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Abstract The synthesis of several novel organocatalysts derived from
(R)- and (S)-proline-glycine dipeptides and incorporating a chiral phos-
phoramide fragment was accomplished. These chiral compounds cata-
lyze the enantioselective aldol addition reaction of cyclohexanone to
prochiral aryl aldehydes and isatins in the presence of water. These chi-
ral organocatalysts represent some of the few proline-derived com-
pounds capable to catalyze aldol-type addition of cyclohexanone to
isatins, a C–C bond forming transformation for which chiral primary
amines are usually more successful. Additionally, these phosphora-
mide-containing catalysts afforded excellent results in the addition of
cyclohexanone to aryl aldehydes, as anticipated by the presence of the
proline moiety. The present report includes a detailed evaluation of the
new multifunctional catalysts that are able to afford either enantiomer
of the chiral product by adequate selection of the configuration of the
proline residue.

Key words asymmetric organocatalysis, double hydrogen bond donor,
dipeptides, hydrophobic interactions, Brønsted acid, Lewis base

Organocatalysis has become a powerful methodology to
increase both rate and stereoselectivity in asymmetric or-
ganic transformations. Since its rediscovery1 in the year
2000 by List et al.2a and MacMillan et al.2b a great number of
studies have been undertaken to improve the organocata-
lyst’s performance as well as to expand the range of stereo-
selective transformations catalyzed by (usually small) chiral
organic compounds.3 In this regard, the asymmetric aldol
reaction has been extensively investigated owing to its im-
portance in the selective formation of new C–C bonds ac-

companied by the creation of one or two new centers of
chirality.4

In this context, a milestone advance in asymmetric aldol
additions consisted in the clarification of the catalytic cycle
of proline-catalyzed processes by List, Houk et al.5 who not-
ed the importance of an acidic hydrogen adjacent to the
proline residue to ensure reactivity and selectivity.5,6 Also
relevant in this regard, is the realization by Gong, Wu et al.7a

that more than one hydrogen bonding interaction in the
transition state can fix and activate more efficiently the
electrophile leading to a more reactive and stereoselective
catalytic process.7 Figure 1 shows some successful examples
of this type of catalysts, where a pyrrolidinic proline frag-
ment is essential to ensure enamine activation, whereas
different functional groups act as hydrogen bond donors.

Figure 1  Successful double hydrogen bond donor organocatalysts 
used in the enantioselective addition of cyclohexanone to aldehydes
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For example, Wu’s7a and Wang’s7g catalysts incorporate an
amide N–H group in addition to a hydroxy group. By con-
trast, Singh’s,7e Kokotos’s,7j and Peng’s7h catalysts also pres-
ent an amide N–H function, but in combination with a sul-
fonamide, thiourea, or a second amide function (Figure 1).

On the other hand, the pursuit of environmentally
friendlier organocatalytic processes gave rise to the devel-
opment of hydrophobic derivatives, which could perform
the reactions in aqueous media. This strategy was pio-
neered by Barbas, et al.8a and is now widely developed (Fig-
ure 2).8 Generally, these organocatalysts incorporate large
hydrophobic groups that in the presence of water create a
lipophilic microenvironment, such as the one found in mi-
celles. This brings organic substrates closer together giving

rise to an increased reaction rate and at the same time ren-
dering tighter, more robust transition states, which en-
hance steric interactions and improve stereoselectivity.8m

In this context, recently we reported the synthesis of
novel prolinamide catalyst I incorporating a chiral phos-
phoramido group.9 Application of I as organocatalyst in the
asymmetric aldol addition of cyclohexanone to isatins in
the presence of water afforded quite good stereoselectivi-
ties; nevertheless, organocatalyst I proved less efficient in
the corresponding aldol addition to p-nitrobenzaldehyde
(Figure 3).10

Inspired by the fact that double hydrogen bond donor
functionality in organocatalysts has proved rather conve-
nient,7 and the successful application of small peptides in
organocatalysis,11,12 we decided to synthesize dipeptide-
containing derivatives II (Figure 4), which offer several de-
sirable characteristics: (1) the large benzodiazaphosphole
moiety provides the desired hydrophobic environment;8,13

(2) the (R)- or (S)-Pro-Gly dipeptidic fragment constitutes
the catalytically active core, with a pyrrolidine fragment
able to perform enamine activation,14 as well as two quite
acidic NH hydrogens for activation of electrophiles;7 and (3)
the glycine spacer joining the proline and the phosphora-
mide segments could help create a sufficiently large ‘cavity’
for the fixation and activation of electrophiles. Finally, the
N-phosphonylimine segment has proven to be very useful
for the development of GAP (group-assisted purification)
chemistry and technology,15 which can convert oils into sol-
ids and avoid the use of column chromatography, thereby
minimizing the use of silica gel and solvents. 

