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protocol a highly valuable alternative to the Nozaki—Hiyama—Takai—
Kishi reaction. The switch of directing groups in most cases resulted in
the reversed stereochemical outcome, which could be explained by conformational analysis on density functional theory level and a
Felkin-like model.
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Scheme 1. 1,2-Metallate Rearrangement in the Course of Our

The synthesis of polyketides relies to a large extent on a distinct Chondrochloren A (1) Synthesis

set of C—C bond-forming transformation, of which aldol
reactions are certainly the most prominent and useful ones as oH o OH O

2 .
they are able to control up to two new chiral centers during the YO 7|W” X2
H OMe OMe j

C—C bond formation. Additions of metalorganic species to

aldehydes and ketones are another highly important class of [eist s

X X . X rearrangement Cl
transformations in polyketide chemistry. Amongst those, the chondrochloren A (1) B
Nozaki—Hiyama—Takai—Kishi (NHTK)"” reaction outper-
forms organolithium and organomagnesium reagents due to TBSQ OTIBICH TBSO 1. sBuLi, TMEDA, Et,0
its preference for reacting with aldehydes, unfolding a CaHo 27 v PINBIA N "orRs __78°Cto45°C
remarkable functional group tolerance toward ketones, esters, H OMe OMe 2. H,0,, NaOH, THF
amides, nitriles, acetals, and other functional groups. However, 2alb 3
. .3
in the course of our chondrochloren A.( 1) synthesxs, we were T8S0 OH TBSO OTBS TBSQ OH TBSO OTBS
not able to assemble the C5—C14 motif entirely by employing CaHo A . CaHo A

aldol reactions or organometallic reactions. On the search for Ente e Eno Mo
alternatives and inspired by the seminal work 0nggarwa1,4_6 we 4, 85%, single diastereoisomer epi-4, 80%, 3:1 for shown isomer
turned our attention to 1,2-metallate rearrangements using vinyl with 2a with 2b

boronic ester 3 and the N,N-diisopropyl carbamoyl (Cb)- or
2,4,6-triisopropylbenzoyl (TIB)-derivatized polyketide frag-
ment 2. This setup mimics the NHTK reaction albeit with
opposite polarities. In contrast to the NHTK reaction, here the
vinyl reagent acts as the electrophile and the lithiated, masked
alcohol (Hoppe anion) as the nucleophile. We gratifyingly
observed an excellent yield (85%) and selectivity (single
diastereoisomer) when using the TIB ester of fragment 2 March 8, 2023

diastereoisomer.” Although this was inconsequential for our
synthesis as the secondary alcohol was oxidized later on, it served
as the starting point to investigate the directing effects in more
detail and to evaluate the potential of this extension of the 1,2-

(Scheme 1). Remarkably, using both enantiomers of sparteine May 2, 2023
provided significantly lower yields and selectivities compared to May 3, 2023
May 22, 2023

conditions employing N,N,N’,N’-tetramethylethylenediamine
(TMEDA). Even more surprising was the observation that the
switch to the Cb group favored the formation of the opposite
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Scheme 2. (a) Previous Work on Substrate-Induced Diastereoselective Alkylations, Sparteine-Free 1,2-Metallate
Rearrangements and 1,2-Metallate Rearrangements Using Vinyl Boronic Esters; (b) Substrate- and Reagent-Controlled

Synthesis of Stereotriads

a) Previous work

Hoppe 1992
1. sBuLi/TMEDA
CbxO OCbx _78°C CbxO OCbx
\/\,53 2. Mel \/\I\‘/I/e
Hoppe 1993
1. sBuLi/TMEDA Me
Me -78°C OCby

B OCby 5 Mel Ph
Hoppe 1995

Q/k 1. sBuLi, -78 °C OJ(

3 6] + B 6]

2.E

CbyO CbyO

various electrophiles
(BuzSnCl, Me3SiCl, Mel, CH3CO,Et, Ph,CO)

Blakemore 2007

o} 1. pinB__Bn Bn
é M tBuLi, -78 °C
e —>
p-Tol 7+ 2. NaOH, H,0,
Cl
75% 02s
66% ee
b) This work
- syn- and anti-diketides
TBSO OTIB ; p 1.sBuLi, TMEDA ~ 1BSO  OH
L. + %\R 78 °C to 45 °C NN AR
R 2. H,0,, NaOH R
syn-9 5-8 up to 86% and dr 25:1
anti-11 Felkin product
TBSO OCb  .p 1.sBuLi, TMEDA  1BSQ  OH
L. +"T YR 7scrdsc SN AR
—
R 2. H,0,, NaOH
syn-10 5-8 up to 41% and dr 4.3:1
anti-12 anti-Felkin product
TBSO
pinB pinB__~

pinB% pinB__~ |
OTBS
5 6 7 8

metallate rearrangement as a general synthetic strategy. The aim
of this paper is twofold: on the one hand, we want to present this
extension of the 1,2-metallate rearrangement, which was
developed by Aggarwal and based on the work of Matteson
and Hoppe. It can be employed as an alternative to the NHTK
reaction, and we want to point out that good selectivities and a
change in diastereoselectivity can be achieved by employing
either the TIB or the Cb group in the absence of sparteine. On
the other hand, we are presenting advanced polyketidal
structures to outline the potential of this methodology for
synthetic applications.

