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Abstract

Two epoxidation catalysts, one of which consists of two VANOL ligands and an aluminum and the
other that consists of two VANOL ligands and a boron, were compared. Both catalysts are highly
effective in the catalytic asymmetric epoxidation of a variety of aromatic and aliphatic aldehydes
with diazoacetamides, giving high yields and excellent asymmetric inductions. The aluminum
catalyst is effective at 0 °C and the boron catalyst at —40 °C. Although both the aluminum and
boron catalysts of (F)-VANOL give very high asymmetric inductions (up to 99% ee), they give
opposite enantiomers of the epoxide. The mechanism, rate- and enantioselectivity-determining
step, and origin of enantiodivergence are evaluated using density functional theory calculations.

Graphical Abstract
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Recently we reported an asymmetric catalytic method for the preparation of cis-a,-
epoxyamides from aldehydes and diazoacetamides with a chiral borate catalyst containing a
VANOL ligand.! With this, it was envisioned that access to various 3,4-epoxy-2-piperidone
alkaloids could be achieved starting from the diazoacetamide 1 and aldehydes of the

type 2 (Scheme 1). These would include (-)-tedanalactam 5,2 (+)-kausine 6,3 piplaroxide
7,284 epoxydihydropiplartine 8,% and epoxypipermethstine 9.8 The published syntheses of
(-)-tedanalactam 5 have involved starting from the chiral pool (glucose),2d the use of a
chiral auxiliary to effect resolution,2¢ and in the only asymmetric catalytic approach the
use of the Sharpless AD reaction.2¢ The published syntheses of (+)-piplaroxide 72¢ and
(-)-epoxypipermethystine 98P have both used a chiral auxiliary to effect resolution.2¢ No
syntheses of (+)-kausine 6 or (-)-epoxydihydropiplartine 8 have been reported.

The synthesis of tedanalactam was to begin with the reaction of diazoacetamide 1a with
the TBS-protected 3-hydroxypropanal 2a. When these two reagents were treated with the
catalyst prepared as had been previously optimized for the epoxidation of aldehydes,!
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none of the cis-epoxide 11 was observed and only 10% conversion was observed under

the standard conditions (Scheme 2). This is in contrast to the reaction of diazoacetamide
1a with nonanal 2b, which gave the epoxide 12 in a 93% yield and >99% ee under the
same conditions.! The presence of DMSO in these reactions does not have a great deal of
influence, typically giving slightly faster reactions and in some cases giving slightly higher
asymmetric inductions.! A repeat of the reaction of 1a and 2a without using DMSO in the
preparation of the catalyst gave a 12% yield of 11 with a 15% conversion. This is again in
contrast to the reaction of nonanal, which gave 12 in an 82% yield with >99% ee without
DMSO.

SERENDIPITOUS DISCOVERY OF ENANTIODIVERGENCE IN ASYMMETRIC
EPOXIDATION

After several rounds of optimization (see Table S-1 in the Supporting Information) involving
variation of the catalyst loading, temperature, diazoacetamide, aldehyde silyl group, and
amount of DMSO used in catalyst generation, the best results were obtained for the reaction
of 2a and 1b using 20 mol % of the borate complex of VANOL prepared without any

added DMSO. Under these conditions, the reaction conducted at 0 °C gives the c/s-epoxide
13 ina 63% yield and 78% ee (Scheme 3). We then turned to the analogous heretofore
unknown aluminate complexes of VANOL. The catalyst was generated by treating 2 equiv
of the ligand with 1 equiv of trimethylaluminum in toluene at room temperature for 30

min. The findings reveal that the aluminum catalyst is superior to the boron catalyst.

Using only 10 mol % aluminate (S)-VANOL complex as the catalyst at 0 °C, 13 was
obtained in a 63% yield and 83% ee (Scheme 3). Incredibly, this slight increase in ee

with the aluminate (S)-VANOL complex was accompanied by a reversal in the direction

of the asymmetric induction relative to the reaction of the borate (S)-VANOL complex.
Therefore, under otherwise identical reaction conditions and with the same enantiomer of
the chiral ligand, a simple switch in the Lewis acid from boron to aluminum has led to the
discovery of a perfectly enantiodivergent’” asymmetric epoxidation reaction. The discovery
of conditions for the epoxidation of aldehyde 2a means that this methodogy for the synthesis
of tedanalactam can go forward, but first we explored the scope of the epoxidation with the
aluminum catalyst.