Figure 4  Structural characteristics of the proposed organocatalyst II

In the initial approach to synthesize the proposed or-
ganocatalysts, initial condensation of previously described
phosphoramide (1R,2R,1′R,2′R)-19,15 with glycine methyl
ester using n-BuLi as a base was carried out (Scheme 1);
nevertheless, the yield of (1R,2R,1′R,2′R)-2 was quite low

Figure 2  Some successful hydrophobic organocatalysts used in enantio-
selective aldol additions in the presence of water
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Figure 3  Chiral phosphoramide I and its application in the asymmetric 
aldol addition of cyclohexanone to aromatic aldehydes and isatins9
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(10%) in spite of the fact that an excess (5 equiv) of glycine
methyl ester were employed. Indeed, self-condensation of
this glycine derivative apparently competes with the de-
sired reaction.

Gratifyingly, condensation of (1S,2S,1′R,2′R)-1 with
methyl 2-bromoacetate afforded (1S,2S,1′R,2′R)-3 in high
yield (90%, Scheme 2). This process was chemoselective as
addition-elimination reaction at the carbonyl group in
methyl bromoacetate took place instead of SN2 reaction at
the alkyl halide fragment. The bromine atom in
(1S,2S,1′R,2′R)-3 was then substituted by an azido group via
SN2 displacement reaction with sodium azide at room tem-
perature in a mixture of DMF/DMSO (9:1) solvent. The azi-
do group in (1S,2S,1′R,2′R)-4 was reduced by palladium-cat-
alyzed hydrogenation under mild reaction conditions to af-
ford the desired compound (1S,2S,1′R,2′R)-2 in good yield
(Scheme 2).

In order to obtain the desired catalyst, we first tried to
couple N-Boc-(S)-proline, (S)-5, with (1R,2R,1′R,2′R)-4 using
ethyl chloroformate as activating agent; nevertheless, car-
bamate 7 was obtained instead (Scheme 3).

Fortunately, when propylphosphonic anhydride
(T3P®)16 was employed as coupling reagent, the desired
products  8a–d were obtained in good yield. The N-Boc pro-
tecting group was removed with trifluoroacetic acid and
the resulting salt was neutralized with ammonium hydrox-
ide or 1 M sodium hydroxide to afford free catalysts 9a–d
(Scheme 4). Because our previous work with prolinamide
catalyst I9 showed that the configuration of the α-phenyl-
ethyl moiety has no influence on the reaction stereochemi-
cal outcome, only the stereochemistry at the octahydroben-
zodiazaphosphole and pyrrolidine moieties was varied.

Scheme 2  Synthesis of N′-phosphoryl glycine amides (1S,2S,1′R,2′R)-2 and (1R,2R,1′R,2′R)-2. Reagents and conditions: a) 1. n-BuLi, THF, 0 °C, 20 min, 
2. Methyl bromoacetate, THF, 0 °C, r.t., 24 h, 90–91%; b) NaN3, DMSO/DMF (9:1), r.t., 24 h, 97–99%; c) H2, Pd/C, MeOH, r.t., 12 h, 87–91%.
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Table 1  Optimization of the Asymmetric Aldol Reaction Between 
Cyclohexanone and 4-Nitrobenzaldehyde Catalyzed by 
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Entry 9a (mol%) Time (h) Yield (%)a dr (anti/syn)b erc

1 10 10 99 93:7 91:9

2  5 24 91 93:7 91:9

3d  5 24 90 91:9 94:6

4d  2 96 98 92:8 90:10
a Yield of pure, isolated product containing both diastereomers.
b Determined by 1H NMR analysis of the crude product.
c Determined by chiral HPLC of the isolated products.
d In the presence of 5 mol% of BzOH.
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Evaluation of organocatalysts 9a–d was carried out un-
der the reaction conditions that had been used with cata-
lysts I9 namely, 10 mol% of catalyst and benzoic acid (BzOH)
as additive with water as reaction medium at 3 °C (Table 1,
entry 1), obtaining the expected aldol products in excellent
yields with very good stereoselectivities. Furthermore, cat-
alyst loading could be reduced to 5 and 2 mol% (entries 2–
4).