Already in the early 1970s, Hoppe and co-workers reported
substrate-induced diastereoselective alkylations of their carba-
mate-derived anions, which were later used by Aggarwal (and
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Aggarwal 2007
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herein). In 1992, Hoppe published the diastereoselective
methylation of double Cbx-protected diols, generating methyl-
branched chains in a 1,3-distance (Scheme 2a).” They proposed
that the observed selectivity arises from chelation effects of both
(3,3-dimethyl-1-o0xa-4-azaspiro[4.5]decan-4-yl)-carbonyl
(Cbx) groups. Even without the second carbamate moiety, they
observed diastereoselective alkylation controlled by the chiral
center in S-position (1993).° This was followed in 1995 by an
extension of their 1992 observation, namely, the use of a chiral
five-ring acetonide, which also provided stereocontrol with
various electrophiles (Scheme 2a).”'” Blakemore was even the
first to describe a sparteine-free “lithiation—borylation” reaction
around 2007. However, his a-sulfinyl chlorides require a two-
step sequence of enantioselective Jackson—Ellman—Bolm

https://doi.org/10.1021/jacsau.3c00114
JACS Au 2023, 3, 1695-1710


https://pubs.acs.org/doi/10.1021/jacsau.3c00114?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00114?fig=sch2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Scheme 3. Substrate- and Reagent-Induced 1,2-Metallate Rearrangement with syn- and anti-Configured Diketides”
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“Blue indicates the formal Felkin product and red the formal anti-Felkin product. *Yields are isolated products. General conditions: vinyl boronic
ester (1.0 equiv, 0.29 mmol), TIB/Cb diketide (1.5 equiv, 0.44 mmol); for detailed information, see the SI. “dr determined by '"H NMR. Absolute
stereochemistry of selected examples determined via Mosher analysis (see the SI) .

oxidation and Yamakawa chlorination. Using the methyl branch
common in polyketides, only 66% ee were obtained in the
preparation of the a-sulfinyl chlorides. Homologation with
benzyl boronic ester also provided only a moderate yield of 23%,
indicating the need for further sparteine-free lithiation—
borylation methods."' ™"

In 2007, Aggarwal and co-workers also showed the utility of
chiral sulfonium benzylides in 1,2-metallate rearrangements
with vinyl 9-borabicyclo-[3.3.1]nonanes (9-BBNs) (Scheme
2a).”” The obtained chiral allylic boranes were further employed
in nucleophilic additions to aldehydes, generating homoallylic
alcohols in high selectivities. A further enhancement of this
method for the synthesis of chiral 1,2,4-substitued homoallylic
alcohols was achieved by Aggarwal in 2010 via the addition of
Hoppe anions to vinyl boronic esters and subsequent addition to
aldehydes.”' Later, in 2017, the same group used Hoppe anions
obtained from TIB esters with sparteine and vinyl boronic
esters.”” The so-obtained allyl boronate was then activated by
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the addition of aryllithiums to increase its nucleophilicity,
allowing stereospecific reactions with a wide variety of
electrophiles.

Here, we report the addition of Hoppe anions to vinyl boronic
esters, albeit with an oxidative work-up instead of subsequent
C—C bond formation (Scheme 2b). The aim of this work is to
show that it is possible to obtain stereoselectivity without the
need for sparteine using polyketide fragments having at least a-
and f-substituents. Remarkably, the yields and selectivities often
increase when sparteine is omitted. Furthermore, we demon-
strate that alternating between the Cb and TIB groups can
control whether the formal Felkin or anti-Felkin product is
obtained, thus allowing for stereodivergent strategies in total
syntheses.

We started our investigation with syn- and anti-diketides
(Scheme 3) derived from isobutyraldehyde as its isopropyl

https://doi.org/10.1021/jacsau.3c00114
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Scheme 4. (a—c) Stannane Trapping of syn- and anti-Configured Diketides Using Reagent and Substrate Induction
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branch resembles polyketidal extensions and therefore provides
an admissible illustration for complex natural product syntheses.
Throughout this work, we used two branched (5, 6) and two
unbranched vinyl boronic esters (7, 8) (Scheme 2b). The
branched vinyl boronic esters resemble the situation given in
polyketidal syntheses more closely, whereas the unbranched
ones represent a more conservative assessment of the lowest
yields and selectivities one could expect.

