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Diastereoselective Petasis-Borono-Mannich Crotylation
Reactions of Chiral a-Heteroatom (F, OBz, OH) Aldehydes:
Rapid Access to Valuable Mono and Bicyclic Heterocyclic

Scaffolds

Philip J. Chevis,” Chi Bong Eric Chao,” Christopher Richardson,”” Christopher J. T. Hyland,”

Richmond Lee,” and Stephen G. Pyne*®

The crotylation reactions of chiral o-F, a-OBz and o-OH
aldehydes under Petasis-borono-Mannich conditions using (E)-
or (2)-crotylboronates and primary amines resulted in y-addition
products in high dr and high er. a-F and a-OBz aldehydes gave
1,2-anti-2,3-syn and 1,2-anti-2,3-anti, products, respectively
while an o-OH aldehyde gave 1,2-syn-2,3-syn products. The
stereochemical outcomes of reactions of the former aldehydes
can be explained using a six-membered ring transition state
(TS) model in which a Cornforth-like conformation around the
imine intermediate is favoured resulting in 1,2-anti products.

Introduction

Modern organic chemistry seeks the rapid synthesis of chiral
molecular architectures for diverse ends such as the synthesis
of chiral ligands and catalysts,” tools for natural product
synthesis and structure elucidation” and drug development.”!
One such method for the synthesis of chiral heteroatom
substituted molecules is the Petasis-borono-Mannich (PBM)
reaction,” a one-pot three-component coupling of typically a
racemic or enantioenriched a-hydroxy- or an a-N-tosylamino-
aldehyde, a primary or secondary amine and an aryl,”’ vinyl,>*¢
allenyl” or alkynyl® boronic acid, ester or trifluoroborate
(Scheme 1a).”’ The reaction classically exhibits strong anti-
diastereoselectivity towards the respective 1,2-amino alcohol or
1,2-diamino products (Scheme 1a).5*>'% |n contrast, recently
investigated PBM reactions using allylboronates, ammonia as
the amine component, and two chiral a-heteroatom (X=OH or
OTBS) substituted aldehydes gave syn-1,2-amino alcohol prod-
ucts (Scheme 1b)."" Simple, achiral aldehydes also reacted
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The 2,3-stereochemical outcome is dependent upon the
geometry of the crotylboronate. These TS models were also
supported by DFT calculations. The stereochemical outcomes of
reactions employing an o-OH aldehyde can be rationalised as
occurring via an open-TS involving H-bonding in the imine
intermediate between the a-OH group and the imine N atom.
Representative products were converted to highly functional-
ized 1,2,3,6-tetrahydropyridines and 3H-oxazolo[3,4-a]pyridine-
3-ones which will be valuable scaffolds in synthesis.

efficiently under similar reaction conditions to give homoallylic
primary amines. The differences in stereochemical outcomes
[anti (Scheme 1a) versus syn (Scheme 1b)] are consistent with
different modes of reactivity of the aforementioned boron
reagents and allyl boronate. The former group of boron
reagents require an o-hydroxy substituent on the imine
intermediate formed in situ to activate the boronate (R'B(OR),)
by complexation, leading to intramolecular delivery of the R*
group to the imine via a conformation that minimizes 1,3-allylic
strain.”>® ' While the more reactive allylic boronates do not
require such activation and usually react with imines through
their y-carbon."™ Our most recent work has found anti-selective
PBM allylation reactions using chiral o-fluoro-" and o-
benzoyloxyaldehydes," and syn-selective PBM allylation reac-
tions using racemic glycolaldehydes (Scheme 1¢)."™”!

The use of the PBM reaction in crotylation reactions has
been limited to achiral aldehydes (Scheme 2a).""'® The devel-
opment of such reactions to include chiral o-heteroatom!”
(X=F, OBz or OH) aldehydes would expand the scope of the
PBM reaction providing products having three contiguous
stereogenic centres. Herein we report the results of our study of
the crotylation reactions of chiral a-heteroatom aldehydes with
the focus on the crotylation reactions of chiral a-
fluoroaldehydes due to the importance of fluorine as a
substituent in drug,™ chiral ligand and organocatalyst
development.”” Furthermore, we demonstrate the utility of
these products in the synthesis of valuable, highly substituted
1,2,3,6-tetrahydropyridine®” and 3H-oxazolo[3,4-alpyridin-3-one
scaffolds® (Scheme 2b).
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[a] Known Petasis-borono-Mannich (PBM) reactions:

X
X H
4
+ .N + R4B(OR —_— 1J\/R
R o R ORS (OR)2 A
R* = aryl, vinyl, NR"R
X = OH, NHTs allenyl, alkynyl anti

[b] Known PBM reactions with pinacol allylboronate and ammonia:

QRZ QRZ
3 BPin .
R™NcHo © e+ 2 EtOH R1W
NH,

R" = (S)-MeCH(OH), R? = H

syn (R'=H, dr >98%;
R'=Bn, R?=TBS

R? = TBS, dr 85:15)

[c] Known PBM reactions with pinacol allylboronate and 1° amines:

X . X
z /\/BPIn -
R']/\CHO + RZNHz R1 =
2
X=F, OBz NHR
anti

X =F, yield =41 -73%, dr = 97:3 - 99:1
X = OBz, dr = 90:10-99:1
OH

R'IW
NHR?
syn
yield =31 -83%, dr = 81:19 - >98:2

_~_BPin

HO. _O. _R!
LI e
R" "O” TOH

Scheme 1. [a] Classical Petasis-borono-Mannich (PBM) reaction giving 1,2-
anti- products. [b] PBM reactions of allylboronates and NH, resulting in 1,2-
syn amino alcohols. [c] Allylative PBM reactions of chiral a-heteroatom
aldehydes giving anti-products, while those with glycolaldehydes gave syn-
products.

[a] PBM reactions with crotylboronates and achiral aldehydes:

1 i
R%\/BPln R,2 R

ArCHO + NHj R? AN AF

= dr = 92:8->99:1

Ar = Ph, 4-NO,-CgHy

[b] This work: highly diastereoselective PBM reactions of chiral a-heteroatom
aldehydes with crotylboronates and the synthesis of heterocyclic scaffolds:

RS BPin X R4 R3
X D X RO " RF

= R4 2 1
R ™NcHo * RINH, — ———— RIS = F |
R®=Me, R*=H NHR2 HN
X=F, 0Bz RP=HR'=Me  gro154-9622
er 90:10-97:3 3
. R' ,RR*
0 R_~_BPin OH R® R* H:
: 2 2 AN =
R1/\§/O + R°NH, R4 R ; 32 O>fN |
OH R®=Me, R*=H NHR o)
R®=H,R*=Me

R®=0Bz R*=H

Scheme 2. Crotylation PBM reactions. [a] Previous examples have been
limited to benzaldehydes. [b] This work using chiral a-heteroatom aldehydes
and the subsequent synthesis of valuable heterocyclic scaffolds.