Once the optimum reaction conditions had been estab-
lished (Table 1, entry 3), the effect of the catalyst’s configu-
ration, as well as the potential influence of an additional
stereogenic center at the spacer, was evaluated. Regarding
this last structural feature, catalyst (1R,2R,1′R,2′R,2′′S,2′′′S)-
15 incorporates an (S)-phenylalanine residue instead of the
glycine segment. The synthesis of this catalyst was carried
out according to the procedure described for the prepara-
tion of catalysts 9a–d, that is initial condensation of lithium
phosphoramide with (S)-phenylalanine methyl ester was
followed by T3P®-mediated coupling to N-Cbz-(S)-proline.
Finally, the N-Cbz- protecting group was removed by hy-
drogenolysis under mild reaction conditions (Scheme 5).

At this point it was possible to obtain suitable crystals of
the intermediate (1R,2R,1′R,2′R,2′′S)-13, which were ana-
lyzed by X-ray crystallographic diffraction analysis (Figure

Scheme 4  Synthesis of the desired diastereomeric catalysts 9a–d. Reagents and conditions: 1. T3P® NMM, MeCN, 0 °C, 30 min, 2. (1R,2R,1′R,2′R)-2, 
THF, 0 °C → r.t., 24 h, 72–75%; b) 1. T3P® NMM, MeCN, 0 °C, 30 min, 2. (1S,2S,1′R,2′R)-2, THF, 0 °C → r.t., 24 h, 71–84%; c) 1. CF3CO2H, CH2Cl2, 0 °C → 
r.t., 48 h, 2. NH4OH, EtOAc, 88–95%.
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5).17 As previously observed in structurally related com-
pounds,9 both phenyl groups are oriented syn to the phos-
phoryl oxygen atom owing to a non-classical hydrogen
bonding interaction with the ortho-hydrogens (Figure
5A).9,18 Another interesting feature observed in  this crystal-
lographic structure is the anti-relationship between the
phosphoryl and carbonyl groups, probably to minimize di-
pole-dipole repulsion. Finally, the syn-orientation between
the phosphoryl and the acidic N–H bond (Figure 5B), which
may be the consequence of intermolecular hydrogen bonds
involving both groups (cf. Figure 5C). Indeed, the intermo-
lecular distances for these interactions are shorter (1.98 Å
and 2.05 Å) than those found in the intramolecular hydro-
gen bonds (2.72 Å and 3.25 Å), which suggests a rather
strong interaction.

Figure 5  X-Ray diffraction crystallographic structure of derivative 
(1R,2R,1′R,2′R,2′′S)-1317

The efficacy of the five novel catalysts 9a–d and 15 was
then examined at a concentration of 5 mol%, in the pres-
ence of 5 mol% benzoic acid as additive, and employing five
equivalents of cyclohexanone as substrate and solvent. As
shown in Table 2, all five catalysts exhibited good efficiency
in the reaction. It is also clear that the configuration of the
proline segment dictates the stereochemistry of the prod-
uct. Indeed, (S)-proline-derived catalysts 9a and 9b afford-
ed stereoisomer (S,R)-12 as the major product (Table 2, en-
tries 1, 2), whereas (R)-proline-derived catalysts 9c and 9d
produced (R,S)-12 (ent-12) as the major product (entries 3,
4). Finally, the presence of an additional center of chirality
in catalysts 15 does not have a noticeable effect in the
stereochemical course of the reaction, (compare entry 5 vs
entries 1 and 2 in Table 2).

