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Direct Enantio- and Diastereoselective Oxidative Homo-Coupling

of Aldehydes

Line Naesborg, Lars A. Leth, Gabriel J. Reyes-Rodriguez, Teresa A. Palazzo, Vasco Corti, and Karl

Anker Jgrgensen*®

Abstract: A novel strategy for the direct enantioselective oxidative
homo-coupling of oa-branched aldehydes is presented. The
methodology employs open-shell intermediates for the construction of
chiral 1,4-dialdehydes by forming a carbon-carbon bond connecting
two quaternary stereogenic centers in good yields and excellent
stereoselectivities for electron-rich aromatic aldehydes. The 1,4-
dialdehydes have been transformed into synthetically valuable chiral
pyrrolidines. Experimental mechanistic investigations based on
competition experiments combined with computational studies
indicate that the reaction proceeds through a radical cation
intermediate and that reactivity and stereoselectivity follow different
trends.

Introduction

The direct stereoselective a-coupling of two carbonyl moieties
into chiral 1,4-dicarbonyl compounds is a challenge due to the
dual nucleophilicity of the reacting species and has, according to
our knowledge, not been achieved. Indirect carbon-carbon
couplings have traditionally been performed by oxidation of pre-
formed enolates.™t! This elegant approach has been pursued by
Baran et al. in the coupling of e.g. oxazolidinones and oxindoles
with ketones applying LDA with copper(ll) or iron(lll).?
Furthermore, Thomson et al. disclosed a related oxidative
coupling of cyclic ketones via silyl-bis-enol ethers.l These
reactions generated racemic products with low
diastereoselectivitities and moderate yields. To further investigate
these reactions Flowers et al. applied ‘Li NMR to elucidate the

mechanism for the oxidative coupling of lithium enolates. Finally,

Hirao et al. demonstrated that oxo-vanadium(V) induces coupling
between boron- and silyl-enolates.®

Aldehydes are a cornerstone of organocatalysis which have
been applied in HOMO and LUMO attenuating strategies and
extended to SOMO activation via single-electron transfer (SET)
using various oxidants.[®! Of particular interest, MacMillan et al.
reported an oxidative a-coupling of aldehydes between an
enamine-based radical cation and a pre-formed silyl-enol ether
(Scheme 1a).

An important aspect of the a-coupling of aldehydes is the
potential for stereoselective construction of vicinal quaternary

[a] L. Neesborg, L. A. Leth, Dr. G. J. Reyes-Rodriguez, Dr. T. A.
Palazzo, V. Corti, Prof. K. A. Jgrgensen
Department of Chemistry,
Aarhus University
8000 Aarhus (Denmark)
E-mail:kaj@chem.au.dk

carbons. Strategies for the stereoselective generation of such
carbon-carbon bonds are underdeveloped. Literature cites a
variety of reasons for this including steric repulsion and the
difficulties in selectively activating coupling partners.?

We envisioned a concept based on the direct coupling of a-
branched aldehydes for the stereoselective construction of vicinal
quaternary stereocenters in succinic 1,4-dialdehydes. An open-
shell species of a catalytically generated enamine intermediate
was anticipated to overcome the immense energetic hill required
to form the bond connecting two quaternary stereogenic
centers.®] Herein, we disclose the first oxidative organocatalytic
strategy for the diastereo- and enantioselective coupling of a-
branched aldehydes (Scheme 1b).

The oxidative organocatalytic concept relies on an aldehyde
condensing with an aminocatalyst forming enamine I, which is
oxidized to generate radical cation I'. Intermediate I’ is proposed
to stereoselectively react with enamine-nucleophile | constructing
a carbon-carbon bond (Scheme 1b). In the following, we present
the development and scope of the catalytic a-coupling of a-
branched aldehydes affording enantioenriched 1,4-dialdehydes
with vicinal quaternary carbons, and their transformation into
synthetically  valuable chiral  pyrrolidines.  Mechanistic
investigations via competition experiments and computational
studies were carried out to obtain information about the reactivity
and selectivity of the presented methodology.

(a) Previous work: Organocatalytic a-coupling of aldehydes with

silyl-enol ethers
0, Me
.’% )
SiR
DS AP
R R SET

oxidation R'" 0O
(b) This work: Organocatalytic a-coupling of aldehydes forming vicinal
quaternary stereocenters

SET

Scheme 1. (a) Organocatalytic a-coupling of aldehydes with silyl-enol
ethers; (b) direct organocatalytic a-coupling of aldehydes mediating
the construction of vicinal quaternary stereogenic centers.