Results and Discussion
Reactions with chiral a-fluoroaldehydes
The results of our crotylation reactions of chiral (S)-a-fluoroalde-

hydes (S)-A-1 are summarised in Table 1. A similar procedure to
that previously used in our PBM allylation reactions was initially
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applied for these crotylation reactions. This involved reacting
chiral a-fluoroaldehydes (S)-A-1 prepared via organocatalysis'®
with primary amines and pinacol (E)- or (2)-crotylboronates in a
methanol/pentane mixture."" Research into the isolation of a-
fluoroaldehydes had been hampered by the high volatility of
these compounds; in this study we discovered that the initially
formed a-fluoroimine intermediate B was a solid and could be
isolated by concentration in vacuo. In the case of the a-
fluoroimine B (R'=R*=Bn), for example, its synthesis was readily
evident by 'H NMR spectroscopic analysis ([CDCl;] 6 7.82 (ddt,
J=7.4,42,15Hz 1H); 5.26 (dt, J=8.4, 4.3 Hz, 0.5H) and 5.17-
5.11 (m, 0.5H), CHF; 4.71-4.58 (m, 2H), 3.26-3.02 (m, 2H)). Once
isolated, the crude a-fluoroimine B was dissolved in methanol
then treated with pinacol (E)- or (2)-crotylboronate (r.t., 20 h). In
the case of the PBM crotylation reactions of (25)-fluoro-3-
phenylpropanal with benzylamine these reactions could be
conveniently monitored by 'HNMR spectroscopy in CD;0OD
solution, which revealed full consumption of the a-fluoroimine
B (R'=R’=Bn), in 20 h for both isomers of the crotylboronate.
The yields in Table 1 are overall yields for the three synthetic
steps from the starting aldehyde (R'CH,CHO) and are based on
the limiting reagent N-fluorobenzenesulfonimide (NFSI; F—N-
(SO,Ph),). The reactions of a-fluoroaldehydes with (E)-crotylbor-
onate gave the 1,2-anti-2,3-syn products 1a-1i diastereoselec-
tively with the corresponding 1,2-anti-2,3-anti products 2 being
formed as the minor diastereomers (dr (1:2) 91:7 to 96:4)
whereas reactions with (2)-crotylboronate gave the 1,2-anti-2,3-
anti products 2a-2f diastereoselectively with the 1,2-anti-2,3-
syn products 1 being the minor diastereomers (dr (2:1) 96:2 to
95:3). In each case a small amount (up to 5%) of a third
diastereomer (labelled x and x" in Table 1 and Figure 1) was also
detected by "*F NMR spectroscopy.

The "FNMR chemical shift similarity of 1a (°F NMR
[377 MHz, CDCl;] 6 —184.72, —185.36 [major], —197.72) and 2a
(FNMR [377 MHz, CDCl;] & —184.72 [majorl, —185.37,
—190.83) to the allylated analogue 3 ("°F NMR [377 MHz, CDCl,]
0 —188.72 [major, antil, —192.43 [minor, syn]) indicated that 1a
and 2a had the 1,2-anti configuration (Figure1), and by
inference compounds 1 and 2 (Table 1). The minor third

[a] -
n-Hex” l’ i
HN . syn-diastereomer
anti- major product 3 Ph l
[b] F Me " Me
n—Hex"'"\"l"'l i T
2u HN. Proposed HN. "
| 1a th structure of X Ph |
[c] FooMe F I\!Ae
n-Hex ]' ' nHex™
X
1a HNw Propasad HN..K1
l l 23 Fn l siructure of x' Ph

-184 185 -185  -187 -188  -189 190 S193 -4 -185 <196 <197 <198 -19¢

-191 -192
1 {ppm)

Figure 1. °F NMR spectra (377 MHz, CDCl,) of [a] anti-allyl-B-fluoroamine 3
(dr=97:3). [b] Crotylated product 1a and [c] crotylated product 2a, an
epimer of 1a.
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Table 1. Petasis-borono-Mannich crotylation reactions of chiral a-fluoroaldehydes.”
a-fluorination Petasis-borono-
Ar fluoroimine formation Mannich reaction
N onars M Bpi F Me
1 mol% e -BFin Rﬂ 2 A =
Ar = 3 5-(CF3),-Ph I) pentane, filter (20eq) |
F—=N(SO,Ph), E I1) CH,Cla, R?NH; (2.0 eq.) MeOH, rt., 20 h 1
o) (1.0eq.) H r.t. 10-30 min H X .
17N\F -0 No | — BPin 1,2-anti-2,3-syn
R t-BuOMe, r.t., RN 11l) concentrate in vacuo RN TR2 =
(1.5eq.) 2524 h (A1 Me (2.0eq.) F Me
e B _— v v
MeOH,rt,20h  RITNE3F
NHR?
2
1,2-anti-2,3-anti
Examples from pinacol (E)-crotylboronate:
F Me F Me F Me F Me F Me
- E - _ :
n—HexW n-HexW n-Hex 7 n-Hex n—HexW
NHBn HN NHPMB AN~ -Me HN_Z
|
Me
1a 66%
4 1c 819
dr 95:4:1 (1a:2a:x) 7 dr 94-3-:?—1; 946 1d 46% le7d%
er93:7 R dr 91:5:4; er 90:10 dr 91:7:2; er 97:3
1b 78%
dr 96:4:<1 (1b:2b:x)
er 96:4
F Me F Me F Me F Me - Me
Bn 7 Bn 7 Bn 7 Me~# 7 Bn 7
NHBn HN\/\ NHPMB Me Me NHBn NHPMP
1£.54% 19 46% 1h 50% 1i 48% 150%
dr95:2:3 dr (1f:2¢:x)  dr 93:2:5 (1g:2d:x) dr 96:2:2 (1h:2e:x) dr 96:1:3 (1i:2f:x)
er97:3 er 96:4 er 93:7
Examples from pinacol (Z)-crotylboronate:
F Me E Me F Me E WMo F Me
i i . - — < T N T T
n-HexW n-Hex/Y\/ BnW Bn/Y\/ Bn/Y\/
NHBn HN NHBn HN\/\ NHPMB
2c 36%
2a79% - Afxt 2d 50% 2e 44%
dr 96:2:2 (2a:1a:x") 70 dr 96‘;39(3"’,;‘1“) dr 95:3:2 (2d:1g:x") dr 95:2:3 dr (2e:1h:x")
er 96:4 . er 92:8 er 92:8
2b 80%
dr 95:2:3 (2b:1b:x")
er 95:5
F Me
Me = P X, X' = 1,2-syn diastereomer.
See Discussion for details
Me Me NHBn
2f 24%
dr 95:2:3 (2f:1i:x")
[a] Reactions were performed using 0.45 mmol of the starting aldehyde and 0.30 mmol of NFSI as the limiting reagent.

observed diastereomer x and X’ we propose to be the 1,2-syn-
fluoroamine compounds, based on the consistently more
shielded "F NMR chemical shifts which are comparable to the
1,2-syn-minor diastereomers of the analogous allylated com-
pound 3. Nevertheless, unequivocal identification of the
absolute configurations of x/x" would only be possible by their
independent total synthesis.

A total of 16 examples were synthesised with yields and drs
being comparable to those of the analogous allylation reactions
(Scheme 1c, X=F), where the limiting factor was the efficiency

Chem. Eur. J. 2023, 29, €202301701 (3 of 12)

of the initial o-fluorination reaction." The drs of 1 and 2,
formed as major diastereomers from (E)- and (2)-crotylboronate,
respectively, could be readily measured from the 'FNMR
spectra of the purified compounds. Comparison of the crude dr
to the purified dr by 'F NMR spectroscopy indicated that the
major diastereomer was not being isolated as the sole product
during column chromatography (e.g. 1f, see Supporting
Information). The enantiomeric excess of the major diastereom-
er was determined by 'H NMR and occasionally '°F NMR analysis
using the literature method with (R)- and (S)-1,1-binaphthyl-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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2,2'-diylphosphoric acids where the ratio of the diastereomeric
salts could be readily measured (Figure 2).?* These reactions
showed good tolerance to variations of the primary amine,
including heteroatomic examples. However, no reaction was
found using the aromatic primary amine (PMPNH,) for 1j.
Further investigation of this example by 'H NMR spectroscopy
indicated that no imine (A-1, R'=Bn, R’=PMP), or enamine was
formed in the course of the reaction. The chiral and more
hindered p-substituted aldehyde (S)-citronellal was also found
to undergo o-fluorination and this intermediate was an
appropriate substrate for crotylation with products 1i and 2f
exhibiting four contiguous stereocentres.