Table 2  Influence of the Configuration of Catalysts 9a–d, and the Ef-
fect of the Presence of an Additional Stereocenter in Catalyst 15 on the 
Asymmetric Aldol Reaction Between Cyclohexanone and 4-Nitrobenzal-
dehyde

Organocatalysts 9b and 9d were selected to examine
their performance in reactions with a variety of aryl alde-
hydes, both activated (containing electron-withdrawing
groups) and inactivated (containing electron-donating
groups). As it turned out, reactions with activated alde-
hydes 11a–j (Table 3, entries 1–20) required less time of re-
action than electron-rich aldehydes 11k–l (entries 21–26).
Nevertheless, all reactions proceeded to give the aldol prod-
ucts with good diastereoselectivity and enantioselectivity.
The diastereomeric pair of organocatalysts 9b and 9d pre-
senting opposite configuration at the proline residue were
able to generate enantiomeric products of 12, depending on
the configuration of the proline moiety (cf. er and [α]D data
in Table 3). In this regard, Ellman’s,19a Hao’s,19b and our
group9,19c have reported similar observations, where the
proline’s stereochemistry dictates the final configuration of
the product.

A plausible activation mechanism with catalyst
(1R,2R,1′R,2′R,2′′S)-9a is presented in Figure 6. It is consid-
ered that cyclohexanone is activated by the pyrrolidine
amino group via a nucleophilic enamine. Simultaneously,
the aryl aldehyde is activated by a double (bidentate) hy-
drogen bond interaction as suggested in related catalytic
systems7a,[i–m] (cf. TS*-A in Figure 6). The bidentate interac-
tion could explain the higher stereoselectivity observed in
the addition of cyclohexanone to 4-nitrobenzaldehyde acti-
vated with catalyst 9b – 98% yield, 90:10 dr, and 93:7 er –
relative to the same reaction catalyzed by analogue I (Figure
3) – 96% yield, 85:15 dr, and 82:18 er.9 For comparison pur-
poses, Figure 6 also includes a plausible transition state
(TS*-B) with catalyst I, presenting a single (monodentate)
hydrogen bond interaction.

Entry Cat.* Yield (%)a dr (anti/syn)b erc

1 (1R,2R,1′R,2′R,2′′S)-9a 90 91:9 94:6

2 (1S,2S,1′R,2′R,2′′S)-9b 95 92:8 93:7

3 (1R,2R,1′R,2′R,2′′R)-9c 90 91:9 6:94

4 (1S,2S,1′R,2′R,2′′R)-9d 92 94:6 6:94

5 (1R,2R,1′R,2′R,2′′S,2′′′S)-15 95 94:6 94:6
a Yield of isolated product (both diastereoisomers).
b Determined by 1H NMR analysis of the crude product.
c Determined by chiral HPLC of the isolated products.

O CHO

NO2

Cat.* (5 mol%)
BzOH (5 mol%)

H2O, 3 °C, 30 h

10
5 equiv

OH

NO2

O

11
1 equiv 12
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459



3450

C. Cruz-Hernández et al. PaperSyn  thesis

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
In this context, Kokotos, et al.11k have reported asym-
metric aldol additions catalyzed by (S)-Pro-Gly-Ot-Bu and
(S)-Pro-Gly-NHBn in a mixture of MeCN/water and brine,
respectively. Excellent results are found with both systems
(up to 100% yield, up to 97:3 dr, and up to 99% ee); never-
theless, larger amounts of catalyst (20 mol%) are required.
By comparison, only 5 mol% of catalysts 9a–d or
(1R,2R,1′R,2′R,2′′S,2′′′S)-15 are needed here (cf. Tables 2 and
3).

We next turned our attention to the evaluation of cata-
lysts 9a and 9c in the asymmetric aldol addition of cyclo-
hexanone to isatins, a transformation that is receiving great
attention due to the significant value of the corresponding
products.20 Salient catalysts employed in this processes,21

usually incorporate a primary amino group that activates
the potential aldol donor by means of enamine formation,
whereas a variety of Brønsted acid functional groups fix
and activate the corresponding isatin by means of non-co-
valent interactions such as hydrogen bonding. As shown in

Table 3  Scope of Diastereomeric Catalysts 9b and 9d in the Aldol Addition of Cyclohexanone to Aryl Aldehydes 11a–m

Entry Cat.* R Product Time (h) Yield (%)a dr (anti/syn)b erc [α]D
25 (CHCl3)

