just switching between [DTBM-SEGPHOS]NiCl2
and [BINAP]NiCl2 and choosing the appropriate enantiom-
er of the ligand (Eq 2 in Scheme 1).

Scope

Having established an unusual, direct, and stereodivergent
Michael addition to cinnamaldehyde (a), we moved to
examine the scope of the reaction catalyzed by [(R)-DTBM-
SEGPHOS]NiCl2 (Scheme 2). Unfortunately, α,β-unsatu-
rated aldehydes containing an alkyl group, a heteroatom, or
an ester group at the β position proved unsuitable.[27] On the
contrary, β-aryl-α,β-unsaturated aldehydes a–o turned out to
be excellent substrates and all the corresponding syn
diastereomers 2a–o were easily isolated in enantiomerically
pure form by column chromatography except for trifluoro-
methyl-derived aldehyde e.

Indeed, most of these aldehydes, with the single
exception of ortho methoxy aldehyde i, reacted with

Figure 1. LUMO of [PhCH=CHCHO-TIPS]+.

Scheme 2. TIPSOTf-Mediated Michael additions of N-propanoyl thiazinanethione 1 to α,β-unsaturated aldehydes catalyzed by [(R)-DTBM-
SEGPHOS]NiCl2.

[a–c]

[a] Isolated yields of the enantiomerically pure 2a–o syn adducts are shown. [b] Enantiomeric excess established by chiral HPLC. [c] Diastereomeric
ratio (syn/anti) established by 1H NMR analysis. [d] It was impossible to determine the ee by chiral HPLC. [e] Conversion: 85–90%. [f ] rr (1,4 : 1,2)
87 :13.
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absolute regiocontrol (rr 1,4 :1,2>99 :1) to provide enantio-
merically pure (ee 99%) syn Michael adducts 2a–o in good
to high yields. As shown in Scheme 2, the electronic
character of the substituents at the para position of the
aromatic ring has a profound effect on the kinetics of the
process. Indeed, electron-donating groups seen in a–c
required a low catalyst loading of 2 mol% to reach
completion in 5 h. Aldehyde d, containing chlorine as a
slightly electron-withdrawing group, required 5 mol% of the
catalyst, while the stronger trifluoromethyl or nitro groups,
in e and f respectively, demanded 10 mol% of the catalyst
and reaction times up to 48 h. Even better results were
achieved with aldehydes k and l containing an heteroar-
omatic ring of furane or thiophene, which allowed for the
isolation of enantiomerically pure syn adducts 2k and 2 l in
yields of 83–86%. Noteworthily, the method tolerated the
placement of substituents at the meta and even the ortho
position and adducts 2g–j were obtained under similar
conditions and with results close to the corresponding para
substituted counterparts 2b and 2c. Eventually, α,β-γ,δ-
unsaturated aldehyde m, which could potentially undergo
1,4- and 1,6-attacks, proved to be an excellent substrate
since it led to a single regioisomer 2m with outstanding
stereocontrol (dr 92 :8, ee 99%) in a 72% yield. Finally, α-
substituted aldehydes n and o also participated in totally
stereocontrolled reactions and provided diastereomerically
and enantiomerically pure (dr >97 :3, ee 99%) syn Michael

products 2n and 2o in yields of 86–88%. It is worth
highlighting that the absolute configuration of Michael
adducts 2 was firmly established through X-ray analysis of
crystals from 2 f and 2n.[28]

An analogous study was carried out using [(R)-
BINAP]NiCl2. Results summarized in Scheme 3 show that
both the regio- and the enantiocontrol provided by this
complex are as good as those imparted by the former.
Furthermore, these reactions proved to be faster than those
catalyzed by [DTBM-SEGPHOS]NiCl2 and, for instance,
the addition to the reluctant aldehyde f was, this time,
complete in 24 h. The diastereoselectivities were high and
close to those of the syn series, while the isolated yields of
the enantiomerically pure anti diastereomers 3a–o ranged
from moderate to high. From a general point of view, the
access to the enantiomerically pure anti configuration
utilizing [BINAP]NiCl2 combines perfectly with that pro-
vided by the [DTBM-SEGPHOS]NiCl2 complex and makes
the overall method a stereodivergent strategy for Michael
additions to α,β-unsaturated aldehydes (Eq 2 in Scheme 1).