Using the branched vinyl boronic esters 5 and 6 and the anion
derived from TIB ester 9 generated Felkin products 13a,b in
very good yields and selectivities (25:1, 10:1, entries 1 and 3,
Scheme 3). Remarkably, using the Cb group for coordinating
the anion led to the opposite diastereoisomers 14a,b, albeit with
lower yields and selectivities. When using dienyl boronic ester 7,
the Felkin product was observed in an acceptable yield and good
selectivity using TIB ester 9 (entry S, 45%, 13:1). The same
product was observed in 3% yield when carbamate 10 was
employed (entry 6), and it should be pointed out that this is a
rare example where we did not observe the anti-Felkin product
with the Cb directing group. The unsubstituted vinyl boronic
ester 8 gave only modest yields and selectivities (50%, 2.1:1,
Scheme 3, entry 7) with TIB-derivatized diketide 9. Here, the
Cb group produced in good selectivity (8.1:1) the anti-Felkin
product 14d but only in 31% yield (entry 8). The use of
(+)-sparteine in combination with TIB ester 9 restored the good
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selectivities and yields observed for the branched vinyl boronic
esters. Remarkably, the use of (—)-sparteine should by theory in
this case lead to deprotonation of the anti-Felkin proton.
However, the Felkin product was observed here as well, albeit in
low yields and selectivities, reflecting the mismatched situation
and providing a first indication that inversion processes during
borylation might be involved (entry 11). On the other hand, the
anti-Felkin selectivity of the Cb analogue was improved to 19:1
and which is in accordance with the anticipated facial
deprotonation of (—)-sparteine and reflects the matched
situation (entry 12). This also means that in the case of the
Cb directing group, both sparteine enantiomers gave their
respective diastereoisomers in excellent selectivities, indicating
the preference for a retention process in the borylation step.

Reactions employing the corresponding anti-configured dike-
tides parallel the results obtained for syn-diketides. The boronic
esters S and 6 and the anion derived from TIB ester 11 provided
the formal Felkin products 15a,b in very good yields (79 and
69%) and excellent selectivities (19:1, Scheme 3, entries 13 and
15). The opposite diastereoisomers 16a,b were here as well
observed when Cb was used instead of TIB, albeit in lower yields
(52 and 60%) and selectivities (2.4:1 and 2.3:1, entries 14 and
16). When using dienyl boronic ester 7 in combination with TIB
ester 11, the Felkin product was observed in good yield and
selectivity (69%, 4.8:1, entry 17). Using carbamate 12 and vinyl

https://doi.org/10.1021/jacsau.3c00114
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Scheme S. 1,2-Metallate Rearrangements on the TMEDA-Derived Stannanes of the syn- and anti-Configured Cb Diketides”
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“The ratios in parentheses are the selectivities observed in the one-pot process (Scheme 3).

boronic ester 8 led to the anti-Felkin product in only 11% (2.3:1,
entry 20, Scheme 3). In contrast to the syn-diketides, only the
combination of (—)-sparteine with Cb analogue 12 led to the
formation of Felkin product 15d, however in only 19% yield
(entry 24). This difference between the syn- and anti-diketides
indicates a conformational origin of selectivity.

At this stage, we initiated additional experiments for disclosing
the origin of the observed selectivities. Specifically, the chirality
of the generated lithium species in dependence of the directing
groups (TIB vs Cb) and concomitant retention vs inversion
processes in the subsequent borylations were considered as
pivotal processes that control the stereochemistry of the
rearranged products. For this, the anions generated from the
TIB- and Cb-protected diketides 9, 10, 11, and 12 were trapped
as their trimethylstannanes (Scheme 4, entries 1—12).

The diastereomeric ratio of the generated stannanes should
reflect the ratio of the formed anions since these trans-
metallation processes usually proceed under complete reten-
tion.”” In general, non-mesomeric stabilized Hoppe anions
prefer to react with electrophilic reagents (e.g, TMSCI, CO,,
Me,SnCl, Mel, or boronic esters) with retention.”?*72° The first
set of transformation was made with (+)-sparteine for the syn-
diketides and (—)-sparteine for the anti-diketides as both
combinations should lead to the respective Felkin stannanes
(Scheme 4a). In all four cases, the Felkin stannanes sp-17—20
were obtained in yields ranging from 41 to 79% and selectivities
of at least 19:1. These results demonstrated that in all these
cases, sparteine controls the stereochemical outcome of the
deprotonation process and is capable of overwriting the inherent
substrate selectivities in favor of the Felkin product. The
generation of the anti-Felkin stannanes sp-21—24, on the other
hand, required in each case the opposite enantiomer of
sparteine. For Cb analogues 10 and 12, substrate induction
observed in the 1,2-metallate rearrangement was enhanced in a
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matched situation to the anti-Felkin product (Scheme 4b,
entries 7 and 8). TIB esters 9 and 11 on the contrary provided
the corresponding stannanes 21 and 22 in selectivities of only
4:1 and 14:1 (entry S and 6), respectively. This significant
reduction compared to the generally observed stereoinduction
of sparteine (95:5—98:2)”'7*° highlighted the mismatched
situation for TIB esters 9 and 11. The observations on the
matched and mismatched situations clearly show that the TIB
group favors the formation of the Felkin product, while the
inherent selectivity of the Cb group can be overruled by
sparteine.

The stannane formation in the absence of the sparteines
should now reveal the inherent selectivity of the deprotonation
process. Unexpectedly, we observed the formation of the TIB-
derived Felkin stannanes TMEDA-17 and 18 in poor to very
poor selectivities (3:1 and 1.4:1, Scheme 4c, entries 9 and 10).
However, these results do not parallel the excellent yields (69—
86%) and selectivities (10:1—25:1) obtained with the branched
vinyl boronic esters 5 and 6. This indicated that the
stereoselectivities are not controlled by the lithiation step but
by the ate-complex formation of the vinyl boronic ester. In this
case, the TIB-derived lithiates would not react specifically under
retention or inversion with the vinyl boronic esters, but both
processes would take place in a complementary fashion during
the borylation. The preference for the Felkin hemisphere clearly
depends on the steric demand of the vinyl boronic ester used
(Scheme 3, entries 1, 3,13, 15 vs 5, 7, 17, 19).