 1 (1S,2S,1′R,2′R,2′′S)-9b 2-Cl 12a  96 96 89:11 91:9 +20.4

 2 (1S,2S,1′R,2′R,2′′R)-9d 2-Cl ent-12a  96 93 92:8 7:93 –21.6

 3 (1S,2S,1′R,2′R,2′′S)-9b 3-Cl 12b  96 96 93:7 92:8 +12.8

 4 (1S,2S,1′R,2′R,2′′R)-9d 3-Cl ent-12b  96 93 93:7 11:89 –13.6

 5 (1S,2S,1′R,2′R,2′′S)-9b 4-Cl 12c  96 83 91:9 89:11 +20.3

 6 (1S,2S,1′R,2′R,2′′R)-9d 4-Cl ent-12c  96 80 93:7 13:87 –17.3

 7 (1S,2S,1′R,2′R,2′′S)-9b 3-Br 12d  96 99 92:8 90:10 +10.3

 8 (1S,2S,1′R,2′R,2′′R)-9d 3-Br ent-12d  96 99 93:7 9:91 –10.6

 9 (1S,2S,1′R,2′R,2′′S)-9b 4-Br 12e  96 87 92:8 90:10 +18.6

10 (1S,2S,1′R,2′R,2′′R)-9d 4-Br ent-12e  96 85 90:10 8:92 –17.4

11 (1S,2S,1′R,2′R,2′′S)-9b 4-CN 12f  40 93 93:7 92:8 +20.8

12 (1S,2S,1′R,2′R,2′′R)-9d 4-CN ent-12f  40 92 94:6 8:92 –20.3

13 (1S,2S,1′R,2′R,2′′S)-9b 3-NO2 12g  40 98 96:4 92:8 +28.4

14 (1S,2S,1′R,2′R,2′′R)-9d 3-NO2 ent-12g  40 95 94:6 14:86 –27.1

15 (1S,2S,1′R,2′R,2′′S)-9b 4-NO2 12h  30 95 90:10 93:7 +12.4

16 (1S,2S,1′R,2′R,2′′R)-9d 4-NO2 ent-12h  30 92 94:6 6:94 –12.4

17 (1S,2S,1′R,2′R,2′′S)-9b 2-CF3 12i  96 72 91:9 87:13 +2.0

18 (1S,2S,1′R,2′R,2′′R)-9d 2-CF3 ent-12i  96 70 91:9 11:89 –1.2

19 (1S,2S,1′R,2′R,2′′S)-9b 4-CF3 12j  24 99 93:7 93:7 +16.8

20 (1S,2S,1′R,2′R,2′′R)-9d 4-CF3 ent-12j  24 97 94:6 8:92 –16.3

21 (1S,2S,1′R,2′R,2′′S)-9b H 12k 168 80 90:10 90:10 +13.9

22 (1S,2S,1′R,2′R,2′′R)-9d H ent-12k 168 77 89:11 12:88 –11.2

23 (1S,2S,1′R,2′R,2′′S)-9b 4-Me 12l 168 44 88:12 86:14 +13.2

24 (1S,2S,1′R,2′R,2′′R)-9d 4-Me ent-12l 168 41 88:12 15:85 –14.4

25 (1S,2S,1′R,2′R,2′′S)-9b 4-Ph 12m 168 46 89:11 87:13 +10.8

26 (1S,2S,1′R,2′R,2′′R)-9d 4-Ph ent-12m 168 40 89:11 16:84 –9.9
a Yield of isolated product (both diastereoisomers).
b Determined by 1H NMR analysis of the crude product.
c Determined by chiral HPLC of the isolated products.

O CHO

Cat.* (5 mol%)
BzOH (5 mol%)

H2O, 3 °C

10
5 equiv

OHO

11a–m
1 equiv 12a–m

R
R
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Table 4, reaction rate and stereoselectivity proved better in
aqueous media relative to neat reaction conditions (com-
pare entries 1–3 in Table 4). To improve stereoselectivity
the reaction temperature was lowered to 3 °C, observing
very good selectivity at the cost of lower yields and longer
reaction times (entry 4 in Table 4). To increase reaction
rates, both catalyst and additive charges were increased to
10 mol%, while the quantity of cyclohexanone was also
raised from 7 to 10 equivalents (Table 4, entries 5 and 6).