Further optimization of the aluminate-catalyzed reaction (Table 1) by varying aldehyde (2a/
2c), diazoacetamide (1a/1b), additive, and ligand led to the identification of the (S)-VAPOL
(17) derived aluminate complex as the most efficient catalyst system; the reaction of 1a and
2a catalyzed by 10 mol % of the aluminate complex of (5)-VAPOL prepared without any
added DMSO delivered the desired c/s-epoxide 11 in an 80% yield and 96% ee (Table 1,
entry 5). It is worth noting here that the borate complex of (S)-VAPOL did not give any
useful reaction with aldehyde 2a (see the Supporting Information).
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We were intrigued by the finding that boron and aluminum catalysts gave opposite
enantiomers of 13, each from the same enantiomer of the ligand (Scheme 3). The first
thought was that this could be somehow related to the nature of aldehyde 2a. To test this, a
number of other aldehydes were examined (Table 2). The reaction of benzaldehyde 18 with
diazoacetamide 1a gave the epoxide 24a in an 84% yield and 99% ee with the aluminum
(S)-VAPOL catalyst and in an 89% yield and 81% ee with the aluminum (S)-VANOL
catalyst (Table 2). Here, as with the aldehyde 2a (Table 1), the VAPOL aluminum catalyst
gives higher asymmetric induction than the VANOL aluminum catalyst. Again, this is the
opposite enantiomer of 24a that was seen with the VANOL-boron catalyst, which gave

a a 98% yield of 24a in 97% ee (in this case the (S)-VANOL aluminum catalyst and

the (/)-VANOL boron catalyst gave the same enantiomer of 24a).1 Four of the six aryl
aldehydes in Table 2 are converted to the corresponding epoxide in 99% ee with 5 mol %

of the aluminum VAPOL catalyst. The exceptions are 4-nitrobenzaldehyde 23, for which the
induction in the epoxide 29a can be increased from 62% to 93% ee with 10 mol % catalyst,
and 4-methoxybenzaldehyde, which was a very sluggish substrate, giving the epoxide 27a in
a 11% yield at 50% conversion along with a 10% yield of the corresponding B-ketoamide. It
is to be noted that the reaction of benzaldehyde is much faster with the boron catalyst than
with the aluminum catalyst (Table 2). The reaction of diazoacetamide 1c and benzaldehyde
with 5 mol % of the (S)-VANOL boron catalyst is complete in 2 h at =40 °C, giving an 86%
yield of 24c with 93% ee, whereas the reaction with 10 mol % of the (S)-VANOL aluminum
catalyst gives a 19% yield at —40 °C after 12 h.

The reversal in enantioselectivity also extends to the series of aliphatic aldehydes shown

in Table 3. The unbranched aldehyde butanal can be transformed to epoxide 36a in

an 84% yield and 95% ee and to epoxide 36b in a 79% yield and 94% ee. The

secondary carboxaldehyde 31 can be epoxidized to give 37a in an 81% yield with 94%

ee. The epoxidation of the tertiary carboxaldehyde 32 by the VAPOL-AI catalyst gives

the epoxide 38a in 99% ee but in only a 50% yield. The substrate scope was extended

to +butyldimethylsiloxy-substituted aldehydes 33 and 34, which have one less and one
more methylene between the siloxy group and the aldehyde function than aldehyde 2a,
respectively. While the latter gives epoxide 40a in an 88% yield and 92% ee, the former

is not a good substrate, giving epoxide 39 at best in an 86% yield but only 54% ee. The
aldehyde 35 was also examined in an effort to determine what other functionality might be
tolerated in this reaction. Here the ester group is well tolerated, giving the epoxide 41a in
a 74% yield and 96% ee with the (/)-VAPOL-AI catalyst. It is interesting to note that the
(R)-VANOL-B catalyst (10 mol %) gives the enantiomer of the epoxide 41a in an 80% vyield
and 91% ee under the conditions shown in Scheme 2 without DMSO (Table 3).

MECHANISTIC INVESTIGATION

Having established the scope of this novel aluminate-catalyzed epoxidation reaction, we
turned our attention to elucidating the mechanistic underpinnings of this reaction. In
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particular, we were interested in a comparison of the asymmetric epoxidation reaction
enabled by the borate and aluminate complexes in order to understand the origin of the
enantiodivergence induced by changing the Lewis acidic center from boron to aluminum.
Accordingly, we modeled key transition states (TS) in the reactions of benzaldehyde 18
and diazoacetamide 1a resulting in the cis-epoxide 24a catalyzed by either the (R)-VANOL
borate or the (R)-VANOL aluminate using B3LYP8-D3%6-31G(d)C as implemented in
Gaussian 16.11 High-level single point energy calculations were performed for all stationary
points using M06-2x12/6-311++G** PCM13 (toluene). The Gibbs free energies reported
in this article are obtained by adding the free energy correction from the optimizations

to the high-level single point energy calculations. The free energies were corrected using
Grimme’s quasi-rigid rotor -harmonic oscillator (qRRHO) approach.1# This approach is
routinely utilized and is well-established to evaluate reactivity and selectivity in similar
catalytic systems.15