Finally, we met the challenge of expanding both
procedures to other N-acyl thiazinanethiones. Results
summarized in Scheme 4 indicate that the reaction catalyzed
by [DTBM-SEGPHOS]NiCl2 generally provides the ex-
pected syn stereoisomers but is highly sensitive to the steric
hindrance of the Cα group. A case in point was N-butanoyl
thiazinanethione 4, which required a fivefold increase of the

Scheme 3. TIPSOTf-Mediated Michael additions of N-propanoyl thiazinanethione 1 to α,β-unsaturated aldehydes catalyzed by [(R)-BINAP]NiCl2.
[a–c]

[a] Isolated yields of the enantiomerically pure 3a–o anti adducts are shown. [b] Enantiomeric excess established by chiral HPLC. [c] Diastereomeric
ratio (syn/anti) established by 1H NMR analysis. [d] It was impossible to determine the ee by chiral HPLC. [e] Reaction temperature of � 40 °C. [f ] rr
(1,4 :1,6): 70 : 30.
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catalyst loading with respect to N-propanoyl thiazinane-
thione 1, to produce syn Michael adduct 11a with a poorer
regioselectivity (rr 1,4 : 1,2 90 :10) and a lower diastereose-
lectivity (dr 76 :24) in a much lower 38% yield. In turn syn
adducts 12a and 13a possessing bulky groups were not
obtained, whereas N-phenylacetic thioimide 6 surprisingly
gave anti 19a as the major stereoisomer. Other substrates
with less sterically hindered substituents performed better
and gave the corresponding enantiomerically pure syn
stereoisomers 14a–15a in good yields. In turn, the results
achieved with α-azidoacetyl thiazolidinethione 10[29] were
particularly noteworthy, as the expected syn diastereomer
16a was obtained with excellent stereocontrol (dr 90 :10, ee
99%) and an isolated yield of 66%.

Parallel reactions catalyzed by [BINAP]NiCl2 were less
dependent on the steric bulk of the substrate and using 2–
5 mol% of catalyst, enantiomerically pure anti adducts 17a–
23a were isolated in yields of 50–75% with high selectivity
except in the case of α-azido thiazolidinethione 10, which
produced an equimolar mixture of syn and anti stereo-
isomers, and thioimide 7, which produced a slight erosion of
the regioselectivity of anti 20a. Importantly, the absolute
configuration of anti adduct 18a was corroborated through
X-ray analysis.[28]

Synthetic Applications

With two fully optimized procedures in hand, we next
assessed the removal of the heterocyclic scaffold to yield a
variety of chiral intermediates. Initially, the reaction cata-
lyzed by [(R)-DTBM-SEGPHOS]NiCl2 was scaled up to get
large quantities of model syn stereoisomer 2a in order to
test the transformations represented in Part A of Scheme 5.
We were pleased to observe that the Michael addition of 1
to cinnamaldehyde (a) worked perfectly at a 10 mmol scale,
allowing the isolation of enantiomerically pure 2a in a 77%
yield, which proves the robustness of the method. Then, its
reduction with LiBH4 or diisobutylaluminium hydride
(DIBALH) afforded alcohol 24 or aldehyde 25 respectively
in high yields. In turn, secondary and tertiary amides 26 and
27 or methyl ester 28 were easily prepared by simple
treatment with the required amines or methanol in the
presence of 4-dimethylaminopyridine (DMAP). Finally, the
resultant silyl enol moiety turned out to be strategic and its
appropriate manipulation afforded hemiacetal 29 (dr 54 :46)
and the saturated and protected δ-hydroxy ester 30 in
excellent yields.

As part of these efforts, we also considered the
application of the anti procedure to the synthesis of
commercially available tapentadol 31 (Part B of Scheme 5),
an opioid drug with strong analgesic effects used for the

Scheme 4. TIPSOTf-Mediated Michael additions of N-acyl thiazinanethiones 4–10 to cinnamaldehyde (a) catalyzed by chiral nickel(II) complexes.[a–c]

[a] Isolated yields of the enantiomerically pure syn or anti adducts are shown. [b] Enantiomeric excess established by chiral HPLC.
[c] Diastereomeric ratio (syn/anti) established by 1H NMR analysis. [d] rr (1,4 :1,2): ca 90 :10.
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treatment of pain in several diseases.[30] Our retrosynthetic
analysis hinged on the strategic disconnection of both
stereocenters through a Michael reaction.[31,32]