With the anti-relative configuration of the B-fluoroamine
moiety established based on 'FNMR chemical shifts, the
relative configuration of the amino and methyl substituents
were determined by NOE spectroscopy of products derived
from ring-closing metathesis (RCM) from epimers 1g and 2d
(Scheme 3). The secondary nitrogen of these amines was found
to be resistant to tosylation reactions. This lack of reactivity was
understood to be due to the steric effect of the extra -Me
group, where sulfonylation in good yields were possible on

"
o P D)

H‘ n-Hex

2 0

‘ U‘ /\‘)\/ O
| HN " =
|y oo
‘\‘ | P (R)

|
)\

[a] B Y

330 628 626 624 62 620 618 616 614 61 610 G0 [A05 60+ 602 600 598 59

1 (ppm)
FooMe O ‘” Il
n-Hex/\‘)\/ o o | |
HN + P
[b

), o
|
o | |

30 6.28 6.26 6.24 6.22 6.20 6.18 6.16 6. Mﬂ (u:;u‘v]) 6.10 6.08 6.06 6.04 6.02 6.00 5.98 5.96
Figure 2. 'H NMR spectrum of the salt of 1b derivatised with (R)-1,1"-
binaphthyl-2,2"-diylphosphoric acid [a]. Comparison of this spectrum with
that of the derivative with the (S)-acid [b] and comparison of the data
allowed for the determination of enantiomeric ratios.

1) TFA anhydride, EtsN, CHoCl, 73% £ Me H "
2) Grubbs I, CH,Cly, reflux, 91% : ';‘a b H :N 3e
‘o Bn” ) = cHE™
3) LiAlH4, THF, r.t., 68% HN H X
Ha Bn
1ga
1) TFA anhydride, Et;N, THF, 88% £ HMbe ¥ Ho
2) Grubbs Il, CHyCl, reflux, 91% B~ Nz 3N H\’L\ 3
2d P \LchiMe
3) LiAlHg, THF, r.t., 83% !
L THF, rt,, 2dn b fy

v\ =observed2D » N =2DNOE
NOE correlation correlation not
observed

Scheme 3. The synthesis of tetrahydropyridines 1ga and 2da and their
notable NOE correlations.
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related allyl substates (e.g. 3) in which this substituent was
absent.™ N-protection, however, was found to be possible
using trifluoroacetic anhydride/Et;N in THF solution. Unfortu-
nately this protection strategy introduced rotamers to the NMR
spectra of the protected and ring-closed products, and
determination of the relative configuration between C-2 and C-
3 was not possible unless the amine nitrogen was deprotected
using LiAIH,. This reaction was performed at r.t.,, resulting in
cleavage of the trifluoroamide rather than reduction to the
trifluoroethylamine.

NOESY spectra of these N-deprotected RCM derivatives 1ga
and 2da were used to determine the relative configuration
between the C-2 and C-3 stereocentres. For 1ga, an NOE
correlation was observed for protons H, and H,, indicating their
close proximity in space in the most favourable conformation
(the larger -CHFBn group being pseudo-equatorial) and there-
fore indicating the relative syn-configuration between the C-2
amino group and the C-3 Me substituent. Furthermore, a NOE
correlation was not observed between H, and the C-3 Me
group, indicating that these substituents were 1,2-diaxially
disposed. The reverse was observed in the NOE spectrum of
2da, where H, and the C-3 Me group showed a NOE correlation,
whereas H, and H, did not. These assignments were further
supported from the magnitudes of Ja,b for these two epimeric
compounds, with 1ga and 2da having Jab=4.0 and 8.2 Hz,
respectively. Therefore, 1g and 2d were epimers at the Me
substituted stereocentre (C-3), with the (E)-crotylboronate
reacting to give the 1,2-anti-2,3-syn products 1a-1i, and the
(2)-crotylboronate the 1,2-anti-2,3-anti products 2 a-2f.

To further examine the utility of these crotyl-3-fluoroamines
the acylation of 2c with cinnamoyl chloride was examined
(Scheme 4). This was found only possible under reflux con-
ditions over an extended reaction time (30 h), again indicative
of the highly hindered nature of the nitrogen atom. The
resultant o,fB-unsaturated amide 2 ca was obtained in 57 % yield
and could be converted to the a,p-unsaturated lactam 2cb
using Grubbs Il catalyst under reflux conditions (86% yield).
Analysis of the NOE spectrum of 2cb indicated the syn
stereochemical relationship between H, and the C-5 methyl
group, consistant with the stereochemical assignment made to
2da (Scheme 3).

The N-PMB compounds 1c and 1h could be deprotected
using ceric ammonium nitrate (CAN) in a 2:1 acetonitrile:water
mixture (Scheme 5). Despite the deactivated nature of the
resultant deprotected [-fluoroamine, these products were
discovered to be unstable and could only be purified by a
sequential acid-base extraction procedure. In turn, the com-
pound derived from octanal (1ca, R'=n-Hex, Figure 6) was

5 —
F . Me F ., Me
Ph/\)J\CI “HE - Haz
Bn T Bn 5

DMAP, Et;N /\(\/

Grubbs Il (10 mol%)

2 BnNY\/Ph BnN_2
CH,Cly, reflux, 30 h o) CH,Clj, reflux, 4 h o
2ca57% 2cb 86%

Scheme 4. Synthesis and notable NOE correlations of 2 cb.
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OH F Me

1) O :
T O
A‘/'V/HO;, HN{\V%
Ol

2) Ph/\/B(OH)z
H
1ha79%  9:1 CHClyHFIP, rt, 16h  4hb 45%. dr 1:1

(NH4)2[Ce(NO3)e]

——————— Bn
2:1 MeCN:H,0, r.t., 21 h NH,
then acid-base workup

O“k 2) pp\x-BOH),

o
B Y 9:1
OH CH,Cly:HFIP,
(SyrA2 rt,44h
F Me
B >z 1) TsOH -H,0,
" Ja MeOH
HN,,_~_Ph 1hd 67%
2) Grubbs I,
HO" B Bn CHZCI?, reflux ”|
1hc 50%, dr 4:1 then basic workup “ Me

(major diastereomer shown) H f\ig‘\
H
Bn'-; CHFBn
A

= observed 2D HO \° H,
NOE correlation N\
(major diastereomer shown)

Scheme 5. Deprotection of the PMB derivative 1h using CAN to give 1ha,
followed by a second classical PBM reaction. Reaction using glycolaldehyde
was not diastereoselective, however, that using lactol (5)-A-2 exhibited anti-
diastereoselectivity at the new stereocentre.

discovered to be too non-polar for the efficient use of this
procedure due to the influence of the F atom and alkyl chain
and resulted in poor isolated yields. The hydrocinnamaldehyde-
derived compound 1ha (R'=Bn) was appreciably more polar,
and could be obtained in good vyield (79%). Using this
compound as a chiral primary amine substrate, a second PBM
reaction using glycolaldehyde dimer and (E)-styrylboronic acid
was attempted. A pilot reaction using classical PBM conditions,
that is ethanol over 3 d at r.t.”?) was unsuccessful and produced
a complex mixture of products. Instead conditions using a more
polar solvent system 9:1 hexafluoroisopropanol (HFIP):CH,Cl,
were successful.”® The PBM product 1hb was obtained in an
acceptable yield (45 %); however no diastereoselectivity for the
new stereocentre was observed (dr 1:1). It may be proposed
then that the existing stereocentres are sufficiently distal as to
not induce any diastereoselectivity.