Based on prior catalyst structure studies, 16 we assumed that both the aluminum and

boron catalysts have incorporated two molecules of the VANOL ligand. We envisioned
three viable mechanistic pathways for aldehyde activation: Lewis acid activation (LA),
Brensted acid-assisted Lewis acid activation (BLA), and a Brgnsted acid (BA) pathway,

as shown in Scheme 4. In the BLA pathway, the aldehyde is activated by coordination

to the Lewis acid (B/Al), which is flanked by two (/)-VANOL ligands. Three out of the
four phenolic oxygen atoms of these two ligands are directly bonded to B/Al, and the free
phenol unit of one of the ligands is H-bonded to an oxygen of the other ligand (BLA
activation). It is this tricoordinated B/AI that serves as the chiral Lewis acid that activates
the aldehyde in the BLA mechanism. The LA activation pathway has all the features of the
BLA pathway except for the intramolecular H-bonding interaction. Finally, BA activation
involves activation of the aldehyde by protonation with the spiro borate/aluminate serving as
the chiral counterion that orchestrates the asymmetric transformation. In all three modes

of aldehyde activation, the activated aldehyde 18 undergoes nucleophilic attack by 1a
(TScc) resulting in a betaine intermediate, which then undergoes an intramolecular Sy2-like
displacement of N, by the aldehyde oxygen (TSgc) to form the epoxide product 24a. We
initiated our DFT study by locating TScc and TSk steps for LA, BLA, and BA pathways
for both the boron and aluminum catalyst systems. Our first goal was to identify the mode
of catalysis in these reactions (LA/BLA/BA). The second objective was to identify the rate-
and enantioselectivity-determining steps (TScc or TSgc) within the operative mechanism
for each catalyst system. Once we identify the enantioselectivity-determining step, our final
goal was to understand the origin of enantioselectivity in each catalyst system and the origin
of enantiodivergence observed across the two catalysts.

In order to identify which of the three pathways is operative, we modeled each pathway
leading to the major enantiomer of cis-epoxide 24a for both the boron and the aluminum
catalysts. For both catalyst systems, between the two modes of Lewis acid activation (BLA
and LA), it was found that the BLA pathway was favored over the LA pathway (see the Sl
for details). Therefore, our next step was to evaluate the relative energy of the BLA pathway
to the BA pathway. Figure 1A shows the computed energy profile for the BLA and BA
pathways for the boron catalyst relative to the lowest energy aldehyde-catalyst complex +
1a as reference. The key conclusions for the boron catalyst from this comparison are as
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follows: (a) For both BA and BLA pathways, initial C—C bond formation (TScc.g-gLA-maj/
TScc-B-BA-maj) to form the betaine intermediate is lower in energy than the respective ring-
closing steps that form the epoxide (TSrc-g-BLA-maj/ TSRC-B-BA-maj), Suggesting that betaine
formation is reversible and ring-closure is the rate- and enantioselectivity-determining step
of the reaction in both pathways. (b) The rate-determining step in the BLA pathway (TSgc-
B-BLA-maj) IS lower in energy than the rate-determining step in the BA pathway (TSrc-g-
BA-maj), Suggesting that the reaction most likely proceeds via the BLA pathway for the
boron catalyst. Figure 1B shows the summary of an analogous analysis of the (/)-VANOL
aluminate catalyst. The main conclusions from our investigation of the boron catalyst hold
for the aluminum catalyst: the reaction proceeds via the BLA mechanism, and the ring-
closure step (TSrc-Al-BLA-mgj) IS the rate- and enantioselectivity-determining step in the
reaction for the aluminum catalyst. It is worth noting that a qualitatively similar free energy
profile, where the ring-closing step was enantiodetermining, was previously established via
experimental and computational studies of the Bransted acid-catalyzed aziridination reaction
of imines and diazoacetates developed in our lab.16:17

SELECTIVITY-DETERMINING TRANSITION STRUCTURES FOR THE (R)-
VANOL BORATE-CATALYZED EPOXIDATION REACTION

Based on our evaluation of the mechanism of the title reaction, in order to probe the origin
of enantioselectivity and therefore the origin of enantiodivergence in these systems, we need
to evaluate the relative energies of TSgc leading to both enantiomers of cis-24a for both
catalyst systems. We first discuss our results from the reaction with the boron catalyst.