Results and Discussion

Recently, we reported that o,B-unsaturated aldehydes undergo
stereoselective y-couplings in the presence of Cu(ll), an
aminocatalyst, and air (O,) as terminal oxidant.®! Under these
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conditions linear aldehydes afford a product containing a carbon-
carbon double bond connecting the two aldehydes.[*%

Encouraged by the observed reactivity, we envisioned that o-
branched aldehydes might circumvent double-bond formation,
allowing for the formation of vicinal quaternary carbons in a
stereoselective manner. Subjecting 2-(6-methoxynaphthalen-2-
yl)propanal 1a to air/Cu(ll)”! provided 1-(6-methoxynaphthalen-2-
yl)ethan-1-one as an oxidative byproduct (Table 1, entry 1). To
avoid this undesired reaction, a search for different conditions was
initiated applying Ag,CO; as the oxidant with various
aminocatalysts (entries 2-4). Employing Ag.COs; increased
conversion to 1,4-dialdehyde 3a, and catalyst 2 led to superior
yields and stereoselectivities. A short screening of metal salts
revealed that Ag.CO; was the optimal oxidant (entries 5, 6).
Introduction of 4-NO,-PhCO;H (150 mol%) led to a dramatic
increase of yield and stereoselectivity (entry 7). If lower loadings
of 4-NO,-PhCO,H were employed, an increased amount of the
oxidative byproduct 1-(6-methoxynaphthalen-2-yl)ethan-1-one
was observed. Control experiments in the absence of
aminocatalyst or Ag,CO;3 displayed no reactivity (entries 8, 9).
This screening revealed that Ag,COs3 displayed the best oxidative
properties and in combination with aminocatalyst 2 (20 mol% per
equiv. of 1a) afforded 3a in the presence of 4-NO,-PhCOzH in
CH,Cl,.

Table 1. Screening results for the oxidative homo-coupling of a-
branched aldehyde 1a.

Ar?
2 (40 mol%)
ﬁ\rMe 4°NO,-PhCOH Q Me, Ar ) N e
Oxidant (1.5 equiv.) l%| Ar”=3,54CHy);Ph
Ar 17 h, rt, CH,Cl, N, Ar Me 0 2
(+-) 1a Ph
N Ph
e A ¥ dms
MeO 2'
Acid )
Entry Oxidant Conv. (%) d.r. ee (%)
(mol%)
1al[b] 0 Cu(OAcC),/air 4 1:1 -
2[°1 0 Ag.CO3 90 1:1 46
3 0 Ag.CO3 89 1:1 0
4 0 Ag.CO3 96 2:1 60
5 0 AgNO3;l! 27 2:1 >99
6 0 FeCl5ld 0 - -
76l 150 Ag2COs >95(78) 71 92
8[ﬂ 150 A92CO3 0 - -
9 150 - 0 - -

Reactions were carried out on a 0.05 mmol scale with 2.0 equiv. of 1a and 40
mol% of the aminocatalyst 2 (it should be noted that this corresponds to 20
mol% per equiv. of aldehyde) in 0.4 mL of solvent. Isolated yield is given in
brackets. Diastereomeric ratios are measured in the crude *H NMR. [a] 20 mol%

Cu(OAc)2 was employed in an open-air system. [b] The catalyst 2’ was employed.

[c] L-Proline was employed as catalyst. [d] 3 equiv. of metal salt used. [e]
Reactions were carried out on a 0.1 mmol scale. [f] Control experiment
performed in the absence of organocatalyst.
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These optimized reaction conditions were used to investigate a
representative scope of the enantioselective homo-coupling of a-
branched aldehydes (Table 2).

Table 2. Organocatalytic enantioselective oxidative homo-coupling of
a-branched aldehydes®

o 2 (40 mol%) O Me Ar' O\/Aﬂ
—_— -,
u\("'e 4-NO,-PhCO,H | N Ar2
Ar! Ag,CO; (1.5 equiv.) Ar! Me o 2
(+o)1 CH,Cla, Na, 1t 3 Ar? = 3 5-dimethylphenyl
Ar'=
) ‘\/
3b
78% (10 h) 60% (7 h) 67% (10 h) 79% (6 h) 75% (16 h)
92% ee 92% ee 96% ee 95% ee 94% ee
12:1d.r. 71d.r. 18:1 d.r. 14:1 d.r. 5:1d.r.
63% (6 h) 28% (6 h) 46% (e h) 31% (6 h)
94% ee 52% ee 6% ee 66% ee
5:1d.r. 1:1dr. 1:1dr. 3:1d.r.