However, the same reaction of 1ha and (E)-styrylboronic
acid with lactol (5)-A-2 resulted in PBM product 1 hc (50%) with
4:1 dr (Scheme 5). RCM of 1 hc with Grubbs Il catalyst produced
the tetrahydropyridine 1hd (67 %), the diastereomers of which
could be separated by column chromatography. NOE spectro-
scopy of the major diastereomer of 1hd indicated that in one
of the conformational isomers of 1hd the CH,OHBn group is
co-facial to H,, therefore indicating the major diastereomer
formed in the reaction of 1hc is an anti-amino alcohol, in
agreement with literature examples of this class of PBM
reactions.®**® The significant portion (~20%) of the epimeric
syn-diastereomer produced likely results from asymmetric
induction from the other stereocentres.

Computational modelling (M062X/def2TZVP/
SMD(Methanol)//B3LYP/6-31G(d,p) level of theory) of the tran-
sition states (TS) for these reactions supports Cornforth-like TS
(with the polar a-F substituent anti- to the C=N bond, leading
to our experimentally observed major diastereomers, 1 and 2,
see Supporting Information for details) as depicted in Figure 3.
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(E)-crotylboronate

1.56 A
216 A g\ =1738°
Cornforth TS model (AG* = 22.4 kcal/mol)

F 158A
1 & H
> o}
216 A /
.-B
HXCSN Yo" — 2
Me-y L=
R2
H Op N =-68.2°

Polar Felkin-Ahn TS model (AG* = 24.1 kcal/mol)

223 A Opn=161.5°
Cornforth TS model (AG* = 21.8 kcal/mol)

Figure 3. Depictions of Cornforth like transition states leading to the
observed products, with solution free energies, distances and dihedral
angles (@) between the F and N on the imine calculated at M062X/
def2TZVP/SMD(Methanol)//B3LYP/6-31G(d,p) level of theory. Note: imine B
(R'=R?=Bn) =0.0 kcal/mol.

In the case of (E)-crotylboronate, the TS with the lowest energy
barrier was identified as the Cornforth TS (AG™ =22.4 kcal/mol)
with the dihedral angle (@;)) between the F and N on the imine
calculated as 173.8°. The polar Felkin-Ahn transition state,
which would lead to the minor diastereomer 2, had the second
lowest barrier in energy (AG™=24.1 kcal/mol; @¢y=—68.2°).
The polar Felkin-Ahn-like TS?® places the R' group in closer
proximity to substituents on the developing chair TS making it
less favourable than the Cornforth-like TS with the o-F
substituent having an anti-relationship with the C=N bond. For
the (Z)-crotylboronate, the Cornforth TS (AG*=21.8 kcal/mol;
@en=161.5°) also had the lowest in energy barrier, followed by
the polar Felkin-Ahn transition state (AG™=23.0 kcal/mol,
@n=—65.0°). The stereochemical outcomes of our PBM
crotylations are the same as those found in a recent study of
the crotylation reactions of a-chiral -OMe and -OBn N-sulfonyl
imines with in situ generated (F)- and (2)-crotyl-BF, species.’”)
Computational analysis indicated that these reactions were also
proceeding through a 6-membered ring chair TS where
addition to the imine face occurred via a Cornforth-like
conformation,””™ controlling the 1,2-anti configuration of the
product. The geometry of the crotyl agent however dictated
their 2,3-syn or 2,3-anti-configuration from (£)- and (2)-crotyl-
BF,, respectively.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWILLIOD BAINRID 3|eot(dde ay) Aq peuienob afe sapie O ‘85N J0'S|ni Joj A%Iq1T 8UIUO A1 UO (SUOIIPUOD-pUR-SLLBIAED A3 1M Ale.q Ul |UD//:SdNY) SUONIPUD pue swie | 8L 88S *[£202/80/cZ] Uo Arlqiauliuo A8|im *Aiqi BuoBuojjom Jo Aiseaun BuoBuojom JO A1sieAiun A T02TOEZ0Z WeUd/200T OT/I0p/w0d A 1m Ate.q 1 put|uoadoins-Aus iwsyoy/sdny woiy papeojumdl] ‘0 'S9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301701

Reactions with chiral a-benzoyloxyaldehydes

In an earlier communication we reported the PBM crotylation
reactions of (25)-(benzoyloxy)-3-phenylpropanal A-3%" with
benzylamine and pinacol (F)- or (2)-crotylboronate." Under
unoptimised conditions these reactions were extremely slow
when compared to their corresponding allylation reactions with
the reactions employing benzylamine and pinacol (E)- or (2)-
crotylboronate at r.t. taking 14 d and 28 d, respectively (Table 2
Entries 1 and 1a). The resulting products, 4a and 3-epi-4a,
respectively were obtained with a high dr (95:5 and 99:1
respectively) but in poor isolated yields (30% and 46%,
respectively, Table 2). To optimise the yield of 4a, a reaction
solvent screen was made with variations also made to the
equivalents of the (E)-crotylboronate, as shown in Table 2. These
reactions were conveniently monitored by 'HNMR spectro-
scopy and the reaction times and "H NMR yields are provided in
Table 2.

The use of DMSO (Entry 2), which has been observed to be
a good solvent in the investigation of analogous allylation
reactions,” resulted in a decrease in reaction time and a minor
increase in yield. However, using 2.0 equiv. of pinacol (E)-
crotylboronate with CD,Cl, as solvent achieved the same time
reduction, with a greater increase in yield (Entry3). The
reported conditions®® of trifluoroacetic acid (TFA) in dichloro-
methane as a rate-accelerating solvent in the PBM reaction
were found to be inappropriate, leading to hydrolysis of the
imine reactive intermediate (Entry 4). The diol 1,2-addition
adduct of A-3 and the boronate was recovered from this
reaction as a mixture of diastereomers. CD;CN was not found to
be a good solvent (Entry 5) and attempting the reaction under

reflux conditions did accelerate the reaction, at the expense of
hydrolysis of the boronate (Entry 6). The addition of a hydrogen
bonding thiourea catalyst, S=C(NH-3,5-(CF;),Ph),, at 20 mol% to
activate the imine was not markedly effective (Entry 7).°" A
repeat of Entry 4 with only a sub-stoichiometric amount of TFA
in CD,Cl,, and 2.0 equiv. of the boronate (Entry 8) resulted in a
much cleaner reaction, with no apparent decomposition of the
imine. A rate-accelerating effect was observed; however, the
yield was not superior to that obtained without the addition of
TFA (See Entry 3). The use of HFIP as a co-solvent with 2.0 equiv.
of the boronate did have a notable rate-accelerating effect
(Entry 9),) however the reaction was not as clean as the
reaction without HFIP. A reaction with 2.0 equiv. of the
boronate in CD,CN did not exhibit a much faster reaction
(Entry 10), nor did the use of HFIP as a 5% co-solvent with
CDsCN (Entry 11).

The reaction conditions described in Entry 3 were chosen as
the best conditions based on the purity of the product (i.e.
absence of impurities from side reactions), rate and NMR yield.
Purification of this reaction mixture by column chromatography
resulted in a 56% yield of 4a, with an excellent 95:5 dr and
93:7 er (determined using chiral phosphoric acids as aforemen-
tioned). Under similar reaction conditions except for the use of
allylamine, the compounds 4b and 4c were synthesised (60 %
yield, dr 89:7:4 and 44% yield, dr 91:6:3 respectively,
Scheme 6) with the ultimate aim of performing a RCM reaction
and determining relative configuration of the C-3 -Me group by
NOE spectroscopy.