We have already identified the lowest-energy TS leading to the major enantiomer (R, ~) of
cis-24a via the BLA mechanism (discussed in Figure 1A). The fine details of this TS, i.e.,
TSRc-B-BLA-maj are shown Figure 2. It is worth noting here that it was during the extensive
conformational search performed to locate TSrc_g-BLA-mej that we identified the existence
of the LA pathway (discussed in Scheme 4). Also shown in Figure 2 is the lowest energy
TS leading to (R,R)-24a in the LA pathway (TSrc-B-LA-maj), Which is 4.9 kcal/mol higher
in energy than TSrc.g-gLA-maj- FOllowing this, we performed a thorough conformational
search to locate TSgc leading to the minor enantiomer (S,S) of ¢/s-24a to enable a
theoretical prediction of the enantioselectivity observed in this reaction. Shown in Figure 2
are the lowest-energy transition structures leading to (S, 5)-24 in the BLA (TSrc-g-BLA-min)
and LA (TSrc-g-LA-min) pathways. The BLA pathway is found to be slightly favored

over the LA pathway for the minor enantiomer by 1.8 kcal/mol. Therefore, the predicted
enantioselectivity for the reaction of boron catalyst is obtained by comparing the relative
energy of the lowest energy TSs leading to the major enantiomer (TSrc-g-BLA-maj resulting
in (R,R)-24a highlighted in green in Figure 2) and the minor enantiomer (TSgc-B-BLA-min
resulting in (S,5)-24a highlighted in red in Figure 2). The energy difference between these
two TSs is 3.2 kcal/mol, a value that is in excellent agreement with the >99% ee observed
experimentally for this reaction.! Analysis of these highlighted TSs reveals that both of
these TSs have identical bond-forming (/o-c = 2.12 A) and bond-breaking (rc-n = 1.79 A)
distances for the Sy2-like ring-closing event. Additionally, both these TSs are characterized
by a short H-bonding interaction between the free phenolic OH of the VANOL ligand and
one of the other oxygen atoms bound to boron, the interaction that is responsible for BLA

ACS Catal. Author manuscript; available in PMC 2024 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mohammadlou et al.

Page 7

activation. However, these TSs are fundamentally different in the nature of catalyst-substrate
interactions that are involved in transition state stabilization. TSpc_g-BLA-maj iS Stabilized

by a short, strong CH---O interaction (1.99 A) between the acidic CH of 1a and one of the
catalyst oxygen atoms and an intramolecular H-bonding interaction between the NH of 1a
and the aldehyde oxygen (2.23 A); on the other hand, TSrc-B-BL A-min IS Stabilized by a
strong H-bonding interaction between the NH of 1a and one of the catalyst oxygen atoms
(1.88 A) and a possible CH-r interaction between the acidic CH of 1a and the aromatic
rings of the VANOL ligand.

SELECTIVITY-DETERMINING TRANSITION STRUCTURES FOR THE (R)-
VANOL ALUMINATE-CATALYZED EPOXIDATION REACTION

For a direct comparison to the boron catalyst, we conducted a comprehensive
conformational search for the rate- and enantioselectivity-determining ring-closing TS for
both the BLA and LA pathways in the epoxidation reaction catalyzed by the aluminum
catalyst. The lowest-energy transition structures leading to the experimentally observed
major (S,S) and minor (R,A) enantiomers of cis-24a in both these pathways are shown in
Figure 3. The four TSs shown in Figure 3 are very similar in geometry to the analogous TSs
shown in Figure 2. However, remarkably and consistent with the experimentally observed
enantiodivergence, our calculations show that TSrc-al-BLA-maj (the ring-closing TS that
gives (S, 5)-24a) is now the lowest-energy TS for the reaction with the aluminum catalyst.
Intriguingly, the lowest-energy TS leading to the minor (/,/) enantiomer proceeds via the
LA activation pathway; TSrc-al-LA-min IS 1.8 kcal/mol higher in energy than TSrc-Al-BLA-
maj» @ Value that is in good agreement with the 81% ee observed for this reaction (Table

2). Analysis of the key interactions stabilizing the aluminum TSs (Figure 3) reveals that
they are very similar to the corresponding interactions in the analogous boron TSs (Figure
2). Therefore, the reversal in the sense of asymmetric induction upon switching from boron
to aluminum must have its origin in the relative energetic contributions of these stabilizing
interactions in the two catalytic systems.

ORIGIN OF ENANTIOSELECTIVITY AND ENANTIODIVERGENCE
OBSERVED IN THE (R)-VANOL ALUMINATE/BORATE-CATALYZED
EPOXIDATION RECTION

A comparison of the transition structures leading to (S, S5)-24a for the boron catalyst (Figure
2, TSrc-B-BLA-min) and the aluminum catalyst (Figure 3, TSrc-al-BLA-maj) reveals that these
structures are nearly identical in terms of the bond-forming/bond-breaking distances as

well as the key stabilizing interactions. A similar conclusion can be drawn upon analysis

of the corresponding transition structures leading to (R, ~)-24a for the boron (Figure 2,
TSRc-B-BLA-maj) and aluminum (Figure 3, TSrc-al-BLA-maj) Catalyst systems. Even though
these pairs of analogous transition structures are near-identical, the calculations predict

that (R,R)-24a is the major enantiomer for the boron catalyst and (S,5)-24a is the major
enantiomer for the aluminum catalyst (Figures 2 and 3), consistent with the experimentally
observed enantiodivergence observed across the two catalyst systems. Qualitatively, these
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observations suggest that the identity of the central Lewis acidic atom (B/Al), the difference
in polarization, and bond lengths of the metal-oxygen bonds in the two metalate species
likely play important roles in the observed enantiodivergence in these catalyst systems.

