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Isothiourea-Catalyzed Enantioselective Carboxy Group Transfer**

Caroline Joannesse, Craig P. Johnston, Carmen Concellon, Carmen Simal, Douglas Philp, and

Andrew D. Smith*

The rational design and mechanistic understanding of cata-
lytic systems capable of generating quaternary stereocenters
in an asymmetric fashion is a recognized challenge in
synthesis.'!l' A number of asymmetric Lewis base mediated
processes have been developed within this area,” in which
enantiomerically pure derivatives of 4-(pyrrolidino)pyridine
(PPY) and 4-dimethylaminopyridine (DMAP) are elegantly
employed by the Fu,”! Vedejs,* and Richards groups,t! as
asymmetric catalysts for the rearrangement of 5-oxazolyl
carbonates into 4-carboxyazlactones (Scheme 1).° This pro-
cess delivers C-carboxyazlactones bearing a quaternary
stereocenter with excellent enantiocontrol.”
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Scheme 1. The asymmetric Steglich rearrangement.

Among the recent developments in Lewis base catalysis,
the ability of isothioureas to efficiently promote alcohol
acylation has been demonstrated. Birman and Li first showed
that tetramisole and its benzannulated analogue BTM could
catalyze effective kinetic resolution® and desymmetrization
protocols (Scheme 2).) Independent studies by Kobayashi
and Okamoto, and Birman et al. subsequently introduced
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Scheme 2. Evolution of isothiourea catalysts.

DHPB,"” before Birman and Li developed HBTM (1) for the
kinetic resolution of aryl cycloalkanols."!! Building upon
these studies,'>'* Dietz and Groger have utilized tetramisole
(32mol%) to promote a modestly enantioselective rear-
rangement of an oxazolyl acetate (63% ee at 80 % conver-
sion),' and we have shown that DHPB represents the
optimal catalyst substructure for the carboxyl group transfer
reaction of oxazolyl carbonates in the racemic series.”

As part of a research program concerned with utilizing
Lewis bases as catalysts,'® we hoped to build upon these
precedents by using chiral isothioureas, such as 1, to promote
the Steglich rearrangement with high enantioselectivity. The
incorporation of a stereodirecting group at C4, adjacent to the
nucleophilic nitrogen atom, is imperative in these catalyst
architectures; this contrasts the recognized derogatory effect
of the 2-substitution of DMAP or PPY derivatives upon
catalytic turnover in acylation reactions.**” Upon formation
of an N-carboxy derivative within the Steglich reaction, this
stereodirecting group was predicted to adopt a pseudoaxial
conformation.™ It was anticipated that asymmetric induction
would arise from discrimination between the prochiral faces
of an azlactone enolate upon addition to this intermediate,
preferably anti to the C4 stereodirecting unit, with the axial
C3—H aiding differentiation between the planar aromatic and
aliphatic quadrants (Figure 1).

Initial studies evaluated isothiourea 1 to promote the
asymmetric O- to C-carboxyl group transfer of a range of
alkyl and aryl oxazolyl carbonates 2—4, with the transfer of the

aliphatic

planar

pseudo axial
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Figure 1. Proposed stereodefined N-carboxy intermediate. The stereo-
directing unit at C4 is imperative; the stereodefined N-carboxy
intermediate has a pseudoaxial directing substituent; and discrimina-
tion between the aliphatic and planar quadrants leads to high ee.
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phenoxycarbonyl group proceeding with the highest ee
(Table 1). The observed ee value of the product 7 proved
insensitive to a variety of solvents, with the exception of THF

Table 1: Optimization studies.”!

Ph
0 IQ .
N P [0}
;o\ Ph N7 TS
AN o»\ OR (511
2, R=Me CH,Clp
3, R=Bn
4, R=Ph Ar = 4-MeOCgH,
Entry R 1 (mol %) T[°C] ee [%]"
1 Me 10 RT 5 70
2 Bn 10 RT 6 72
3 Ph 10 RT 7 79
4 Ph 2 RT 7 79
5 Ph 10 -20 7 87
6 Ph 10 -50 7 91

[a] Reaction conditions: 2-4 (1 mmol), CH,Cl, (1 mL), 1h (RT) or 16 h
(—20°C or —50°C). [b] Determined by HPLC analysis.

which gave 7 with a reduced ee value.”” The loading of 1
could be reduced to 2 mol% at room temperature without
affecting the product ee value. For optimal enantioselectivity,
lowering the reaction temperature to —50°C was necessary,
giving 7 in 91% ee and 96 % yield.*!]