Both epimers were discovered to be resistant to sulfonyla-
tion at the secondary nitrogen atom; however, we found that
the tosic acid salts of 4b and 4c readily underwent RCM with

Table 2. Optimisation reactions of (25)-(benzoyloxy)-3-phenylpropanal (S)-A-3 with benzylamine and pinacol (E)-crotylboronate.
1) BnNH, (1.2 eq.)

OBz ) Me._~_BPin @Bz Me
B P B N
(S)}-A-3 NMR solvent, temp., time NHBn
4a
Entry Equiv. of Solvent Temp  Time NMR yield of 4a Notes
boronate [°cl %]
1 1.2 CD,Cl, rt. 14d 40 (32 isol.) Cpd. 4a Previously published"
1a 1.2 CD,Cl, rt. 28d 66 (46 isol.) Cpd. 3-epi-4a. Previously published reaction with (2)-crotylboronate*!
2 12 DMSO-d; rt. 9d 45
3 2.0 cD,Cl, r.t. 9d 62 (56 isol.) Best conditions
4 1.2 1:30 CD,CI,/TFA rt. 6d 0 Mixture of diol diastereomers as product
5 1.2 CD;CN r.t. 15d 55
6 20 CH,Cl, reflux ~ 20h 28
7 2.0 CD,Cl, r.t. 7d 41 20 mol % thiourea cat
8 2.0 CD,Cl, r.t. 9d 50 0.25 equiv. TFA
9 20 CD,Cl,:HFIP 9:1 rt. 7d 72
10 2.0 CD,CN rt. 10d 53
11 20 CD,CN:HFIP 95:5 r.t. 9d 45

[a] 1,2,3-Trimethoxybenzene (~0.33 equiv.) was used as an internal standard [b] Impurities in the starting material likely compromised the yield.
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Me . _~~_ BPin OBz Me
(S)-A-3 (2.0eq.) : =
+ Bn
_~_NH,  CHaClprt, 11d AN~
4b
60% yield,
dr 89:7:4 (4b:4c:xb),
! er91:9
(\/BPIH
Me OBz Me
S)-A-3 - 7
( )+ (2.0eq.) B”W
/\/NH2 CH.Cly, rt. 19d HN\/\
=
4c
44% yield,
dr 91:6:3 (4c:4b:xb"),
er 92:8

(xb/xb' = 1,2-syn diastereomers)

Scheme 6. Crotylation reactions of pinacol crotylboronates with (5)-A-3 and
allylamine.

Grubbs Il catalyst. The derivatives 4ba and 4ca were obtained
in the excellent yields of 83% and 85%, respectively
(Scheme 7).

NOE spectroscopy of these ring-closed derivatives was again
used to determine the relative configuration at the C-2 and C-3
stereocentres. The relative configuration was revealed to be
identical to that found for 1ga and 2da, with the (E)-
crotylboronate giving the 2,3-syn-RCM product and producing
derivative 4ba, and the (2)-crotylboronate giving the corre-
sponding 2,3-anti-RCM product producing derivative 4ca.
Single crystal X-ray crystallographic analysis of the HBr salt of
4ba confirmed the stereochemistry shown in Figure 4. Thus,
our initially proposed configurations for compounds 4a and 3-
epi-4a in our earlier communication were incorrectly assigned
at the Me-substituted carbon.™

OBz Me H

1) TSOH - H,0, MeOH - Halp AN
= SoH
H £ C\HOB

Ha Bn

ab Bn” 373
1) Grubbs II, CH,Cl, reflux |

HN
then basic workup
4ba 83%
OBz H
) TSOH ' H,0, MeOH AN N Ho
. B S5 H\’L\_
C 2 —
11) Grubbs I, CH,Cly, reflux | = i °

Me
¢ HN 5-CHOBz
then basic workup H \Bn
4ca 85% g

~ N =observed2D  » N
NOE correlation

=2D NOE
correlation
not observed

Scheme 7. RCM of 4b and 4 c were accomplished using salt derivatives.
NOESY spectra of the ring-closed derivatives 4ba and 4 ca enabled the
establishment of relative configuration at the C-3 stereocentre, relative to
that at C-2.
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Figure 4. Single crystal X-ray structure of the HBr salt of 4ba. CCDC
2262184.

Reactions with chiral a-hydroxyaldehydes

In our previous study on the PBM reactions with pinacol
allenylboronate and the chiral a-hydroxyaldehyde generated
in situ from the lactol (5)-A-2 we observed the synthesis of
amino alcohols of anti-configuration while allylation reactions
with other a-hydroxyaldehydes gave 1,2-syn-amino alcohol
products (Scheme 1¢)." An initial NMR investigation of the
reaction of (S)-A-2, benzylamine and pinacol (E)-crotylboronate
in CD.Cl, resulted in a mixture of y- and a-attack products, as
major and minor products, respectively (Table 3, Entry 1). A
solvent screen revealed CD,Cl, and toluene-d; to be the best
solvents for maximising formation of the y-attack product with
the dr highest in CD,Cl..

Accordingly, the conditions from Entry 1 were chosen to
synthesise amino alcohol 5¢, which was obtained in 58% yield
(dr 87:13, y:a 93:7, Scheme 8). To establish the stereochemistry
of 5c it was converted to the oxazolidinone 5ca, in which the
major diastereomer represented 90% of the product. The NOE
spectrum of 5ca showed NOE correlations between H, and the

Table 3. Solvent screen of crotylation PBM reactions of acetal-protected
chiral a-hydroxyaldehyde (S)-A-2.
1) BnNH,
o—% 2) Me __A~_ BPin OH Me OH
c E Tt :
Bn/\{o =l . BT+ gy e
o NMR solvent, time NHBn NHBn
(S)-A-2 5a 5b
y-attack a-attack
Entry Solvent Time NMR total yield yio dr [y]
[%]" (5a:5b)
1 CD,Cl, 4h 62 91:9 92:8
2 CD;0D 10 min 80 79:21 77:23
3 CD;CN 18 h 41 71:29 81:19
4 DMSO- 48 h 94 78:22 79:21
ds
5 toluene- 5h 61 90:10 88:12
ds
[a] 1,2,3-Trimethoxybenzene (~0.33 equiv.) was used as an internal
standard.
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A~ NH, CH,Cly, rt., 4 h HN._~\ CHClp, 0°C-rit, 19h PH % * \
5¢ 58% (me
5ca 28%
Ph Ho l\{le = observed 2D
Grubbs Il f 3 NOE correlation
— = 8a =
CH,Cly, reflux O%N | = = 2D NOE
I correlation not
observed

5cb 80%

Scheme 8. Synthesis of the 3H-oxazolo[3,4-alpyridin-3-one 5 cb.

allylic Me group, and H, and the benzylic protons. This
indicated 5ca was a 4,5-trans-oxazolidinone and thus 5¢ was a
1,2-syn amino alcohol. This stereochemical result is consistent
with that observed for reactions of pinacol allylboronate with
other a-hydroxyaldehydes (Scheme 1c). The oxazolidinone 5ca
underwent a RCM reaction, using Grubbs Il catalyst under reflux
conditions to give the unsaturated 3H-oxazolo[3,4-a]pyridin-3-
one 5cb in 80% yield. The NOE spectrum of this bicyclic system
was consistent with that seen for the oxazolidinone 5ca,
notably correlations were observed between H, and the ring
Me group. Additionally, the absence of an NOE correlation
between H, and the Me group indicated that they were on
opposite faces of the bicyclic structure, and therefore allowing
for the assignment of absolute configuration for amino alcohol
5c

To complement this synthesis we examined the analogous
reaction with pinacol (2)-crotylboronate and benzylamine.
However, this reaction only generated a trace amount of the
desired product. This reaction was then monitored by NMR
spectroscopy; the ultimate conclusion being that the (2)-
crotylboronate reacts far too slowly with the transient imine
before it decays to the a-amino ketone product 1-(benzylami-
no)-3-phenylpropan-2-one. A repeat of this reaction in CD;0D
yielded a mixture of diastereomers (y product dr 61 [presumed
to be 3-epi-5a]:22:9:8 [5a]) and regioisomers (approx. 96:4
major y-diastereomer:major a-diastereomer) of the target
product in 55% yield. Protic solvent therefore acts as a better
activating medium but significantly erodes the diastereo- and
regioselectivity.