The effects of these subtle differences in catalyst properties must stabilize the exact same
transition state differently.

In order to evaluate the origin of enantioselectivity in each of these catalyst systems, we
conducted an energy decomposition analysis of the transition structures leading to the major
and minor enantiomers of cis-24a for the BLA mechanism (top panel, Figures 2 and 3).1°
An energy decomposition analysis?® comparing TSs leading to the two enantiomers of
product provides quantitative insight into the origin of the observed enantioselectivity by
separating the effects of distortion (catalyst and substrate distortion from lowest-energy
conformation) and interaction (H-bonding, dispersion etc.) energies to transition state
stabilization.

The summary of this analysis is shown in Table 4. The key findings are as follows: (a)
Comparison of the interaction energies reveals that both catalysts favor the (R,/) enantiomer
(Table 4, middle column highlighted in green), boron by 1.0 kcal/mol and aluminum by 3.4
kcal/mol. This observation can be rationalized based on the fact that the (/,/)-TS in both
catalyst systems is characterized by conventional H-bonding interactions (vide supra); with
the more polarized Al-0 bond providing better stabilization via the stronger H-bonds to the
aluminate oxygen atoms relative to the borate oxygen atoms. (b) The major contributor to
the observed enantiodivergence is the difference in the distortion energies at the transition
states leading to the two enantiomers of ¢/s-24; that is, the (R, /)-enantiomer pays a lower
energetic penalty from distortion compared to the (S, S)-enantiomer (favored by 1.7 kcal/
mol, Table 4, row 1, column 1 highlighted in green) for the boron catalyst, while the reverse
is true for the aluminum catalyst, where the (5,S)-enantiomer is favored by 5.5 kcal/mol over
the (R,R)-enantiomer (Table 4, row 2, column 1 highlighted in red). A possible explanation
for this reversal in the trend of distortion interactions could be gleaned by visual analysis

of the TS leading to the (S, 5)-enantiomer in the boron (Figure 2, TSrc-g-BLA-min) and
aluminum (Figure 3, TSrc-al-BLA-maj)- It is likely that the longer Al-O bond places the
VANOL ligand farther away from the chiral pocket compared to its position with the

boron catalyst and the shorter B—O bond. As a result, the diazoacetamide portion of the
transition state has to distort less in TSrc-al-BLA-maj COMPpared to TSrc.-g-LA-min in Order
to avoid a deleterious steric interaction with the VANOL backbone. The combined effect

of the distortion and interaction energies is that the (/,~) enantiomer is overall favored

by 2.7 kcal/mol by the boron catalyst and the (S,S) enantiomer is overall favored by 2.1
kcal/mol (Table 4, column 3). In summary, the switch from boron to aluminum as the
central metal results in a reversal of the sense of enantioselectivity because of changes in
the steric features of the chiral pocket as well as the electronic properties of the H-bond
acceptor oxygen atoms that flank the central atom (B/Al). The full details of the energy
decomposition analysis can be found in the Supporting Information.
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SYNTHESIS OF (-)-TEDANALACTAM

With the initial success of the epoxidation of aldehyde 2a with the aluminum catalyst (Table
1), the epoxide 13 was then taken on to tedanalactam 5, which was when it was first realized
that the boron and aluminum catalysts give opposite enantiomers in the epoxidation reaction:
the rotation (ap = 7.1) did not match that reported for the natural product (ap = -7.6).

This was of course rectified by switching to the (/)-VAPOL aluminum catalyst, as indicated
in Scheme 5. The aldehyde 2a is commercially available but is very expensive and thus

was prepared as indicated in Scheme 5 from 1,3-propanediol following the procedure of
Allegretti and Ferreira.2! The epoxide 13 is then deprotected to give the 1°-alcohol 44,
which is then converted to the 1°-tosylate and then directly cyclized with sodium hydride to
give 3,4-epoxy-2-piperidone 45 in a 67% yield. If the tosylate is isolated first, the yield for
this sequence drops to 47%. Deprotection of the lactam nitrogen in 45 can be effected with
ceric ammonium nitate to give (-)-tedanalactam in a 75% yield (Scheme 5).

