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Herein, we report a catalytic asymmetric oxa-Pictet—Spengler
ABSTRACT: The development of a highly enantioselec- reaction, which has been enabled through the design of nitrated
tive catalytic oxa-Pictet—Spengler reaction has proven a confined imidodiphosphate catalysts.'*
great challenge for chemical synthesis.. We now LIS the When we started our studies with phosphoric acid catalyst
ﬁr§t' 'example .Of such a process, Whlch s reah'zed t_>y 4a'® and isovaleraldehyde, attempts to carry out the desired
utilizing a nitrated conﬁne.d 1m1dod1phosphor1c acid oxa-Pictet—Spengler reaction using phenylethanol (1a) only
catalyst. Our approach provides substituted isochroman gave the symmetrical acetal intermediate'” (Table 1, entry 1).
derivatives from both aliphatic and aromatic aldehydes . .
) . . ; A Even the more electron-rich methoxy-substituted phenyl-
with high yields and excellent enantioselectivities. DFT :
: T Bl £ . . ethanols (1b—1c) were found to only give the acetal product
calculations provide insight into the reaction mechanism. . . .
(entries 2—3). We speculated that a solution to this problem

might involve utilizing the bifunctional nature of these acid
catalysts."® Specifically, a hydroxylated substrate may provide an

he Pictet—Spengler reaction is an acid-catalyzed cyclo-
condensation of carbonyl compounds and aryl ethyl-
amines forming aza-heterocycles." It is a powerful and well-

Table 1. Optimization of Reaction Conditions”

developed C—C bond formmg approach to complex molecules, R OH | /k/ cho  catalyst (10 moi%) R!
including natural products Jacobsen et al? reported a chiral RD/V 5AMS, 50 °C R2 o)
thiourea catalyzed asymmetric acyl-Pictet—Spengler reaction, 1a:R'=RZ=H 2 3
and subsequently, our group developed a Bronsted acid b:R'=0Me, RZ=H  (25equiv)

R1=R2=
catalyzed enantioselective Pictet— Spengler reaction.”> In the :; ;:'SH) sZM:H

analogous oxa-Pictet—Spengler reaction,’ aryl ethanols react

Ar'!
with carbonyl compounds to give 1-substituted isochromans.” OO o OO OO O so,
The isochroman motif constitutes the framework of many O;F;QOH C SRy
natural and synthetic bioactive products of interest (Figure 1). OO © O oHS SOZ

Ar'
HO. R HO. J\ 1 5a:R=H Al =246-E0sCeHy  6a: A= 3,5-(CFy),-CeHs
2 Me O o) - 4a: Ar'=246-(Et);-CeHz  5b: R=NO, Ar'=24,6-(Et)CeH,  6b: Ar2 = CgHs
o o 0
HO ) HO < O ,
N
MeO,C O entry  substrate  catalyst solvent t (h) yield (%) er
OHE™N OH Ho O 1 la 4a DCE 72 0 NA
Penicisochi
Me D‘i’;‘;’ma';’mans OH 2 1b 4a DCE 72 0 NA
llexchromane (1)~ E (R=OH, 2b) Blapsin B (3) 1SO-09 (4) 3 1c 4a DCE 72 0 NA
' . 4 1d 4a DCE 72 97 60:40
Figure 1. Structures of natural and synthetic isochromans. s 1d sa DCE 7 46 8020
6 1d 6a DCE 8 99 49:51
7 1d 6b DCE 8 99 51:49
] ) ) , 8 1d sa PhMe 72 31 75:25
Examples include ilexchromane (12; obtfnfled from the dried 9 1d sa CyH ” & 7030
roots of Ilex pubescens Hook et Arn,” penicisochromans D (2a) 10 1d sa MTBE 7 0 046
and E (2b) from Penicillium PSUF40,” Blapsin B (3) from Blaps 1 1d sb MTBE 72 90 98:2
japanensis,'® and the synthetic apoptosis inhibitor of vascular 12 1d B} MTBE 7 0 NA
. 11 12
endothelial cells ISO-09 (4). In 2008, Jacobsen et al. “Reactions on a 0.02 mmol scale (0 2 M); er determined by HPLC
reported an enantioselective thiourea-catalyzed addition of silyl (see Supporting Information)." bErom 'H NMR using an internal
ketene acetals to oxocarbenium ions. Toward a potentially standard. DCE = 1,2-dichloroethane, CyH = cyclohexane, and MTBE
more general approach to isochromans, an asymmetric oxa- = methyl fert-butyl ether.
Pictet—Spengler reaction would clearly be of value. However, to
the best of our knowledge, a highly enantioselective catalytic Received: June 27, 2016
version is unprecedented.'” Published: July 26, 2016
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additional functional group for hydrogen bonding interactions
with the catalyst. In previous studies, includin% enzymatic ones,
a 3-hydroxyl has also proven to be beneficial.” Indeed, treating
3-(2-hydroxyethyl)phenol (1d) with isovaleraldehyde in the
presence of catalyst 4a gave the corresponding product (3d) in
97% yield and promising enantioselectivity (entry 4).*°
Encouraged by this result, we explored several other acids to
identify a more selective catalyst. While imidodiphosphate
(IDP) catalyst Sa with its established ability in handling
oxocarbenium ion intermediates significantly improved the
enantioselectivity to 80:20 er,”’ it only gave moderate
conversion (entry S). To increase the yield of the reaction,
more acidic Brensted acid catalysts were considered and
evaluated. Interestingly, disulfonimide (DSI)**** catalysts 6a
and 6b afforded product 3d in quantitative yield in shorter
reaction time but virtually racemic product. Thus, catalyst Sa
was used to optimize other reaction parameters. The evaluation
of different solvents (entries 8—10) showed that MTBE gave
the best enantioselectivity. However, the conversion still
remained low. We envisioned that the introduction of nitro
groups onto the IDP catalyst may increase its acidity thus
providing higher yields.”* Indeed, we synthesized nitro-IDP
catalyst Sb, which under optimized reaction conditions,
afforded excellent results with 90% yield and 98:2 er (entry 11).