The situation is different for both Cb analogues 10 and 12. In
both cases, deprotonation and stannane trapping under
sparteine-free conditions generated the anti-Felkin stannane in
a ratio of approximately S:1 (Scheme 4c, entries 11 and 12). In
contrast to the abovementioned TIB esters, this ratio reflects the
stereochemical outcome of the lithiation—borylation step for
branched vinyl boronic esters § and 6 (Scheme 3, entries 2 and 4,
dr 4.2:1 and 4.3:1 for syn-carbamates) but also for simple vinyl
boronic ester 8 (Scheme 3, entry 8, dr 8:1 for syn-carbamates).
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Scheme 6. 1,2-Metallate Rearrangements on the TMEDA-Derived Stannanes of the syn- and anti-Configured TIB Diketides”
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“The ratios in parentheses are the selectivities observed in the one-pot process (Scheme 3).

Scheme 7. Illustration for the Representation of the Preferred Conformations Found Using syn-Carbamate 10 as an Example

10-c1

“R = TBS-protected isobutanol residue.

In any case, the carbamate-derived anions seem to react under
retention of configuration in the borylation step. The same
rationale holds true for the anti-carbamates. However, the
selectivities observed in the entire rearrangement process
including deprotonation and borylation are generally lower for
the anti-Felkin product and might reflect a more pronounced
steric hindrance of the anti-Felkin hemisphere.

To confirm the stated hypotheses, all four TMEDA-derived
stannanes (17, 18, 23, and 24) were subjected to borylation and
concomitant metallate rearrangement after being treated with n-
butyllithium for Sn—Li exchange and subsequent addition of
TMEDA.

The re-liberated anion from stannane TMEDA-23 (dr 4.8:1)
was treated with the four vinyl boronic esters 5 to 8 (Scheme $),
and the observed selectivities were almost identical to the ones
observed in the one-pot process (Scheme 3, entries 2, 4, 6, and
8). Only dienyl boronic ester 7 provided an exception, enabling
the expected anti-Felkin product 14¢ to be formed in this case.
These results further support the rationale that the configuration

[CYLview of 10-c1]
0.0
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anti-Felkin

Me
H H
D
— R H
0._0

T

[Newman projection of 10-c1]

obtained from the primary deprotonation process is retained
during the borylation step, which, after stereospecific 1,2-
metallate rearrangement (and additional oxidation), ultimately
leads to the isolated allylic alcohols. The same tendency can be
observed for the anti-carbamate. However, the two-step process
via stannane TMEDA-24 (dr S:1) provides slightly higher
selectivities. Nevertheless, also here borylation takes place
mainly under retention of configuration, supporting our
hypothesis that the Cb directing group favors ate-complex
formation under retention of configuration.

The corresponding liberation and boronate trapping of syn-and
anti-configured TIB-derived stannanes TMEDA-17 (dr 1.4:1)
and TMEDA-18 (dr 3.1:1, Scheme 6) provided similar
selectivities as observed in the one-pot process. Again, in the
case of the syn-diketide, dienyl boronic ester 7 provided an
exception with a lower selectivity compared to the one-pot
process. Nevertheless, in all cases, the poor selectivity of the
stannanes (1.4 and 3.1:1) was transformed to 19:1 for the
sterically demanding vinyl boronic esters and 3:1 for the
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Scheme 8. (a,b) Conformational Analysis of DFT-Optimized Cb Diketides 10 and 12 in the Course of the Lithiation Step”

a) Conformational analysis of syn-Cb diketide 10

1\. .

[CYLview of 10-c1]
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b) Conformational analysis of anti-Cb diketide 12

Y]
anti-Felkin Felkin

[CYLview of 12-¢c1]
0.0

“Values below the structures are relative energies in kJ/mol.

unbranched substrate. Accordingly, these results support the
hypothesis that when the TIB directing group is used, inversion
processes must occur during ate-complex formation in addition
to retention.

In order to provide a basis for discussions on the origin of the
observed selectivities, we initiated a quantum chemical
conformation search for the four diketides (9, 10, 11, and 12).
In a preliminary step, conformations were generated for all
diketides with Grimme’s CREST module based on the semi-
empirical tight binding method xXTB.*>"** This resulted in up to
5700 different conformers for each diketide with an energy
difference of up to 24 kJ/mol between the conformers. A subset
of these geometries (e.g., the first 150 and then every 10th) were
subsequently used as starting points for density functional
theory (DFT) optimizations on the B3LYP/6-31G(d,p) level of
theory in Gaussian 16.°** Corrections for dispersion and
solvent interaction were included.”>™*” Conformers with
significant Boltzmann factors (>0.01) at —78 °C and thus an
energy difference of less than 8 kJ/mol compared to the
conformer with the lowest energy were then used for structural
discussions.”®

For clarity, the preferred conformations found are presented
in a Newman projection-like plot. In Scheme 7, this is
exemplified by conformation 10-c1 of syn-carbamate 10. The
Newman-like representation is always chosen along the C1-C2
bond so that the Felkin and anti-Felkin hemisphere can be
clearly identified, and the orientation of the directing group is
evident. This type of representation also allows the different
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structures and conformations to be quickly and easily compared
with each other.