[a] Reactions were performed on a 0.1 mmol scale. Diastereomeric ratio (d.r.)
determined by *H NMR after FC. Enantiomeric excess (ee) determined by a
chiral stationary phase UPC2. Absolute stereochemistry determined by analogy
to X-ray crystallography analysis of 4c-HBr (vide infra).

Table 2 demonstrates that the stereoselective o-coupling of
electron-rich aromatic aldehydes proceeds smoothly. Reaction of
an aldehyde carrying a methoxy-naphthyl moiety 1a provided 3a
in 78% yield and excellent stereoselectivity (92% ee, 12:1 d.r.). It
should be noted that the minor diastereoisomer is the meso-
product. Comparable results were obtained for the naphthyl
substituted aldehyde 1b. Aldehydes with methoxy-phenyl
substituents (1c,d) provided the a-coupled products 3c,d in
similar yields and stereoselectivities. We were pleased to observe
that 3e was obtained in 75% vyield, 94% ee and 5:1 d.r. despite
possible incompatibilities of the thioether due to potential
oxidation events.'Y Furthermore, the reaction of 2-(p-
tolyl)propanal 1f afforded 3f in 63% yield, 94% ee and 5:1 d.r. The
results in entries 3g-i reflect that electron-poor aromatic
aldehydes are less suited for this oxidative homo-coupling as they
display lower yields and stereoselectivities.

To demonstrate the synthetic potential of the 1,4-dialdehydes 3
obtained from this stereoselective coupling, reductive aminations
of 3a-c were performed (Table 3). Reaction of 3a-c with (S)-1-
phenylethan-1-amine provided the corresponding pyrrolidines 4a-
c. This class of interesting pyrrolidine core structures has been
applied as ligands and catalysts in methodology development.i*2
Additionally, pyrrolidines are privileged heterocycles in bioactive
molecules.3!

Table 3. Reductive amination of homo-coupling products 3a-c for the
formation of chiral pyrrolidines 4a-c.1?

This article is protected by copyright. All rights reserved.
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NH,
Me MeA
?Me Ar Ph Me Ar/,, LAr
%‘ AcOH (3.0 equiv.) N
Ar Me o NaBH(OAc); (3.0 equiv.) /V\
CH,CI, Ph™ "Me
3a-c 4a-c
Ar= &
\
MeO
\r“\/k\( oy
©\z 3¢
B
0% yleld 7% yleld 37% yleld
>20:1 d.r. >20:1 d.r. >20:1 d.r. 4c-HBr

[a] Reactions were performed on a 0.1-0.14 mmol scale. d.r. determined by *H
NMR after FC.

The present reaction concept allows for unprecedented
enantioselective coupling of o-branched aldehydes. This
methodology overcomes the difficulties in connecting two
quaternary stereogenic carbons and affords the homo-coupled
products in good yields and high stereoselectivities for electron-
rich aldehydes. Encouraged by these results, we sought to obtain
insight into the reaction mechanism to understand the factors that
govern reactivity. Density functional theory (DFT) was used to
determine the ionization potentials (IPs) of all relevant species
(Scheme 2). The calculations support a chemoselective pathway
by revealing enamine | to be more susceptible to oxidation than
the o-branched aldehydes, enols or organocatalyst, in
accordance with prior results.[®¢14 Oxidation of I’ to a dicationic
system I’ is calculated to be higher in energy. The IPs reflect the
energy required to remove one electron from the species below
which they are listed. The IP values for oxidizing I’ to I” are
additive (e.g. oxidation of | bearing a hydrogen to I’ requires 10.5
ev).

OH [o] Z S Z @ S Z <) 5
Ve we.J N N N
Me Me Me @
— ) o SET SET Y
= N — —
i q
R R
R R R
I

1

R: IP(eV) IP (eV) IP (eV) IP (eV) IP (eV)
H 5.5 6.7 54 4.6 5.9
CF; 58 7. 47 6.3
OMe 5.2 6.0 44 5.3

Scheme 2. Calculated IPs of o-branched aldehydes, truncated
organocatalyst 2 (pyrrolidine) and intermediates.

Two conceivable reaction pathways for this oxidative coupling
of a-branched aldehydes are considered: 1) radical cation I’
reacting with neutral enamine I, and 2) dication I”’ reacting with
neutral enamine | (Scheme 3).