Thus, the first step involved the stereocontrolled Michael
addition of thioimide 1 to (E)-3-(3-methoxyphenyl)-2-prope-
nal (g) catalyzed by 2 mol% of [(S)-BINAP]NiCl2 at a
10 mmol scale (Part B of Scheme 5). Interestingly, the scale
was important and enantiomerically pure anti ent-3g was
isolated in this case with a slightly better diastereomeric
ratio (dr syn/anti 19 :81) and a significantly higher yield of
69% than those obtained at 1 mmol scale (see Scheme 3).
Smooth removal of the heterocycle in ent-3g with dimeth-
ylamine gave amide 32 in a quantitative yield. Then, it was
reduced with LiAlH4 to provide amine 33 in a 78% yield.
Treatment of the silyl enol ether with 1 M HCl for 5 h led to
the corresponding aldehyde, which was immediately sub-
mitted to a Wolff–Kishner reduction using the Huang-
Minlon modification[33] to obtain deoxygenated amine 34 in
an 88% two-step yield. Eventually, demethylation of 34 with
48% HBr under standard conditions led to tapentadol 31 in

a 96% yield, whose spectroscopic and physical data matched
those reported in the literature. Importantly, our synthetic
sequence takes advantage of a highly stereocontrolled
Michael addition to furnish enantiomerically pure tapenta-
dol with an overall yield of 45% in six steps.[34,35]

Theoretical Calculations. Mechanism

Once the wide scope and the synthetic interest of the
Michael addition had been established, we focused our
attention to unraveling the mechanistic basis of such a
stereodivergent transformation.

With this idea in mind, we initially evaluated the
potential reacting centers of the triisopropylsilyl (TIPS)-
activated cinnamaldehyde (a), a suitable model of the
putative electrophilic partner. Interestingly, contributions of
both the C1 and C3 carbons turned out be almost identical
(Figure 1), which indicated that the outstanding regioselec-
tivity observed within the present study must rely mostly on

Scheme 5. Transformations of Michael adducts. Synthesis of tapentadol. TBAF= tetrabutylammonium fluoride.
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the steric bulk of the TIPS group, which is in accordance
with the trend summarized in Table S1.

Building on this initial information, we then carried out
a comprehensive analysis of the transition states involved in
the addition of the chiral nickel enolates from thioimide 1 to
the TIPS-activated cinnamaldehyde.

Initially, we optimized the molecular geometry of the
singlet state of [{(R)-Diphos}Ni(thiazinanethione)]+ eno-
lates in which the Diphos ligands are the chiral chelating
disphosphines (DTBM-SEGPHOS or BINAP). Four con-
formations were optimized for the S,O-chelate and the
thiazinane rings (see Figure S1). All the conformations from
the BINAP-derived enolate were in a range of 3 kcalmol� 1,
the two most stable resulting in a slightly distorted square-
planar geometry for nickel (SSQ-4 <3.0). However, a
completely different energetic ordering was found for the
DTBM-SEGPHOS counterpart, likely due to the large steric
character of the diphosphine substituents, which suggests
that other factors may play an important role in stabilizing
each conformation.

Following previous results, the four minima for each
catalyst were taken into account to compute the transition
states of the additions to the activated cinnamaldehyde,
[(i-Pr3Si)O=CHCH=CHPh]+. The approach of such an
oxocarbenium intermediate generated four transition states
for each conformation considering the two π diastereotopic
faces of the nickel enolate and the relative arrangement of
the groups at the β position of the electrophile.

Then, sixteen transition states for the nickel enolate
containing the DTBM-SEGPHOS ligand were calculated
(see Figure S2). Interestingly, the most stable among them
involves the approach of the Re π face of the enolate to the
Si π face of the activated cinnamaldehyde (namely TS-D3 in
Figure 2, top), in which the TIPS group is directed towards
the thiazinane ring. This leads to the syn 2a stereoisomer. In
turn, the alternative approach giving access to the anti 3a
diastereomer (TS-C1, see Figure S2) places the phenyl group
close to the heterocycle and turns out to be disfavored by
+0.9 kcalmol� 1. Other transition states engaging the oppo-
site Si π-face of the enolate are higher in energy (from +2.5
to +3.4 kcalmol� 1) and exhibit a different conformation of
the nickel-chelate ring. The Boltzmann distribution of all
these transition states indicates that only two of them truly
participate in the reaction, TS-D3 and TS-C1, which predicts
a syn/anti diastereomeric ratio of 85 :14 (2a/3a) at � 20 °C
with others which would lead to the opposing enantiomer
contributing less than 1%. These results nicely match the
experimental results summarized in Scheme 2 (dr 88 :12, ee
99%).