For the carbamates, the observed anti-Felkin selectivity can be
rationalized by the structures of the three lowest-energy
conformers, respectively (Scheme 8). In the found global
minimum 10-cl, syn-carbamate 10 adopts a conformation in
which the carbamate carbonyl oxygen is orientated toward the
anti-Felkin proton (red). Since the concept of Hoppe’s anions
implies that the carbonyl oxygen of the directing group directs
the base to the proton to be deprotonated, its orientation
explains the anti-Felkin selectivity in the lithiation step of syn-
carbamate 10. Taking this concept into account, the Felkin
proton would be deprotonated in the energetically also favorable
conformation 10-c2 (+1.6 kJ/mol). However, in this case, the
Felkin hemisphere is sterically shielded by the TBS ether,
making this deprotonation less favorable. In conformation 10-¢3
(+2.5 kJ/mol), which is energetically slightly less favorable, the
Cb group is placed like a bisector between the two hemispheres.
In this conformation, however, the anti-Felkin hemisphere is
sterically considerably less hindered. The remaining 15
conformers are structurally comparable to one of the three
cases mentioned above except for slight rotations in the TBS-
protected isobutanol residue. At the given temperature, the
population of conformers similar to 10-c1 is 50%, to 10-c2 30%,
and to 10-c3 20% (Boltzmann factors are given in the SI). The
strongly respectively moderately preferred abstraction of the
anti-Felkin proton in the first and third case together with the
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Scheme 9. (a,b) Conformational Analysis of DFT-Optimized TIB Diketides 9 and 11 in the Course of the Lithiation Step”

a) Conformational analysis of syn-TIB diketide 9
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“Values below the structures are relative energies in kJ/mol.

sterically hindered Felkin hemisphere in the second case
explains the anti-Felkin selectivity in the lithiation step of syn-
carbamate 10.

The conformation of anti-configured Cb diketide 12 in the
found global minimum 12-c1 (60% population) shows only a
slight orientation of the directing group’s carbonyl oxygen atom
toward the anti-Felkin hemisphere, which here exhibits steric
clashes with the large residue containing the TBS ether. The
Felkin hemisphere, which is sterically less hindered in this case,
also shows a medium-sized residue in terms of a methyl group in
contrast to the anti-Felkin hemispheres in 10-c2 and 10-c3
(Me vs H). Conformation 12-c2 (+1.1 kJ/mol, 30%) placed the
Cb group again as a bisector, although here both hemispheres
reveal steric clashes with the anti-Felkin hemisphere being
sterically more hindered (isobutyl residue vs Me). In this case,
the Felkin anion would be formed preferentially based on a pure
steric analysis, which would contradict our experimental findings
in which the anti-Felkin anion is formed predominantly.
Therefore, the conformation that is most relevant for the
lithiation step is 12-c3 (+5.3 kJ/mol, 2%), the energetically
considered third best choice. Here, the Cb group is again
orientated into the anti-Felkin hemisphere, enabling the
coordination of the base toward the anti-Felkin hemisphere.
Furthermore, 12-c3 shows a strongly crowded Felkin hemi-
sphere, which makes the abstraction of the Felkin proton (blue)
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unfavorable. The six remaining conformers with higher energies
are either similar to 12-c3 or have low populations of 2% or less.
In total, conformers similar to 12-c3 have a population of 5%,
which together with the high accessibility by the base due to
negligible steric hindrance in the anti-Felkin hemisphere
explains the observed anti-Felkin selectivity of carbamate 12 in
the lithiation step.

Even though the situation for the TIB esters is more complex
since retention as well as inversion can take place and the
stannanes are obtained with low selectivities, the experimentally
observed selectivities can be explained here as well on the basis
of the low-energy conformers (Scheme 9). In the global
minimum, syn-TIB ester 9 adopts conformation 9-c1 like the Cb
derivatives with the carbonyl oxygen orientated toward the anti-
Felkin proton. However, this would contradict our experimental
findings in which the Felkin anion, respectively, stannane is
formed in slight excess. Most structures above the global
minimum 9-c1 show a similar conformation, leading to a
summed population of 91.5% for these geometries. Exceptions
are 9-c2 and 9-c3 at +4.8 and +5.0 kJ/mol, respectively, with a
combined population of 8.5%, where both the Felkin and the
anti-Felkin proton have a similar distance to the carbonyl oxygen
atom (between 2.5 and 2.8 A). Assuming that the reactivity
would only depend on the population of the ground-state
isomers, this should lead to a high selectivity for the anti-Felkin
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Scheme 10. Rationalization for Inversion and Retention Processes during Borylation in the Case of syn-TIB Ester 99
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“Values below the structures are relative energies in kJ/mol.

anion, contradicting the experimental results. However, the
reactivity and thus the product distribution (anion/stannane)
do not (only) depend on the ratio of the two ground-state
isomers according to the extended Curtin—Hammett princi-
ple.”*~* Conformations 9-c2 and 9-c3 position the oxygen
atom of the TBS ether in close proximity to the Felkin proton,
rendering it more reactive as demonstrated by Knochel’s famous
chemistry.** " Thus, the TBS ether could act as a directing
group here and contribute to the slight Felkin selectivity.