IPs and observed reactivity could support the mechanism
proposed in Pathway 1 (Scheme 3). It relies on the assumption
that two equivalents of enamine | are formed by the reaction of
the a-branched aldehyde with organocatalyst 2. One of the
formed intermediates undergoes SET-oxidation by Ag(l)
generating radical cation I’. This intermediate is envisioned to
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react with enamine | providing adduct Il, from which the 1,4-
dialdehyde 3 is formed by subsequent SET-oxidation by Ag(l) and
hydrolysis. It is also possible that an enol species reacts with an
oxidized enamine I’. Additionally, we cannot rule out radical
recombination in this mechanism, though the reaction times and
product distributions might suggest radical recombination as
unlikely (see Supporting Information).

Pathway 1: Radical cation I' reacting with enamine |

. N Q\’ oxidative
%/Me Me\% couplmg
+

Ar Ar
1 |

l SET

U\,(Me Me

OMe Ar

‘K/m

Ar Me o
SET +
hydrolysis

@
By 0T
Ar M&M\.

Pathway 2: Dication I" reacting with enamine |
1

Scheme 3. Proposed reaction mechanism (Pathway 1) and another
conceivable reaction pathway for the oxidative homo-coupling of a-
branched aldehydes (Pathway 2).

The following sections describe the experiments performed to
obtain information discerning these two conceivable pathways,
and provide insight into this oxidative homo-coupling. We set out
to gain additional evidence for the proposed pathway proceeding
through radical cation I’ rather than dication I’ (i.e. differentiating
Pathways 1 and 2). A Newcomb radical-clock experiment could
distinguish between these intermediates,™® however, no radical-
adducts were observed. Traditional kinetic methods could be
employed to distinguish these pathways, unfortunately, they were
not suitable due to the heterogeneity of the reaction mixture.[¢l
Competition experiments proved effective as a means of
evaluating linear free energy relationships to discern the nature of
the oxidized enamine intermediate.

We have measured relative rates of the oxidative coupling in
binary mixtures of para-substituted 2-phenyl propanals 1 by
carrying out separate experiments under the same reaction
conditions. These were measured by a competitive method based
on product ratios and determined by *H NMR.I79 Relative
reactivities can provide valid rate measurements given that the
reaction being analysed is under kinetic control and that the
competing processes are of the same kinetic order.!*8% |t should
be noted that the coupling of | and I’ (Scheme 3) is not proposed
to be rate-determining, but product determining. The rate-
determining step is likely the SET-oxidation generating I’, which
is affected not only by the electronics of the substrate (as in the
case of the calculated IPs, Scheme 2), but also by the insolubility
of the oxidant.[*®l
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Product ratios from the competition experiments and full
details regarding relative rate determination via direct and indirect
methods can be found in the Supporting Information. The
following general trend is observed: enamines having more
radical-stabilizing substituents undergo faster oxidative couplings
compared to their less-stabilized counterparts. E.g. the para-
methoxy-substituted enamine reacts 4.7 times as fast as the
unsubstituted species (Table 4, line 1). Despite the disparity in the
rate- and product-determining steps, this trend is reflected by the
calculated enamine IPs (I > I’ Scheme 2) in which
IP(OMe)<IP(H)<IP(CF3).

Table 4. Relative reactivities of enamines Kgr.pn/Krpn in Oxidative

couplings. The values presented in italics are averages of four indirect
measurements.

R R= MeO MeS Me Br FC H
3c 3e 3f 3g 3h 3i

R MeS Me Br FsC H
e 12 31 26 2.7 47
1.040.1 24408 3.0+08 3.4+09 6+1
3.0 26 30 Wi
MeS 1 21403 2.8+0.8 3+l 5+1
o . 13 15 53
11403 1.1#02 2.1+0.7
1.0 51
Br 1 1.1#0.1 1.9+0.4
17
FsC 1 1.740.3

The relative reactivities presented in red in Table 4 enable a
Hammett analysis allowing for more specific information
regarding which of the two intermediates (I’ or I”) is involved.[8!
Figure 1 shows four Hammett-type plots for the oxidative coupling
of para-substituted 2-phenyl propanals 1. Figure 1a shows poor
linear correlation between log(kr-rn/ken) and the substituent
parameter o* (R? = 0.46).2% Gratifyingly, a linear correlation
between log(kr-rn/ken) and the substituent parameter o* was
obtained (R? = 0.98, Figure 1b).?Y1 This supports that radical
cation I’ is the reactive species, rather than dication I” and
distinguishes Pathways 1 and 2 (Scheme 3). In addition, the plot
in Figure 1b has a value of p = 2.8 suggesting that the reactive
intermediate I’ is highly sensitive to substituents.*8 Despite the
compatibility of thio-ether le for the synthetic approach, it is
excluded from the linear fit as the sulfur could be prone to
participate in other oxidation events.*! This is supported by spin-
density calculations in which a large radical contribution was
observed at the sulfur atom in comparison to other substrates
(see Supporting Information).