Additional studies probed the ability of isothioureas 8 and
9 to promote the carboxyl group transfer of 4 (Table 2).?
Isothiourea 8 showed similar reactivity and enantioselectivity
to 1 (Table 2, entries 4-6). Isopropyl-substituted isothiourea 9
delivered 7 with high a ee value at room temperature but

Table 2: Evaluating chiral isothioureas for the carboxyl group transfer.”!

isothiourea Ph

1,8,0r9
CH,Cl,

Ar = 4-MeOCgH,

Ph“\ s W
1 8 9

Entry Cat. (mol %) T[°C] Yield [96]®) ee [%6]"
1 1(2) RT 95 79

2 1 (10) -20 9% 87

3 1 (10) -50 9% 91

4 8 (10) RT 93 83

5 8 (10) -25 92 87

6 8 (10) —60 9% 93

7 9 (10) RT 94 87 (ent)
8 9 (10) -10 94 91 (ent)

[a] Reaction conditions: 4 (1 mmol), CH,Cl, (1 mL), Th (RT) or 16 h
(=10°Cto —60°C). [b] Yield of isolated product. [c] Determined by HPLC
analysis.
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proved less reactive than either 1 or 8, showing only
reasonable catalytic activity between room temperature and
—10°C (Table 2, entries 7 and 8).

The generality of this process was additionally examined
using isothioureas 1 and 8. Rearrangement of the C4-
alkyloxazolyl phenyl carbonates (R=Me, Et, nBu, allyl,
CH,CH,SMe) with either 1 or 8 proceeded with uniformly
excellent enantioselectivities to deliver products 10-13
(Table 3, entries 3-8). Tyrosine-derived carbonates also

Table 3: Scope of the enantioselective carboxyl group transfer of oxazolyl
carbonates with isothioureas 1 and 8.

. . 1
R o |so1th(;1:t;rea R ) ZR
’}'é\ )X\Om (10 mol%) /zi\o
Ar o~ O —>CHZCIZ Ar o~ o
Ar = 4-MeOCgH, -50°C 7,10-19
Entry Cat. R R' Prod. Yield ee
(%] (9]
1 1 Bn Ph 7 9% 91
2 8 Bn Ph 7 9 93
3 1 Me Ph 10 68 94
4 8 Me Ph 10 94 940l
5 1 Et Ph n 91 91
6 8 Et Ph n 9% 93
7 1 nBu Ph 12 65 92
8 1 allyl Ph 13 69 89
9 1 CH,CH,SMe Ph 14 65 90
10 1 4-BnOC4H,CH, Ph 15 90 91
1 8 4-BnOC¢H,CH, Ph 15 86 86!
12 1 4-PhO,COC,H,CH, Ph 16 90 90
13 8 4-PhO,COC(H,CH, Ph 16 97 87t
14 1 iBu C(Me),CCl; 17 88 89!f
15 8 iBu C(Me),CCl; 17 82 91l
16 1 iPr Ph 18 - 731
17 1 iPr 4-MeOCH, 19 38 78
18 8 iPr 4-MeOC4H, 19 30 781

[a] Reaction conditions: oxazolyl carbonate (1 mmol), CH,Cl, (1 mL),
16 h. [b] Yield of isolated product. [c] Determined by HPLC analysis.
[d] Reaction temperature —60°C. [e] Reaction temperature —30°C.
[f] Reaction temperature RT. [g] Reaction temperature 40°C. [h] Reaction
temperature 0°C.

undergo carboxyl group transfer with good enantioselectivity
to give products with up to 91 % ee (Table 3, entries 10-13).
Carboxyl group transfer in the leucine series proceeded at
room temperature with 1 to give 17 in 88 % yield and 89 % ee,
whereas using 8 at 40°C gave 17 in 82% yield and 91 % ee
(Table 3, entries 14 and 15). Rearrangement of the C4-
isopropyl-substituted oxazolyl phenyl carbonate with 1 pro-
ceeded readily to give 18 at room temperature, although
significant amounts (30-40%) of the parent azlactone,
formally corresponding to hydrolysis of the carbonate
group, precluded the isolation of homogeneous product
(Table 3, entry 16). However, reaction of the corresponding
4-methoxyphenyl carbonate using 8 allowed the isolation of
19, albeit in modest yield (Table 3, entries 17 and 18), thereby
representing, to the best of our knowledge, the first asym-
metric rearrangement of C4-a-alkyl-branched oxazolyl car-
bonates.“
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To exemplify the utility of the reaction products, 17
(91 % ee) was derivatized with L-alanine methyl ester, giving
dipeptide 20 as a single diastereoisomer after purification
(Scheme 3).!
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position. As predicted, N-carboxylation of 1 to give 23 results
in a reversal of the conformational bias—a pseudoaxial Ph
group in 23 is 4.62 kcalmol' more favorable than the
corresponding pseudoequatorial conformation, presumably
reflecting minimization of 1,2-strain in this intermedi-
ate. Within 23, the N-phenoxycarbonyl group prefer-
entially lies approximately co-planar with the iso-
thiourea heterocycle, giving two rotameric forms of

N & CCk HeLHNT CO,Me intermediate 23, with the C=O group either syn
py © _— 1 N CO:Me  (preferred) or anti with respect to the C=N bond.
Ar g 0 DMAP, NEt; NHCOAr Enolate 24 is therefore predicted to preferentially

56%
17,91% ee
Ar = 4-MGOCGH4

Scheme 3. Derivatization of C-carboxyazlactone product 17.