The formation of the 1,2-syn-2,3-anti product 5a can be
explained by the open transition state TS-1 involving a 5-
membered ring H-bonded imine intermediate, with the crotyl
reagent approaching the imine face anti to the Bn ring
substituent to produce the 1,2-syn adduct (Figure 5).*” The
sterically most demanding group of the y-carbon of the crotyl
reagent, the Me group, takes on an antiperiplanar orientation,

H
0"}, "NBn

BPin
Hﬁ%§§j(" —~ 5a

Bimd "y H

TS-1

Figure 5. Possible open transition state for the formation of product 5a.
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relative to the imine moiety, to avoid unfavourable steric
interactions with the 5-membered ring methine and the N-Bn
substituent. This places the smallest y-carbon substituent, the
v-H, in a-synclinical position over the 5-membered ring and the
double bond on the crotyl reagent in a + synclinical position,
suitably oriented for the developing secondary amino group to
readily capture the BPin that is generated upon cleavage of the
C,-BPin bond.

Reactions with pinacol (E)-3-benzoyloxyallylboronate

The success of the crotylation PBM reactions encouraged us to
study of the reactions of pinacol (E)-3-benzoyloxyallylboronate
6 (88:12 E:2)™ was made, which could provide more highly
functionalised products.

An initial study of the PBM reaction using a-fluoroaldehyde
(S)-A-1 (R'=Bn), benzylamine and 6 under the reaction con-
ditions shown in Table1 was done (Table4 Entry 1). This
resulted in a much longer reaction time to consume the imine,
and a lower overall isolated yield of the product. It was posited
that the benzoate ester of 6 was decomposing in MeOH via an
ester exchange mechanism, therefore a solvent screen was
carried out (Entries 2-5). For all these reactions, 6 exhibited a
lack of stability, with decomposition occurring before full
consumption of the imine, and low recovery of 6 after column
chromatography. The low reactivity of 6 was proposed to most
likely being a consequence of the electron-withdrawing nature
of the benzoate ester.

However, a higher degree of reactivity was observed with
the lactol (S)-A-2. A reaction with benzylamine in CD;0D gave a
22% vyield of product only separable by preparative TLC. Much
the same as previously outlined in Scheme 8, a PBM reaction of
boronate 6 with (S)-A-2 and allylamine in MeOH was performed,
resulting in an isolated yield of 48% for amino alcohol 8
(Scheme 9). This compound was largely inseparable from a
decomposition product of 6 (See Supporting Information).
Nevertheless, this was reacted as a mixture to form the
oxazolidinone 8a in 78% yield. '"H NMR spectroscopic analysis

Table 4. Reactions of boronate 6 in the PBM reaction with chiral a-
fluoroaldehyde (S)-A-1. The low reactivity observed was attributed to
electronic effects and decomposition of 6.
E o BzO._~~_BPin F OBz
Bn~ 6 ' =
SyAq *+ BONH: Bn
(S) solvent, r.t., time NHBn
R'=Bn 7
Entry Solvent Time [h] Yield [%)]
1 MeOH 40 11%
2 CD,Cl, 44 gl
3 CD,CN® 42 -
4 DMSO-d, 43 ote!
5 THF-d, 26 _a
[a] Isolated yield. [b] NMR yield. [c] No product observed.
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- H _— i THp
A~ NH, MeOH, r.t., 26 h HN._~ CH:Cl, 0°C-rt,23h Ph/Has ¢ A
848%, dr 2:1 BzO
(major diastereomer shown) 8a78%
Q.
Ph Ho OBz Ho /7 v~ ™\ =observed 2D
Grubbs Il 2 g SN —0 NOE correlation
. a = =
CH,Cly, reflux O%N ! 7 3 H“ 1 Ph = weak 2D NOE
4 oz Ha correlation
8b 53%

Scheme 9. The synthesis of the tetrahydro-3H-oxazolo[3,4-a]pyridin-8-yl
benzoate 8b.

of compound 8a and the crude reaction mixture indicated the
starting amino alcohol 8 to be a 2:1 mixture of diastereomers.
A sample of oxazolidinone 8a (dr 87:13) was analysed by NOE
spectroscopy. A correlation was observed between the benzylic
protons and H,, indicating that the oxazolidinone had the
relative 4,5-trans-configuration, and therefore that the starting
major diastereomer of 8 had the 1,2-syn configuration. This
sample of 8a was then ring-closed using Grubbs Il catalyst to
form 8b in 53% yield and again this was analysed by NOE
spectroscopy. For the major diastereomer, a correlation be-
tween H, and the benzylic protons was observed to be weak, as
well as that for H, and H,, suggesting that H, and the -OBz
group are pseudo-axial. However, a strong correlation was
observed between H, and the proton attached to C-8, therefore
indicating they were co-facial and the amine and -OBz groups
to have the 2,3-syn- configuration for the major diastereomer.

Poor results were observed in reactions of 6 and (S)-A-3. A
reaction of 6 with (5)-A-3 and benzylamine was performed in
CD,Cl, and monitored by 'H NMR spectroscopy. Characteristic
of this class of reaction, a very long reaction time was observed
(9 days), with a product found to form in 26% vyield by 'H NMR
analysis. Disappointingly, this product could not be isolated
using column chromatography.

Allylation and crotylation reactions with NH,

A study of the allylation and crotylation reactions of representa-
tive a-fluoro and a-OBz aldehydes was made using ammonia as
the amine component. The allylation reaction of (S)-2-fluoro-3-
phenylpropanal (S)-A-1 (R'=Bn) with pinacol allylboronate in a
biphasic reaction mixture of 30% aqueous ammonia in ethanol,
under similar conditions as described for Scheme 1b"" gave a
low yield (25%) of the desired p-fluoro-N-benzylamine 9 with a
poor antisyn dr of 42:58, respectively (Table 5, Entry 1). N-
Benzylation by reductive amination to produce 10 was
performed to assist isolation, purification and identification. The
relative stereochemistry of these diastereomeric products was
identified by '°F NMR analysis when compared to the '"F NMR
spectra of the same anti-N-benzyl-allyl-B-fluoroamines we
described previously."™ Switching the solvent to THF to
homogenise the reaction mixture was found to be detrimental
to the diastereoselectivity (50:50 dr) and overall yield (Entry 2).
Pre-stirring the agueous ammonia and pinacol allylboronate to
pre-form an “aminoallylating reagent”"" was also attempted

Chem. Eur. J. 2023, 29, €202301701 (9 of 12)

Table 5. Allylation reactions of a chiral a-fluoroaldehyde with different
sources of NH,. All produced a mixture of diastereomers with little
selectivity.
; o NHasource 1) PhCHO, K,CO F
N\ BPin B et =

Bn P |

(S)-A-1 Bn 7 Gl g 7

R'=Bn Solvent, temp., NH 1) NaBH,4, EtOH NHBn

overnight 9 2 0°C-rt. 10
Entry NH; source Solvent Temp. Yield anti:
@] [%]* syn®®
1 30% aq. NH, EtOH rt. 25 42:58
2 30% aq. NH, THF r.t. 18 50:50
3 30% aq. EtOH r.t. 31 44:56
NH./
allylBPin
4 Liquid NH, EtOH —63- 42 54:46
r.t.