In turn, a parallel study for the BINAP-derived enolate
predicted that the major stereoisomer should be anti 3a,
opposite to that obtained from DTBM-SEGPHOS. The
molecular geometries of the resultant transition states along
with their relative Gibbs free energies in solution in a range
of 20 kcalmol� 1 are shown in Figure S3. In this case, the
most favorable transition state (namely TS-A1 in Figure 2,
bottom) involves the approach of the Re π face of the
enolate to the Re π face of the activated cinnamaldehyde in
which the thiazinane ring is close to the phenyl group and

far from the bulky TIPS group of the electrophile. This
produces the anti 3a stereoisomer in full accordance with
the experimental results. Surprisingly, other transition states
show energies too high to participate in the stereochemical
outcome of the reaction, so anti 3a is expected to be the
only stereoisomer. These results account for the amazing
enantiocontrol observed throughout these reactions, but the
lack of prediction for the minor syn 2a counterpart indicates
that minor influences should be also considered.

Despite the fact that the reasons accounting for the
stereochemical outcome of the reaction are manifold, the
analysis of the transition states of the carbon-carbon bond
forming step provide clues for a better understanding of the
overall process. Indeed, assuming that the reaction proceeds
through an open transition state involving a chelated enolate
in which the nickel geometry is mostly square planar,
conformations of the thiazinane heterocycle may be of
paramount importance to determine distinct approaches to
the activated electrophile; this is particularly crucial for the

Figure 2. Transition states leading to the syn and the anti stereo-
isomers.
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DTBM-SEGPHOS enolate. Furthermore, chiral ligands
containing phosphines with bulky tert-butyl groups, such as
the DTBM-SEGPHOS and the related 2,2’-bis[bis(4-meth-
oxy-3,5-di-tert-butylphenyl)phosphino]-4,4’,6,6’-tetrameth-
oxy-1,1’-biphenyl (DTBM-GARPHOS, see Table S2), play a
crucial role to steer the stereochemical outcome towards the
syn 2a stereoisomer, through a transition state in which, in a
counterintuitive manner, the thiazinane ring is close to the
TIPS group (Figure 2, top).

The abovementioned transition states are consistent with
a mechanism represented in Scheme 6 in which a silyl-
activated cinnamaldehyde approaches a chelated nickel(II)
enolate from thioimide 1 through the open transition states
shown in Figure 2. Indeed, taking advantage of Sodeoka’s
findings[36] on the activation of nickel(II) chloride complexes
with silyl triflates, the chiral nickel(II) chloride complexes
employed in this study generate in situ nickel(II) triflate I,
the real catalytic species. Coordination of I with 1 produces
chelate II, which can be deprotonated by 2,6-lutidine to
produce the nickel(II) enolate III. Then, the Re π-face of III
approaches the activated aldehyde through the open tran-
sition states IV in which the distribution of the substituents
determines the configuration of the new β stereocenter in V.
Eventually, release of the L*Ni group gives the desired
Michael adduct (2a or 3a) and the nickel(II) triflate I
necessary for a new catalytic cycle.

Conclusion

We have developed a direct and asymmetric TIPSOTf-
mediated Michael addition of thioimides to α,β-unsaturated
aldehydes catalyzed by chiral nickel(II) complexes possess-
ing DTBM-SEGPHOS or BINAP ligands. The reaction
shows remarkable regio- and stereochemical control, and

delivers at will any of the potential syn or anti stereoisomers,
depending on the chiral ligand, in a highly efficient stereo-
divergent manner. In turn, the resultant adducts can be
smoothly converted into a wide array of enantiomerically
pure derivatives that can be used for the synthesis of
biologically active compounds, as demonstrated in a new
approach to tapentadol. Finally, theoretical studies clarify
the mechanistic intricacies of such a transformation and
provide arguments for a proper understanding of the
observed stereodivergency.
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Supporting Information.[37–48]
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