Preliminary mechanistic studies show that nonlinear
effects are not observed between the ee of the product
(R)-7 and catalyst 1, of known ee, upon rearrangement of
carbonate 4; this result is consistent with only one molecule
of 1 being involved in the stereochemical-determining step of
this reaction. Furthermore, control experiments indicate that
the C-carboxyazlactone products are configurationally stable
under the reaction conditions,* consistent with the C—C
bond-forming event being irreversible. To understand the
factors that govern the observed stereocontrol in this
reaction, we performed calculations on the rearrangement
of oxazolyl carbonate 21 using isothiourea 1, which exper-
imentally generates (R)-22 in 84 % ee at room temperature,!
at the B3LYP/6-31G(d,p) level of theory” For these
calculations, it was assumed that the formation of C-carbox-
yazlactone (R)-22 is initiated through nucleophilic attack of 1
at the carbonate carbonyl group of 21 which generates, after
collapse of the corresponding tetrahedral intermediate,
N-carboxy intermediate 23 and azlactone enolate 24. Sub-
sequent preferential C-carboxylation upon the Re face of
enolate 24 gives (R)-22 (Scheme 4).

A key question in understanding stereocontrol in this
rearrangement reaction is identification of the lowest energy
conformation of the N-carboxy intermediate 23. Calculation
of the relative conformational energies of (S)-1 revealed that
the Ph group preferentially adopts a pseudoequatorial

Nosl

Me OPh M
\ (K1 e g
N—f \O NX\ »\
/ /
Ph/ko 0 Ph/<o o OPn
22, 84% ee

Ph N7 TS Ph
+
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Scheme 4. Proposed catalytic cycle for the asymmetric carboxyl group
transfer from the O to C of 21 to generate (R)-22 using (S)-1.
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approach 23 anti to the face blocked by the axial Ph
group.

This facial selectivity alone is not enough to
generate high enantioselectivity in this transforma-
tion, as the lateral orientation of prochiral enolate 24
with respect to 23 must also be controlled. The two
possible orientations of enolate 24, combined with the two
rotamers of 23, gives rise to four possible combinations
(Figure 2). We calculated the structures and the relative
energies of the favored transition state for each permutation.
Revealingly, all possible transition-states A-D placed the C2-
phenyl group of enolate 24 over the planar aromatic portion
of the isothiourea, thereby minimizing interactions with the
axial C3—H of the tetrahydropyrimidinium ring. Both tran-
sition states leading to the major (R)-product enantiomer
(TS A and TSB, Figure 2a) are lower in energy than the two
transition states leading to the minor (S)-product enantiomer
(TSCand TS D, Figure 2 a). The lowest energy transition state
is that accessed from the rotamer of 23 in which the C=O
group is syn with respect to the C=N bond, permitting
additional stabilizing C—H:-O interactions between the
enolate and both the tetrahydropyrimidinium ring and the
ortho-hydrogen atoms of the aromatic ring of the phenoxy-
carbonyl group (Figure 2b).”?” The molecular electrostatic
potentials of 23 and 24 were computed next to further
understand the origins of this orientational selectivity.”!
These calculations indicated a significant area of positive
charge associated with the surface of 23 centered on the
tetrahydropyrimidinium ring. In enolate 24 there is consid-
erable charge asymmetry associated with the oxazole ring,
with the enolate oxygen atom carrying significant negative
charge. Matching of these two areas of opposite charge gives
rise to the correct orientation of enolate 24 with respect to 23
at the transition state.

In conclusion, isothioureas 1, 8, and 9 promote the
rearrangement of a range of oxazolyl carbonates with
excellent levels of enantiocontrol (up to 94 % ee). The factors
leading to high stereocontrol in this process have been studied
computationally, with a number of discrete features identified
as important. Firstly, the preference of the C4-stereodirecting
group of N-carboxy intermediate 23 to adopt a pseudoaxial
conformation directs the incipient enolate anti to the stereo-
directing unit. Secondly, -electrostatic complementarity
between N-carboxy 23 and enolate 24, assisted by C—H--O
interactions and minimization of steric interactions with the
axial C3—H, ensures that facial control of the enolate with
respect to the C=O group is achieved. Current studies are
focused upon probing fully the mechanism of this trans-
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Figure 2. a) Relative transition-state energies (B3LYP/6-31G(d,p)) for
the four possible transition states of the reaction of N-carboxy
intermediate 23 and enolate 24. Energies given in kcal mol™". b) Ball-
and-stick representation of the lowest energy transition state (B3LYP/
6-31G(d,p)) accessed by N-carboxy intermediate 23 and enolate 24
which leads to (R)-22. Dashed lines indicate C—H---O interactions and
the solid black line indicates the C—C bond forming. Carbon atoms are
light gray, nitrogen and oxygen atoms are dark gray, and hydrogen
atoms are white.