[a] NMR yield of free amine. [b] Ratio pertains to the free amine product
before reductive amination.

(Entry 3). Addition of this mixture to the a-fluoroaldehyde had
no beneficial influence on diastereoselectivity and resulted in a
marginal improvement in yield (Entry 3). A reaction with liquid
ammonia condensed from vapour at —63°C, much like that
performed previously,"” was also poorly diastereoselective
(Entry 4, 54:46 anti:syn).

Additionally, reactions were carried out using hexameth-
yldisilazane (HMDS) as potentially an in situ source of ammonia.
Much like the prior reactions with ammonia, reactions using
HMDS exhibited little diastereoselectivity, in either MeOH
(Table 6 Entry 1) or in THF (Entry 2). However, a reaction using
pinacol (E)-crotylboronate in MeOH exhibited a significant
degree of diastereoselectivity (72:22:6 dr, Entry 3). Comparison
of the FNMR data of the crude product to that of 1ca,
obtained by the deprotection of 1c¢ suggest that the major

Table 6. Reactions using HMDS as an NH; source.

§
MesSi” SiMe,

F
= ' F R
neHex” 0 B n»Hexw
(S)-A-1 ,
1 solvent, r.t., overnight NH,
R" = n-Hex 1
Entry R Solvent Yield [%] dr Product
1 H MeOH 51@ 46:54 F
>z
2 H THF 70® 55:45 n-Hex Yy N
NH
11a 2
£ Me
ANNF
3 Me  MeOH . 72:22:6 MM %
NH,
11b

[a] Isolated yield of N-benzylated derivative after reductive amination and
column chromatography. [b] NMR yield of free amine. [c] Yield of free
amine not determined. Attempts to purify 11b as an N-benzylated
derivative after reductive amination were not successful. [d] Ratio pertains
to free amine product.
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Figure 6. 'H coupled '’F NMR spectra (377 MHz, CDCl;) of [a] the crude
reaction mixture of 11b from Table 6 Entry 3. [b] The crude reaction mixture
of 1ca obtained from the deprotection of PMB compound 1 ¢ with CAN (see
Scheme 5). A comparison of these spectra suggest that crotylation reactions
with HMDS produce a 1,2-syn-2,3-syn compound as a major diastereomer
(See Figure 1 for discussion on diastereomers of 1 and 2).

l o Nl-Ll,aF‘in Ol
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Scheme 10. Reactions of (S)-A-2 with pinacol allylboronate and [a] 30%
aqueous NH; and [b] liquid NH; condensed from vapour at —63 °C.

diastereomer is the opposite of that obtained using primary
amines i.e. is of 1,2-syn-2,3-syn configuration, rather than 1,2-
anti-2,3-syn (Figure 6). The rationalisation of this result is
complicated by the uncertainty of the identity of reactive imine
intermediate which could be either an N-TMS imine or an NH
imine, where the former imine may be expected to generate a
1,2-anti-2,3-syn product as described above and not the
observed 1,2-syn-2,3-syn product.

However, reactions with oxylated substrates exhibited high-
er levels of diastereoselectivity with a preference for the syn-
diastereomer 12 (Scheme 10). Reaction of the a-OBz aldehyde
(5)-A-3 with 30% aqueous ammonia at r.t. yielded the
deprotected alcohol product in a 2:1 syn:anti ratio, whereas
reaction with liquid ammonia yielded the same product in
83:17 syn:anti ratio, concordant with that recorded in the
literature."” The improvement in dr may be attributed to the
lower reaction temperature. The preference for the 1,2-syn
diastereomer may indicate that the reaction proceeds via a a-
hydroxy imine intermediate and not the a-OBz intermediate.

Chem. Eur. J. 2023, 29, €202301701 (10 of 12)

Conclusions

In conclusion, the crotylation reactions of chiral a-heteroatom
(F, OBz and OH) aldehydes under Petasis-borono-Mannich
reaction conditions using pinacol (E)- or (2)-crotylboronate and
primary amines have been developed and generally result in -
addition products in high diastereoselectivity and high enantio-
meric ratios. Reactions with ammonia as the amine component
were poorly diastereoselective. Chiral a-heteroatom (F and OBz)
aldehydes (S)-A-1 and (S)-A-3 react with primary amines and
pinacol (E)- or (2)-crotylboronate to favour formation of the 1,2-
anti-2,3-syn and 1,2-anti-2,3-anti products, respectively while
the chiral a-hydroxyaldehyde formed in situ from lactol (S)-A-2
gave 1,2-syn-2,3-syn products. The stereochemical outcomes of
the reactions of the chiral a-F and a-OBz aldehydes can be
explained using a six-membered ring TS model in which a
Cornforth-like conformation is favoured where the a-heteroa-
tom is anti to the C=N bond of the imine resulting in 1,2-anti
products. The 2,3-stereochemical outcome is dependent upon
the geometry of the crotylboronate. The stereochemical out-
comes of the reactions employing an a-OH aldehyde can be
rationalised as occurring via an open-transition state involving
H-bonding in the imine intermediate between the a-OH group
and the imine N atom. Representative products were converted
to highly functionalised tetrahydropyridines and 3H-
oxazolo[3,4-alpyridine-3-ones that allowed stereochemical as-
signments to be made. These heterocycles will be valuable
scaffolds for the synthesis of natural product-like molecules in
the future.

Experimental Section

Full details of the data that support the findings of this study are
available in the supplementary material of this article.

General Procedure for preparation of chiral crotyl-f}-
fluoroamines 1 and 2

Part A: Synthesis of chiral a-fluoroaldehyde (S)-A-1: Synthesis of the
(25)-fluoroaldehyde substrate (S)-A-1 was per the procedure
described in Marigo et al. 2005,% and replicated in Chevis et al.
2019" (Typical scale 0.30 mmol).

Part B: Chiral a-fluoroimine formation (B): To the crude (25)-
fluoroaldehyde (S)-A-1 solution in pentane was added CH,Cl,
(~2mL) and the amine component (2.0 equiv.) and the mixture
stirred for 10 min. The resultant mixture was concentrated in vacuo
to afford a crude chiral a-fluoroimine B as a fluffy white solid.

Part C: Petasis-Borono-Mannich reaction: To the crude chrial a-
fluoroimine B from Part 2 was added methanol (0.5 mL) then the
boronic ester component (2.0 equiv.). This solution was stirred for
20 h with TLC monitoring. Upon completion, the crude material
was concentrated in vacuo and purified by flash column chroma-
tography on silica gel to obtain the chiral crotyl-p-fluoroamine
product 1 or 2.
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(2S,3R,4S)-N-Allyl-2-fluoro-4-methyl-1-phenylhex-5-en-
3-amine (19)