In the case of anti-TIB ester 11, the carbonyl oxygen atom in
the global minimum 11-c1 (45%) is orientated toward the anti-
Felkin hemisphere, which is hindered by the orientation of the
methyl group at C2. The opposite is true for conformation 11-c2
(1.2 kJ/mol, 22%) obtained via a low rotational barrier, where
the carbonyl oxygen atom and the methyl group occupy the
Felkin hemisphere. Arguing only with the difference in the
population of these conformers, one would suggest a moderate
selectivity for the anti-Felkin anion. However, in conformer 11-
3 (1.4 kJ/mol) and all seven conformers with higher energies,
the carbonyl oxygen atom is orientated toward the Felkin
hemisphere, resulting in a population of 33% for these
geometries. In some of these, the oxygen atom of the TBS
ether is in close proximity to the Felkin proton, as in 9-c2, and
could act as a further directing group, analogous to Knochel’s
chemistry.** " In the other ones, the Felkin hemisphere is not
at all or only slightly sterically hindered. In both cases, the
formation of the Felkin anion is preferred. Consideration of
these aspects also explains the observed slight Felkin selectivity
of the TIB diketides in the lithiation step.
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Since the actual structure of the anions as well as the mechanism
of boron—lithium exchange is not precisely known, we base our
considerations on retention and inversion processes during the
borylation step on our experimental findings rather than on
computational calculations. "'~

Similar observations on inversion and retention processes, as
observed by us with the TIB esters, were already reported by
Hoppe and Schleyer, albeit on benzylic anions.”*** Hoppe®*
experimentally confirmed in 1990 Schleyer’s prediction on steric
and electronic contributions controlling either of the two
pathways.>> Hoppe states that “apparently the extent of the
interaction of electrofugal and nucleofugal leaving groups as well
as steric effects have a decisive influence thereby on the
competing reaction paths.”*® The influential steric effect
mentioned by Hoppe is also reflected in our work, with the
branched vinyl boronic esters 5 and 6 giving excellent Felkin
selectivities, whereas in the case of unbranched 7 and 8, only
moderate Felkin selectivities were observed. Under the
assumption that the anions are formed from the conformations
we determined and initially adopt a similar conformation to the
non-lithiated derivatives, the occurrence of the inversion process
can be explained via a small conformational change, which is
presumably to some extent driven by the size of the directing
group itself, thus reducing the steric hindrance in the
hemisphere of the anion. In the case of syn-TIB ester 9 (Scheme
10), conformation 9-c1 would lead as described to the anti-
Felkin anion with assumed conformation Li-9-cla. Here, both
hemispheres are sterically crowded, while the anti-Felkin
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Scheme 11. Rationalization for Inversion and Retention Processes during Borylation in the Case of anti-TIB Ester 11
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“Values below the structures are relative energies in kJ/mol.

hemisphere is shielded strongly by the 2,4,6-triisopropylphenyl
(TIP) residue and slightly by one methyl group of the isobutanol
residue, the Felkin hemisphere is occupied by the rest of the
isobutanol substituent. A small conformational change from Li-
9-cla to Li-9-c1b would lead to reduced steric hindrance in the
hemisphere of the anion (Me vs TIP) but also a completely free
Felkin hemisphere (H vs Me), which would clearly favor the
inversion process in the borylation step. For 9-c2, we propose
that this change already occurs during the formation of the anion
since otherwise the Felkin hemisphere would be sterically too
hindered to accommodate the anion with the respective ligands.
Li-9-c2 then shows a completely free Felkin hemisphere,
meaning that this anion would react under retention of
configuration during borylation.

The application of the conformational change also explains
the observed selectivities in the case of anti-TIB ester 11

1704

(Scheme 11). Thus, in the conformation of the anion derived by
11-cl, the anti-Felkin hemisphere would again be occupied by
the large TIP residue. In addition, the methyl group also points
clearly into the anti-Felkin hemisphere, resulting in a large steric
hindrance. A small conformational change while forming the
anion, in which the TIP residue is rotated out of the anti-Felkin
hemisphere and consequential rotation of the back part of the
molecule (TIP vs OTBS), leads to Li-11-cl. Anion Li-11-cl
then again shows a completely free Felkin hemisphere (H vs
Me), which explains the borylation of this anion under inversion
of configuration. The conformational change during anion
formation of 11-c2 (TIP and back part) and 11-c3 (back part)
would lead to anion Li-11-c¢2/3 exhibiting a completely free
Felkin hemisphere, allowing the borylation under retention of
configuration.
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Scheme 12. (a,b) Rationalization for Retention during Borylation in the Case of Cb Diketides 10 and 12“
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“Values below the structures are relative energies in kJ/mol.