With the successful synthesis of (-)-tedanalactam, we have accomplished the original goal
of our studies, the application of our asymmetric catalytic method for the preparation of
cis-a,B-epoxyamides (from aldehydes and diazoacetamides using a chiral borate catalyst
containing a VANOL ligand) to the synthesis of 3,4-epoxy-2-piperidone alkaloids. Critical
failures in our exploratory studies toward achieving this goal led to the design and
discovery of a new catalyst system involving a chiral aluminate catalyst containing two
VANOL ligands that is structurally analogous to the borate catalyst. Synthetic studies have
established the scope, and computational investigations have elucidated the origin of the
enantiodivergence observed upon switching from boron to aluminum. We are currently
evaluating the generality of enantiodivergence in other catalytic asymmetric reactions of
aldehydes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Free energies of key stationary points in the reaction coordinate leading to the major
enantiomer of cis-epoxide 24a for the reaction catalyzed by the (A) (/R)-VANOL boron-
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catalyst and (B) (~)-VANOL aluminum-catalyst, computed at M06-2x/6-311++G** PCM
(toluene)//B3LYP-D3/6-31G*. Both Bransted acid-assisted Lewis acid (BLA) and Bransted

acid (BA) pathways are shown, and the reported energies for each transition state
and intermediate are relative to the prereactive complex of the respective catalyst with

benzaldehyde (18) and diazoacetamide 1a in the BLA pathway, which is the lowest-energy
stationary point in either pathway for both catalysts. The preferred pathway for each catalyst

is highlighted in yellow, and the selectivity-determining step (SDS) is indicated.
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BLA mechanism

TSkc-5-BLA-min TSgrcp-BLA-maj
E,. = 3.2 kcal/mol E,; = 0.0 kcal/mol
gives (S,5)-24 gives (R,R)-24

LA mechanism

Q
TSgcp-LA-min TSgcB-LA-maj
E,. = 5.0 kcal/mol E. =49kcal/mol *
gives (S,5)-24 gives (R,R)-24

Figure 2.
Transition state geometries of the rate- and enantioselectivity-determining ring-closure step

leading to the major (R, ~) and minor (S,S) enantiomer of the c/s-epoxide 24a in the reaction
of 18 and 1a catalyzed by the (/)-VANOL-B catalyst. The first two structures are for

the BLA pathway, while the next two structures are for the LA pathway. The energies of

all four structures, computed at M06-2x/6-311++G** PCM (toluene)//B3LYP-D3/6-31G*,
are relative to the lowest-energy transition structure TSrc_g-BLA-maj- The lowest-energy
transition structures leading to the major and minor enantiomers of c/s-24a are highlighted in
green and red boxes, respectively. All distances are in angstroms, and most hydrogen atoms
have been removed for clarity.
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BLA mechanism

TSgrc.AL-BLA-maj TSge.ALBLA-min
E,.; = 0.0 kcal /mol E,. = 3.6 kcal /mol
gives (S,5)-24 gives (R,R)-24

TSgrc.ALLA-maj TSgc.ALLA-min
E,. =4.2 kcal/mol E,, = 1.8 kcal/mol
gives (S,5)-24 gives (R,R)-24

Figure 3.
Transition state geometries of the rate- and enantioselectivity-determining ring-closure step

leading to the major (S, S) and minor (R, R) enantiomers of the c/s-epoxide 24a in the
reaction of 18 and 1a catalyzed by the (/)-VANOL-AI catalyst. The first two structures are
for the BLA pathway, while the next two structures are for the LA pathway. The energies of
all four structures, computed at M06-2x/6—-311++G** PCM (toluene)//B3LYP-D3/6-31G*,
are relative to the lowest-energy transition structure TSpc_al-BLA-maj- The lowest energy
transition structures leading to the major and minor enantiomers of c¢/s-24a are highlighted in
green and red boxes, respectively. All distances are in angstroms, and most hydrogen atoms
have been removed for clarity.
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(—)-tedanalactam (+)-kausine +)-piplaroxide
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@)

(10 AcO,, (1
N0 N~ ~O
OMe
® OMe 2

(-)-epoxydihydropiplartine (—)-epoxypipermethystine

Scheme 1.
A Reterosynthetic Analysis for 3,4-Epoxy-2-piperidone Alkaloids
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1) BH3z*SMe, (x mol%) 3) 2x mol% Me,SO
toluene, 100 °C, 0.5 h toluene, , (S)-VANOL-B catalyst
(x mol%)

2) 0.5 mm Hg, 100 °C, 0.5 h

(S)-VANOL 10
2x mol%

0
0 (S)-VANOL-B catalyst s
TBSO H I n HN" YO
a

toluene, —40 °C, 12 h

N
2a O 11 Bn
1.2 equiv <5% yield, 10% conversion
12% yield, 15% conversion (w/o Me,SO)
0 (0] (S)-VANOL-B catalyst
(5 mol%) Re
W 4t NHen :
toluene, —40 °C, 12 h 5
5 N2
2b 1a HN™ ™0
1.2 equiv 12 ||3n

93% yield, >99% ee
82% yield, >99% ee (w/o Me,SO)

Scheme 2.
Failure of VANOL-borate Catalysts to Epoxidize Aldehyde 2a
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(S)-VANOL-B catalyst
(20 mol%)

toluene, 0 °C, 12 h

o)
o) rJL
+ NHPMB
TBso/“\/JkH &
2

2a ib
1.2 equiv (S)-VANOL-AI catalyst
(10 mol%)

toluene, 0 °C, 12 h

MesAl (x mol%)