The title compound was prepared according to the General
Procedure using hydrocinnamaldehyde (59.4 uL, 1.5 equiv.) as the
aldehyde component, allylamine (45.0 4L, 2.0 equiv.) as the amine
component and pinacol (E)-crotylboronate (123.0 uL, 2.0 equiv.) as
the boronic ester component. Purification by flash column
chromatography on silica gel eluting with 1:19 EtOAc/n-hexane
gave the title product 1g (34.9 mg, 46%) as a pale-yellow oil. Ri=
0.34 (1:9 EtOAc/n-hexane). dr 93:2:5 (1g:2d:x). er 96:4. [a]¥
—36.2 (c 1.21, CHCl,). IR (neat): v,,,, 3066 (sp*> C—H str.), 3029 (sp*
C—H str.), 1641 (C=C str.), 1604 (Ar C=C str.), 1496 (N—H bend), 1454
(Ar C=C str.), 1379 (CH; bend), 995, (sp* C—H oop), 914 (C—F str.),
744 (Ar C—H oop), 698 (Ar C—H oop) cm™". '"H NMR (400 MHz,
CDCl,): 6 7.35-7.18 (m, 5H, Ar-H), 5.94-5.81 (m, 2H, H-5, H-2), 5.17
(dg, J=17.1, 1.7 Hz, 1H, (E)-H-3'), 5.11-5.03 (m, 3H, H-6, (2)-H-3),
460 (dddd, J=47.9 (*Jys), 9.0, 6.1, 2.6 Hz, 1H, H-2), 3.32 (dt, J=6.0,
1.5 Hz, 2H, H-1"), 3.13 (dd, J=14.6 (Jyp), 2.7 Hz, TH, H-1), 3.03 (dd,
J=14.6 (Jy), 2.7 Hz, TH, H-1), 2.92 (ddd, J=18.4, 14.6 (J,;;), 9.2 Hz,
TH, H-1), 2.70 (ddd, J=12.1 (Jyp), 6.1, 4.8 Hz, TH, H-3), 2.59-2.49 (m,
TH, H-4), 1.10 (dd, J=6.9, 1.2 (*Jy;) Hz, 3H, H-7). *C NMR (101 MHz,
CDCl,): 6 141.6 (C-5), 1383 (d, *Jr=1.3 Hz, C-17), 137.1 (C-3), 129.3
(d, *YJer=0.7 Hz, C-2"), 128.4 (C-3"), 126.4 (C-4"), 115.8 (C-2)), 114.8
(C-6), 95.8 (d, "Jer=175.2 Hz, C-2), 63.2 (d, YJcr=20.8 Hz, C-3), 52.0
(d, Jep=1.4Hz, C-1"), 39.0 (d, *Jo;=4.6 Hz, C-4), 38.0 (d, *Jer=
21.1 Hz, C-1), 15.4 (d, *Jcg=2.7 Hz, C-7). "°F NMR (377 MHz, CDCl,):
0—183.22 (minor diastereomer), —183.99 (major diastereomer),
—191.03 (minor diastereomer). HRMS (ESI): m/z calculated for
Ci6H,sNF [M+H]": 248.1815, found 248.1811.

(5)-1-Oxo0-3-phenylpropan-2-yl benzoate ((S)-A-3)

The title compound was prepared according to that outlined in
Vaismaa et al. 2009 (1.0 mmol scale),”®” with the following mod-
ifications from Kano etal. 2009.2° At the conclusion of the
reaction, the reaction mixture was added to a separating funnel
with 1 M aq. HCl (~4 mL) and extracted with CH,Cl, (3x~3 mL). The
combined organic layers were washed with NaCl brine (~4 mL),
then sat. ag. NaHCO; (~4 mL), then dried over anhydrous K,CO;,
filtered and concentrated in vacuo. The crude material was purified
by flash column chromatography eluting with 3:17 EtOAc/n-
hexane, obtaining the title product 3 (140.5mg, 55%). The
spectroscopic data for 3 was identical to that previously reported.
R=0.23 (1:4 EtOAc/n-hexane).

(2S,3R,4S5)-3-(Allylamino)-4-methyl-1-phenylhex-5-en-2-yl
benzoate (4b)

To a 10 mL round-bottomed flask was added (S)-A-3 110.6 mg,
0.435 mmol, 1.0 equiv.) and anhydrous CH,Cl, (2.0 mL), and the
mixture stirred until the substrate was dissolved. To this mixture
was added allylamine (49.0 uL, 0.6525 mmol, 1.5 equiv.) and the
mixture stirred for 5 min. Pinacol (E)-crotylboronate (178.4 uL,
0.870 mmol, 2.0 equiv.) was then added and the reaction vessel
flushed with nitrogen, sealed and stirred for 11 d at r.t. with TLC
monitoring. Upon completion of the reaction, the reaction mixture
was added to a separating funnel with sat. aq. NaHCO; (~5 mL) and
extracted with CH,Cl, (3x~4 mL). The combined organic layers were
dried over anhydrous K,CO,, filtered, concentrated in vacuo and
purified by flash column chromatography eluting with 3:17 EtOAc/
n-hexane, obtaining the title product 4b (90.5 mg, 60%) as a waxy
yellow solid. R;=0.37 (3:17 EtOAc/n-hexane). dr 89:7:4 (4b:4c:o-
other diastereomer). er 91:9. [a]3 —63.6 (c 0.76, CHCl;). IR (neat):
Viax 3068 (sp? C—H str.), 2923 (sp® C—H str.), 1703 (C=0 str.), 1641
(C=C str.), 1602 (Ar C=C str.), 1494 (N—H bend), 1452 (Ar C=C str.),

Chem. Eur. J. 2023, 29, €202301701 (11 of 12)

1369 (CH; bend), 1270 (C—O str.), 1180 (C—O str.), 995 (sp> C—H oop),
914 (sp® C—H oop), 739 (Ar C—H oop), 687 (Ar C—H oop) cm™".
'H NMR (400 MHz, CDCl,): 6 8.00-7.93 (m, 2H, H-2"), 7.58-7.49 (m,
1H, H-4"), 7.45-7.38 (m, 2H, H-3"), 7.25-7.10 (m, 5H, H-2"", H-3"", H-
4'"), 598-5.79 (m, 2H, H-5, H-2'), 5.46 (ddd, /=8.0, 5.0, 4.1 Hz, 1H,
H-2), 5.13-5.05 (m, 3H, H-6, (E)-H-3’), 5.00 (dq, /=10.2, 1.4 Hz, TH,
(2)-H-3'), 3.39 (ddt, J/=13.9, 5.8, 1.5 Hz, 1H, CH,H; H-1'), 3.30 (ddt,
J=13.9, 6.3, 1.4 Hz, 1H, CH,Hg H-1"), 3.12-3.01 (m, 2H, H-1), 2.83 (dd,
J=6.5, 42 Hz, 1H, H-3), 2.49-2.38 (m, 1H, H-4), 1.15 (d, J=6.8 Hz,
3H, H-7). *CNMR (101 MHz, CDCl,): 6 165.8 (C=0), 141.9 (C-5),
138.2 (C-1""), 137.2 (C-2'), 132.8 (C-4"), 130.4 (C-1"), 129.5 (C-2"),
129.4 (C-3""), 128.34 (C-3"), 128.27 (C-2""), 126.3 (C-4""), 115.8 (C-3'),
114.6 (C-6), 77.4 (C-2), 62.7 (C-3), 52.3 (C-1'), 40.5 (C-4), 35.9 (C-1),
16.7 (C-7). HRMS (ESI): m/z calculated for C,;H,gNO, [M+HI*:
350.2120, found 350.2125.
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The scope of the Petasis-borono-
Mannich reaction has been expanded
to include crotylboronates as a
variation of boronic ester. These have
been examined in reactions of chiral
o-heteroatom (F, OBz, OH) aldehydes
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and primary amines, to produce enan-
tioenriched compounds up to 97:3 er.
Examples have been converted to
heterocyclic scaffolds with proof of

absolute configuration.
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Mannich Crotylation Reactions of
Chiral a-Heteroatom (F, OBz, OH)
Aldehydes: Rapid Access to Valuable
Mono and Bicyclic Heterocyclic
Scaffolds
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