The degree of retention and inversion depends thereby
strongly on the size of the electrophile used. The branched vinyl
boronic esters § and 6 appear to react after the conformational
change, whereas unbranched 7 and 8 are less sensitive to steric
hindrance. Accordingly, 7 and 8 may react predominantly out of
the conformations close to the non-lithiated compounds, giving
poorer selectivities.

In the case of the carbamates, which in the borylation step
predominantly react under the usual retention of configuration,
our findings confirm a hypothesis made by Beak and co-
workers.’® Beak reported that “highly reactive or non-lithium
coordinating electrophiles proceed with inversion, while less
reactive and lithium coordinating electrophiles give retention.”*®
For the chemistry we discovered, this hypothesis only needs to
be slightly adapted, namely, by replacing electrophiles by
nucleophiles. However, the different reactivity of the TIB and
Cb directing groups can be recognized by the fact that the Cb
group requires MgBr,-OEt, as an additional Lewis acid to
initiate the 1,2-metallate rearrangement, thus marking the
carbamates as less reactive than the TIB esters. Furthermore,
due to the amide resonance enabled in the carbamates, the Cb
group can coordinate the lithium much more efficiently, which
also fulfills the second (lithium coordinating) of Beak’s
criteria.’® We can also rationalize the predominant reaction
under retention of configuration in the borylation step via the
size of the Cb group (Scheme 12). In contrast to the TIB group,
the Cb group does not occupy as much space in the hemisphere
of the anion (to be formed), so the anions are likely to adopt a
conformation very similar to the starting compounds, and no
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conformational change is necessary. Thus, the Cb-derived
anions would adopt the conformations Li-10-c1 and Li-12-c3,
which both have a less hindered anti-Felkin hemisphere and thus
react preferentially under retention of configuration.

In summary, we have shown that deprotonation of TIB-derived
diketides with the achiral diamine TMEDA occurs with low
diastereomeric ratios (1.4:1, 3.1:1, Scheme 4c). The so-obtained
organolithiums react with vinyl boronic esters under both
retention and inversion depending on the size of the electrophile
used. With large electrophiles, the anti-Felkin Li-isomer reacts
under inversion, while the Felkin anion reacts under retention
giving high diastereomeric ratios. The same is true for small
electrophiles, but in this case, the differentiation is less
pronounced, resulting in lower diastereomeric ratios. In
contrast, lithiation of the Cb-derived diketides with TMEDA
occurs with higher diastereomeric ratios (4.8:1, 5:1, Scheme 4c),
and the subsequent borylation takes place predominantly under
retention of configuration (Scheme 13a,b).

Considering the experimentally observed selectivities and
conformational analysis, we can establish a first guidance
flowchart for the substrate- and reagent-controlled lithiation—
borylation chemistry of diketides and vinyl boronic esters
(Scheme 13c). In general, the TIB directing group favors the
formation of the formal Felkin products, whereas the selectivity
using large (branched) vinyl boronic esters is significantly higher
through better differentiation between the Felkin and the anti-
Felkin hemisphere in the borylation step.
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lithiation—borylation chemistry of diketides and vinyl boronic estersvalues below the structures are relative energies in kj/mol.

The Cb directing group on the other hand favors the
formation of the formal anti-Felkin products in moderate
selectivities. Due to the nature of this directing group (small, no
conformational change during anion formation), there is almost
no effect of the steric demand exerted by the used vinyl boronic
esters on the observed selectivities.
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In conclusion, we have developed a novel and high-yielding
procedure for the stereocontrolled synthesis of allylic alcohols in
the absence of chiral ligands. We have shown that the Hoppe—
Matteson—Aggarwal protocol can be used as a powerful
alternative to the NHTK reaction for the stereoselective
synthesis of allylic alcohols. We observed outstanding
selectivities even in the absence of sparteine and noticed that
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altering the directing group from TIB to Cb not only affects the
yields and selectivities but also in most cases provides the
opposite diastereoisomer. Accordingly, we were able to show
that, in addition to Aggarwal’s findings on the influence of the
diamine ligand,”” the directing group used and the electrophile
also have a decisive influence on the stereochemical outcome of
the borylation. In particular, for branched vinyl boronic esters—
a quite common situation during a total synthesis—this switch
in selectivity can be performed in practical yields and
selectivities. As already described for aldol reactions by
Paterson,’® the stereochemical outcome depends very much
on the overall conformation, and even remote chiral centers can
have substantial impact on the yields and selectivities, which is
also shown by our calculations and the resulting mechanistic
model. In the cases where this directing group alteration did not
produce the desired yields and/or selectivities, the use of either
(+)- or (—)-sparteine often gave improved yields and
selectivities. Considering the abovementioned points, the
presented protocol serves as a highly valuable alternative to
the NHTK reaction and can contribute to total syntheses of
natural products. Additional applications of this highly stereo-
selective methodology in natural product synthesis will be
reported in due course.