radly ; 7
oy L1 ] - g
] ava ] e
. o

s G S s %] Ne
3 .4 e ? 4 L s

[ ~ K g
< M e « a
® e - B o
2 02 = 0.2 y
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/
£2 | | <207 0
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Figure 1. Hammett-type plots for para-substituted 2-phenyl propanals.
(a) log(kr-pn/ken) vs o* values; (b) log(kr-pr/Ken) Vs o values; (c) log(d.r.)
vs o+ values; (d) log(e.r.) vs o+ values.

The results suggest that reactivity of the homo-coupling is
governed by radical stabilizing ability. Through the course of the
competition experiments we found an interesting trend in
stereoselectivity for the 1,4-dialdehyde products (d.r. relative to
1): MeO 3c: 5.0+0.4 (96% ee); MeS 3e: 3.7+0.7 (94% ee); Me 3f:
2.9+0.6 (94% ee); H 3i: 1.5+0.3 (66% ee); Br 3g: 1.6+0.3 (32%
ee); CF; 3h: 1.15+0.06 (6% ee). For the electron-rich 1,4-
dialdehydes 3c,e,f, high diastereomeric ratios?? and
enantiomeric excesses were obtained, while the 1,4-dialdehyde
3h having an electron-withdrawing substituent resulted in poor
stereoselectivity. While the reactivity correlates in a linear fashion
with g* values which are relative to radical stabilizing ability, the
logarithm of diastereomeric and enantiomeric ratios correlate
linearly with o* values (Figure 1c,d).”® These systems are
mechanistically complex. The data suggest that as the electron-
donating ability of the substituent increases, the energetic profile
between the pathways distinguishing the two enantiomers must
favor the experimentally obtained major product (R,R). This
complexity might originate from the presence of an intermediate
bearing both radical and cationic character.

Calculated IPs and linear free energy analysis support the
claim that the homo-coupling of a-branched aldehydes occurs via
a radical cationic intermediate. Additionally, calculated energy
barriers - if located - could provide further evidence for the
proposed reaction pathway. It should be noted that potential
energy profiles of radical species can be challenging as they often
proceed on high-energy surfaces with shallow minima.?4

DFT (Gaussian09)® was used to calculate transition-state
structures (TSSs) for the para-substituted 2-phenyl propanals
1c,f,g,h,i employing the unrestricted-oB97X-D28 functional with
a 6-31+G(d,p) basis set and the SMD solvent continuum model
(see Supporting Information for details).?”) DFT, which is known
to struggle with calculation of absolute barriers, can be quite
useful in predicting trends. Unfortunately, all attempts at
effectively modeling the trend in our relative rate ratios have been
unsuccessful. Overall, it was found that 1h having a
trifluoromethyl substituent had the highest reactivity barrier and 1f
bearing a methyl substituent had the lowest barrier.
Conformational analysis revealed that small changes in geometry
led to significant energy differences in TSSs and intermediates,
unfortunately not improving the correlation to experimental data.
The relative rates account for the complete reaction conditions
(e.q., heterogeneity, solvated silver species, full catalyst species,
etc.) which necessarily affect the energetic profile, and these
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factors are not modeled by the DFT calculations. The predicted
barriers, while not representative of the absolute barriers of this
reaction, indicate that it is more energetically favorable for the
homo-coupling reaction to occur, than for the second oxidation
leading to I”” to take place (Scheme 2).

Conclusions

In conclusion, a novel strategy for the direct enantioselective
oxidative homo-coupling of a-branched aldehydes has been
developed vyielding succinic 1,4-dialdehydes. These products
have been transformed into synthetically valuable chiral
pyrrolidines. Calculated IPs in addition to competition
experiments used to construct Hammett plots support that the
homo-coupling proceeds through a radical cation intermediate.
Based on the mechanistic analysis, the reactivity is governed by
radical character (o°), while the diastereo- and enantioselectivities
are influenced by cationic character (o*).

Experimental Section

Experimental and computational details (PDF), and crystallographic data
(CIF) can be found in Supporting Information.
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Homo-coupling? That’s radical!
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