(S)-Ligand (S)-Ligand—Al catalyst
— toluene, rt, 0.5 h (x mol%)
Scheme 3.
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R
TBSO/\/\i§

HN™ ~O

PMB
13
63% yield, 78% ee
(w/o0 Me,SO0)

0
TBSO/\/j§

HN™ ~O

PMB
13
63% yield, 83% ee
(w/o0 Me,SO0)

Unexpected Observation of Enantiodivergence upon Switching from Boron to Aluminum in

the Asymmetric Epoxidation Reaction
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M = B/Al

H
) 0~ o ¢ o)
<D (oMl (Mo

o~ o

i T Bronsted acid assisted . .
Lewis acid activation (LA) . . L Brensted acid activation (BA)
Lewis acid activation (BLA)

Scheme 4.
Three Distinct Pathways for Aldehyde Activation Investigated Using DFT Calculations for

the (R)-VANOL-Lewis Acid-Catalyzed Asymmetric Epoxidation Reaction
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n-BulLi (1.0 equiv - i i
P S S (1.0 equiv)  t-BuMe,SiCl (1.0 equiv) TBSO”~""OH
THF, =78 °C, 30 min THF, =78 °C, 10 min; 43 90%
42 i, 3 h
(0]
N HCJLNHPMB
(COCl), (1.1 equiv) 0] 2 ‘
Me,SO (2.2 equiv) EtsN (5 equiv) /\)J\ 1b (0.83 equiv)
TBSO H
CH,Cl,, =78 °C,1h  CHxCl,, =78 °C, 1 h 2a (R)-VAPOL-AI
. catalyst (10 mol%)
100% toluene, 0 °C, 12 h
.0 -0 :
TBSO/\/i n-BuyNF (2 equiv) Ho/\/\/\L NaH (1.2 equiv)
HN o THF,0°Ctort,12h HN o THF,0°Ctort,1h
13 PMB PMB
87% yield, 96% ee % BAe
29 Ce(NH,)2(NOg)s 29
TsCl (1.2 equiv)  NaH (4.0 equiv) (l (1.2 equiv) (l
THF, rt, 1 h THF, rt, 1 h N @) MeOH/H,0 (4:1), N™ ™0
PMB 0°C,12h H
. 5 75%
45 67% (-)-tedanalactam
Scheme 5.

Synthesis of (-)-Tedanalactam 5
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Table 2.

Epoxidation of Aromatic Aldehydes with VANOL and VAPOL Aluminum Catalysts?

X mol% 0
(R)-LIGAND-AI Ar“'<J

(@)
- HJ\ catalyst
NHR! -
Ar)J\H ol
N>

-8
toluene, 0 C, HN/\O
1 12h R

1aR' =Bn =28
1¢ R! = n-Bu aR'=Bn

18-23

1

c R'=n-Bu

aldehyde epoxide Ligand catalyst (mol%b) R % yield %ee epoxideC
epoxideb

(o) 0 (S-VAPOL 5 Bn 97 _g9d

L NHR!
@ i (9-VAPOL 5 n-Bu 86 _g7d
o]
24 (S)-VAPOL 10 Bn 84 _g9d
(S-VANOL 10 Bn 89 _g1d
(S)-VANOL 5 n-Bu 869 93

(5)-VANOL 10 nBu 196f nd
O & (9-VAPOL 5 Bn 93 —99d
i --.,‘.,NHF{‘
‘ " 0
19
H
H

o (9)-VAPOL 5 Bn 76 —g9d

= [
I o (8)-VAPOL 5 mBu 66 _g3d

0 (S-VAPOL 10 Bn 1184 nd

O
0
0
(o]
MeO
1

oy
L
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(R)-LIGAND-AI

X mol%

Page 22

o O
catalyst :
P (U\NHW - A
Ar” "H N toluene, 0 C, HN"™ ~O
2
18-23 1 12 h R
1aR'=Bn o
1c R' = n-Bu o =N
cR'=n-Bu
aldehyde epoxide Ligand catalyst (mol%b) R! eﬂg)oi:zlgb %ee epoxideC
0 o (5)-VAPOL 5 Bn 90 990
/@HLH P J ¥ (5-VAPOL 5 nBu 7 g5
28
Br 22
o) A m (9-VAPOL 5 Bn 55 620
/©/l " o N’©. 0/ (5)-VAPOL 5 n-Bu 36 _d
¢ 29
= (R)-VAPOL 10 Bn 70 93
O,N 23

aUnIess otherwise specified, all reactions were carried out in toluene at 0 °C for 12 h with 0.5 mmol diazo compound 1 at 0.1 M with 1.2 equiv of

aldehyde. The catalyst was prepared as indicated in Table 1.
blsolated yields.