The scope of the reaction was explored under these
optimized reaction conditions (Table 2). Remarkably, the
reaction tolerates a variety of aliphatic and aromatic aldehydes
(R*CHO). Irrespective of the electronic and steric nature of the
substituents, the isochroman products were obtained with good
to excellent yields and enantioselectivities. We have also
investigated other phenol derivatives (entries 9—10) and
found them to be suitable substrates, delivering products 31
and 3m in excellent yields (92—98%) and er (up to >99:1).
Reducing the catalyst loading to S mol % led to longer reaction
times but still gave full conversion and excellent enantiose-
lectivity (entry 11).

To understand the mechanism of our reaction, we initially
employed density functional theory (DFT) to study the
reaction between 1d and 2 in the presence of a slightly
simplified catalyst Sc (Cata) (Ar, = 2,4,6-(Me);-C4H,).">*
The calculated free energy (enthalpy) profile is displayed in
Figure 2a. A detailed discussion is given in the Supporting
Information. Briefly, both 2 and 1d initially coordinate to Sc
yielding hydrogen-bonded complexes (Com1 and Com2). The
reaction is initiated by protonation of aldehyde 2, which is then
attacked by the hydroxyl group of substrate 1d that is
concomitantly deprotonated by Sc in an essentially barrierless
process via transition state TS1. Thereafter, a proton transfer
via TS2 and the release of a water molecule generate mixed
acetal intermediate Int3, featuring a weak covalent bond
between the acetal carbon and an oxygen of catalyst Sc. As
expected for a hydroxylated substrate'” (see above), Int3 has a
hydrogen bond between the phenolic hydroxyl group of 1d and
another oxygen atom of Sc, which may direct the subsequent
transformation. Int3 undergoes a 6-endo-trig cyclization
reaction with loss of aromaticity of the aryl ring, via
regioisomeric transition states TS3/TS3’. This step is
concerted but highly asynchronous, and it is also the rate-
limiting step that determines the regioselectivity. The
computed free energy (AG) of TS3 (31.9 kcal/mol) is lower
than that of TS3" (38.2 kcal/mol). The preference for para-
substitution may be traced back to C—H--- interactions in TS3
and TS3'. Figure 2b shows that the electrostatic potential

Table 2. Scope of the Asymmetric Oxa-Pictet—Spengler
Reaction”

HO.
1
25

R2

5A MS, MTBE (0.2 M)
1 3

entry product t(d)/T (°C) yield (%) er
HO.
. o 3/50 87 973
3d
HO.
(0]
2 3/50 82 97.8:2.2
3e
HO.
0
3 4/50 & 97.5:2.5
3 Ph
4 3/rt 91 98:2
5 3/rt 75 99:1
6 3/rt 93 98:2
0
7 3/rt 87 99.5:0.5
s ()
Br
HO
3
8 8/-10 73 95'5
s L
HO
0o
9 MeO' 3/50 92 99.6:0.4
3l
HO
@
10 Meo 3/rt 98 98.5:1.5
n )
HO.
b )
n 5/50 97 97.6:2.4

“Reactions were performed at 0.1 mmol scale; er determined by
HPLC analysis on chiral stationary phase.'® PReaction was run with §
mol % catalyst loading; yield was determined by 'H NMR using an
internal standard.
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Figure 2. (a) Computed free energy (enthalpy) profile for the
asymmetric oxa-Pictet—Spengler reaction in MTBE at the B3LYP-D3/
TZVP//TPSS-D3/SVP level. Energy values are in kcal/mol. Black, full
pathway with cyclization by para-nucleophilic attack; blue, cyclization
by ortho-nucleophilic attack (not observed). Bottom, 2D representa-
tions of selected intermediates and transition states. (b) Selected
electronic and structural parameters for TS3 (left) and TS3’ (right).
Distances are in A; ESP charges are in parentheses. A subsequent
hydrogen transfer in Int4 restores the aromaticity and leads to a
complex containing the isochroman product 3d, and catalyst release
completes the reaction cycle.

(ESP) charge on H1 is much higher in TS3 (0.31 e) than in
TS3’ (0.04 e), indicating a much stronger C—H---x interaction
between 1d and Cata in TS3. Moreover, C,,,, is slightly more
negatively charged (—0.18 e) in TS3 than is C, (—0.16 ) in
TS3’, which also should facilitate the cyclization. Consequently,
TS3 for para-substitution is earlier than TS3’ for ortho-
substitution, as indicated by the C1-C,,,,, distance (1.98 A) in
TS3 being larger than the C1—C,,, distance (1.88 A) in TS3'.
Hence, the para-substitution is more favorable electronically
and sterically in the 6-endo-trig cyclization (consistent with the
observed experimental product). A subsequent hydrogen
transfer in Int4 restores the aromaticity and leads to a complex
containing the isochroman product 3d, and catalyst release
completes the reaction cycle. The formation of the mixed acetal
intermediate was corroborated by electrospray ionization mass
spectrometry (ESI-MS) studies.'”

We have developed the first highly enantioselective catalytic
oxa-Pictet—Spengler reaction.”® Our methodology furnishes
isochromans in excellent yields and enantioselectivity from
phenol ethanols and both aliphatic and aromatic aldehydes
when treated with the nitrated chiral confined Brensted acid
catalyst Sb.
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