The required primary alcohol (1.1 equiv) was dissolved in anhydrous
tetrahydrofuran (THF) (0.3 M); PPh, (1.0 equiv) and TIBOH (1.0
equiv) were added successively. After cooling to 0 °C, DIAD (1.1 equiv,
0.12 mL/min) was added, and the reaction mixture was slowly warmed
to rt and stirred overnight at that temperature. MTBE and sat. aq.
NaHCO; were added, and the phases were separated. The aqueous
phase was extracted with MTBE (3X), and the organic layers were
combined and dried over Na,SO,. The crude material was loaded on
silica and purified by flash column chromatography.

The required primary alcohol (1.0 equiv) was dissolved in 1,2-
dichloroethane (0.3 M), and Et;N (3.0 equiv) and N,N-diisopropyl-
carbamoyl chloride (3.0 equiv) were added successively. After heating
to 70 °C overnight, H,O was added. The phases were separated, and the
aqueous phase was extracted with CH,Cl, (3X); then, the organic
layers were combined and dried over Na,SO,. The solvent was removed
in vacuo, and the crude material was purified by flash column
chromatography to afford the corresponding carbamate.

To astirred solution of TIB ester (1.5 equiv) and diamine (1.5 equiv) in
Et,0 (0.2 M) at —78 °C was added sBuLi (1.3 M in hexanes, 1.4 equiv).
The reaction mixture was stirred for 5 h at that temperature before a
solution of vinyl boronic ester (1.0 equiv) in Et,O (0.5 M) was added.
After stirring for further 3 h at —78 °C, the reaction mixture was
warmed to 45 °C and stirred overnight. The reaction mixture was
cooled to rt, sat. aq. NH,Cl was added, and the biphasic mixture was
stirred for 15 min. The phases were separated, the organic layer was
washed with sat. aq. NH,Cl (3%), and the combined aqueous phases
were extracted with MTBE (3X). The combined organic phases were
dried over Na,SO, and concentrated in vacuo, and the crude material
was purified by short flash column chromatography (to remove
TIBOH). The residue was dissolved in THF (0.2 M) and cooled to —20
°C. A premixed, ice-cooled solution of NaOH (2.0 M)/H, 0, (35%, 2/
1v/v,0.12 M) was added dropwise. The reaction mixture was stirred at
rt before being diluted with MTBE and quenched by the slow addition
of sat. ag. Na,S,0; at 0 °C after thin-layer chromatography (TLC)
showed full conversion. The solution was diluted with MTBE, the
phases were separated, and the aqueous phase was extracted with
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MTBE (3x). The combined organic layers were dried over Na,SO, and
concentrated in vacuo. The crude product was purified by flash column
chromatography to afford allylic alcohol.

To a stirred solution of carbamate (1.5 equiv) and diamine (1.5 equiv)
in Et,0 (0.2 M) at —78 °C was added sBuLi (1.3 M in hexanes, 1.4
equiv). The reaction mixture was stirred for S h at that temperature
before a solution of vinyl boronic ester (1.0 equiv) in Et,O (0.5 M) was
added. The reaction mixture was stirred for 3 h at =78 °C. In paralle],
magnesium turnings were activated (2x 1.0 M HCl, 2x H,0, 2X
acetone, drying under high vacuum). The required amount (2.0 equiv)
was dissolved in Et,O (0.8 M), and 1,2-dibromoethane (2.0 equiv) was
added under water bath cooling. The reaction mixture was stirred for 2
h at this temperature. The biphasic MgBr,-OEt, solution was added
dropwise to the main reaction mixture, which was then stirred for
another 30 min at —78 °C before being warmed to 45 °C and stirred
overnight. The reaction mixture was cooled to rt, sat. aq. NH,Cl was
added, and the biphasic mixture was stirred for 15 min. The phases were
separated, the organic layer was washed with sat. ag. NH,Cl (3x), and
the combined aqueous phases were extracted with MTBE (3X). The
combined organic phases were dried over Na,SO, and concentrated in
vacuo, and the crude material was purified by short flash column
chromatography (to remove excess of the carbamate). The residue was
dissolved in THF (0.2 M) and cooled to —20 °C. A premixed, ice-
cooled solution of NaOH (2.0 M)/H,0, (35%, 2/1 v/v, 0.12 M) was
added dropwise. The reaction mixture was stirred at rt before being
diluted with MTBE and quenched by the slow addition of sat. aq.
Na,S,0; at 0 °C after TLC showed full conversion. The solution was
diluted with MTBE, the phases were separated, and the aqueous phase
was extracted with MTBE (3X). The combined organic layers were
dried over Na,SO, and concentrated in vacuo. The crude product was
purified by flash column chromatography to afford allylic alcohol.
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Bn benzyl

Bu butyl

Cb N,N-diisopropyl carbamoyl

Cbx (3,3-dimethyl-1-oxa-4-azaspiro[4.5]decan-4-yl)-
carbonyl

Cby (2,2,4,4-tetramethyloxazolidin-3-yl) carbonyl

Me methyl

Ph phenyl

pin pinacolato

sp sparteine

TBS tert-butyldimethylsilyl

TMEDA N,N,N’,N’-tetramethylethylenediamine

TMS trimethylsilyl

TIB 2,4,6-triisopropylbenzoyl

TIP 2,4,6-triisopropylphenyl

p-Tol p-tolyl
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