formation and developing alternative applications of enan-
tiomerically pure isothioureas in asymmetric catalysis.
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For representative examples that demonstrate the preference of
substituents adjacent to an N-acyl group in heterocyclic com-
pounds to adopt a pseudoaxial position, see a) P. J. Sinclair, D.
Zhai, J. Reibenspies, R. M. J. Williams, J. Am. Chem. Soc. 1986,
108,1103; b) J. F. Dellaria, B. D. Santarsiero, J. Org. Chem. 1989,
54,3916; c) M. G. B. Drew, L. M. Harwood, G. Park, D. W. Price,
S.N. G. Tyler, C. R. Park, S. G. Cho, Tetrahedron 2001, 57, 5641.
The absolute configuration of (R)-6 was assigned by comparison
of the sign of its specific rotation with that reported in the
literature.”! The absolute configuration of (R)-7 was unambig-
uously assigned by comparison of the HPLC data derived from
rearrangement of 4 into (R)-7 employing an authentic sample of
(R)-TADMAP that was generously donated by Prof. Edwin
Vedejs. The configuration of all other rearrangement products
was assigned by analogy.

See the Supporting Information for full details.

As well as giving the highest enantioselectivity, phenoxycarbonyl
substrates rearrange at a faster rate than the corresponding
methoxy- and benzyloxycarbonyl derivatives, and also allow the
reaction temperature to be lowered significantly from room
temperature to optimize product ee values.

The stereochemical integrity of 1, 8, and 9 were all unambigu-
ously assessed as greater than 99 % ee by HPLC analysis and
comparison with racemic standards. 1, 8, and 9 were easily
synthesized from the corresponding enantiomerically pure
v-amino alcohol derivatives in three simple steps (see the
Supporting Information for full experimental details). (5)-1 was
prepared directly from commercially available (S)-3-amino-3-
phenylpropan-1-ol hydrochloride (>99% ee, Fluorochem);
(3R,4S5)-8 was readily derived from (1S,25)-2-methyl-3-oxo-1-
phenylpropylcarbamate (>98% de, >99 % ee) which was pre-
pared using an asymmetric L-proline-catalyzed Mannich reac-

[24

[}

[25]

[26]

[27]

tion; see J. W. Yang, M. Stadler, B. List, Nat. Protoc. 2007, 2,
1937. (R)-9 was derived from (R)-3-amino-4-methyl-pentanoic
acid (>99% ee, Fluorochem).

For reviews of nonlinear effects in asymmetric catalysis, see
a) H. B. Kagan, T. O. Luukas in Comprehensive Asymmetric
Catalysis (Eds.: E.N. Jacobsen, A. Pfaltz, H. Yamamoto),
Springer, New York, 1999, chap.4.1; b) H. B. Kagan, Adv.
Synth. Catal. 2001, 343, 227.

Treatment of (R)-7 (79% ee) with either (S)-1 or (+£)-1
(10 mol%) in CH,CL, at ambient temperature returned (R)-7
(79 % ee); treatment of (£ )-7 with (S)-1 similarly returned ( % )-
7.

Oxazolyl carbonate 21 was treated with (§)-1 (10 mol%) in
CH,Cl, at room temperature, giving (R)-22 in 84 % ee. See the
Supporting Information for details. Fu and co-workers have
previously shown that a 4-methoxyphenyl oxazolyl substituent
offers the highest rate of rearrangement in this process (see
reference [3])and so this substituent was used throughout.
Comparable product ee values were obtained from the rear-
rangement of 21 (4-Ph) and the corresponding 4-methoxyphenyl
oxazolyl carbonate in our hands.

The Supporting Information contains full computational details,
coordinates corresponding to the four lowest energy transition-
states A-D and the electrostatic potential surfaces of N-carboxy
23 and enolate 24.

The observation of the ortho-hydrogen atoms of the phenoxy-
carbonyl intermediate participating in stabilizing C—H--O
interactions in the preferred transition state may explain the
trend observed in Table 1 in which the highest levels of
enantioselectivity are observed with the phenoxycarbonyl,
rather than methoxy- or benzyloxycarbonyl substrates.
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