CDetermined by HPLC. nd = not determined.

dThe enantiomer of the epoxide was formed.

NMR yield.

f . . .
This reaction as carried out at —40 °C for 12 h.

gThis reaction was with the boron catalyst prepared as in Scheme 2 without DMSO and was performed at —40 °C for 2 h. See ref 1.

h . . . .
Reaction went to 50% conversion and also gave a 10% yield of a -keto amide.
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Table 3.

Epoxidation of Aliphatic Aldehydes with VANOL and VAPOL Aluminum Catalysts?

0 O

)

R H
N»

2a, 30-35 1
1aR' =Bn
1b R' = PMB

NHR®

X mol%
(R)-LIGAND-AI
catalyst

toluene, 0 C, ]
12 h

Page 23

0
R“‘<!

HN X0
ﬁp
1,13,35-40
aR'=Bn

bR'=PMB

aldehyde epoxide Ligand catalyst R % yield %ee epoxideC
(mol%) epoxideP
9 0 (9-VAPOL 5 Bn 62 g9 ¢
L3 NHR!
/\).L “/ (R)-VANOL 5 Bn & 92
0
H 36 (S-VANOL 10 Bn 84 g5
(9-VANOL 10 Bn 24 _gg de
30 (9-VAPOL 5 PMB 50 g5 d
(R)-VAPOL 10 PMB 79 94
o] R
0 A (9-VAPOL 5 Bn 68 _gg d
i .. .NHBn
O T (R)-VAPOL 10 Bn 81 94
(o]
H 37a
O 0 (R)-VAPOL 10 Bn 50 99

S

32

ACS Catal. Author manuscript; available in PMC 2024 March 21.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Mohammadlou et al.

1 ;L
+ NHR®
I
R™ H N,

2a, 30-35

1a R’
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X mol%
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toluene, 0 C,

12h

Y
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0
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HN X0
é1
1,13,35-40
aR'=Bn

bR'=PMB

aldehyde epoxide Ligand catalyst R! % yield %ee epoxideC
(mol%) epoxideP

o} (S-VAPOL 5 Bn 78 _ead

O TBSO._ . £, _NHR! 56

TBSO\)LH i i_, (R)-VAPOL 10 Bn 73 58
(S-VAPOL 5 PMB 73 _50d

33 (R-VAPOL 10 PMB 86 54
0 B i (S-VAPOL 5 Bn 85 _q1d

/\)L TBSOT

TBSO H 11R'=Bn © (.S)-VANOL 5 Bn 66 _800'

2a 13R!=PME (R-VAPOL 10 Bn 80 9%
(S-VAPOL 5 PMB 76" —gdf
(R)-VAPOL 10 PMB 879 _959
(S-VANOL 5 PMB 63 _gad
o) 0 (8-VAPOL 5 Bn 84 _50d

TBSO, o~ &>, NHR'
T

teso_~ A H @ © (R-VAPOL 10 Bn 88 92
34 (9-VAPOL 5 PMB 67 _51d

(R)-VAPOL 10 PMB 78 88
0 Ji - (S-VAPOL 5 Bn 75 _76d

B RS e

EIOJLM;\TH “ 4a O (R)-VAPOL 10 Bn 74 %
35 O (R)-VANOL 10 Bn 80 —g1d.h

(S-VANOL 10 Bn 99 95/

aUnIess otherwise specified, all reactions were carried out in toluene at 0 °C for 12 h with 0.5 mmol diazo compound 1 at 0.1 M with 1.2 equiv of
the aldehyde. The catalyst was prepared as indicated in Table 1.

blsolated yields.

“Determined by HPLC.

dThe enantiomer of the epoxide is formed.

EReaction at —40 °C for 12 h.
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f
Average of two runs.
gAverage of four runs.
hThis reaction was carried out with a boron catalyst as indicated in Scheme 3 in toluene at —40 °C for 12 h without DMSO.

ICarried out as in /7 but with 20 mol % DMSO.
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Table 4.

Summary of Key Findings from Energy Decomposition Analysis Performed on the Lowest Energy Transition
Structures Leading to Either Enantiomer within the BLA Mechanism for Both Catalysts Using M06-2x-D3/6—
311++G** PCM(toluene)?

Favors (R,R)-24 Favors (S,9)-24

Distortion (kcal/mol) | Interaction (kcal/mol) | Overall (kcalmol)

DAEF (R)-VANOL-B catalyst 1.7 1.0 2.7

DAEF (R)-VANOL- Al catalyst 55 34 2.1

aSee ref 18. AAEF represents the absolute value of the energy difference between the relevant transition structures for each component of the
energy being compared (distortion and interaction). Numbers highlighted in green indicate an energy component that favors (R, /)-24, while those
highlighted in red indicate the favorability for (S,5)-24.
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