With the best reaction conditions at hand (Table 4, en-
try 5) we proceeded to evaluate the catalyst’s scope in the
asymmetric aldol addition of cyclohexanone to various sub-
stituted isatins. As shown in Table 5, catalysts 9a–c required
longer reaction times and afforded lower yields when com-
pared with catalyst I. Nevertheless, with the 5-nitroisatin as
substrate the observed enantioselectivity was very good. By
contrast, with chlorine-, bromine- and fluorine-substituted

isatins the observed enantioselectivities turned out to be
poor.

Three different transition states for the aldol reaction
involving isatin as acceptor substrate may be plausible (TS*-
A–C, Figure 7). Transition states TS*-A and TS*-B involve hy-
drogen bonding interactions that orient the isatin molecule
upon approach to the enamine function; however, in TS*-A
both acidic N–H hydrogens in the catalyst are bound to the

Figure 6  Plausible transition states for cyclohexanone enamine addi-
tion to aryl aldehydes catalyzed by catalysts 9a–d and by catalyst I
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Table 4  Optimization of Reaction Conditions in the Asymmetric Aldol Reaction Between Cyclohexanone and 5-Nitroisatin Catalyzed by Chiral Phos-
phoramide (1R,2R,1’R2’R, 2’’S)-9a.

Entry (1R,2R,1′R,2′R,2′′S)-9a (mol%) BzOH (mol%) Solvent Temp (°C) Time (days) Yield (%)a dr (u/l)b erc

1 5 5 neat 25 5 70 72:28 55:42

2 5 5 brine 25 3 78 76:24 72:28

3 5 5 H2O 25 3 81 66:34 78:22

4 5 5 H2O 3 7 64 82:18 95:5

5d 10 10 H2O 3 5 90 80:20 92:8

6e 10 10 H2O 3 3 93 80:20 92:8
a Yield of pure product (both diastereoisomers).
b Determined by 1H NMR analysis of the crude product.
c Determined by chiral HPLC of the isolated products.
d Seven equiv of 10 were used.
e Ten equiv of 10 were used.

O

N
H

O2N
O

O

N
H

(R)(R)
O2N

HO

O

(S)(S)

O

condditions

10 16 17
5 equiv 1 equiv

Table 5  Scope of Diastereomeric Catalysts 9a and 9c in the Asymmet-
ric Aldol Addition of Cyclohexanone to Isatins 16a–m

Catalyst R Product Yield (%)a dr (u/l)b erc

9a 5-NO2 17a 90 80:20 92:8

9c 5-NO2 ent-17a 85 85:15 9:91

9a 5-Br 17b 60 80:20 74:26

9c 5-Br ent-17b 52 89:11 19:81

9a 5-F 17c 80 77:23 70:30

9c 5-F ent-17c 69 82:18 18:82

9a 7-Cl 17d 90 81:19 74:26

9c 7-Cl ent-17d 83 82:18 17:83
a Yield of pure product (both diastereoisomers).
b Determined by 1H NMR analysis of the crude product.
c Determined by chiral HPLC of the isolated products.

O

N
H

O

O

N
H

(R)(R)

HO

O

(S)(S)

O

10 16a–d 17a–d

7 equiv 1 equiv

Cat.* (10 mol%)
BzOH (10 mol%)

H2O, 3 °C, 5 days
R

R
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α-carbonyl group, whereas in TS*-B one N–H is interacting
with the isatin’s α-carbonyl while the other N–H is binding
to the amide carbonyl group. Transition state C is based on
dual activation,22 and involves hydrogen bonding between
the isatin’s N–H bond and the phosphoryl group in the cat-
alyst. Simultaneously, the amide carbonyl group in isatin
participates in hydrogen bonding with both acidic N–H
bonds in the catalyst. All transition state structures are in
line with the observed configuration of the major product
but it seems that structure TS*-C is most likely as suggested
by geometry optimization with computational methods at
the DFT level of theory (See Supporting Information).

Interestingly, Li and co-workers have developed a meth-
odology called group-assisted purification (GAP), where in-
corporation of a N-phosphonyl substituent in suitable sub-
strates facilitates product isolation in solid form without
the need of traditional chromatography.15 In the present
work, the presence of the phosphoryl segment could in
principle facilitate isolation of the product by precipitation
of the organocatalyst, nevertheless similar solubility prop-
erties of products 12a–m and organocatalysts 17a–d pre-
vented application of such strategy.

In conclusion, novel multifunctional chiral organocata-
lysts 9a–d, which incorporate a dipeptidic (R)- or (S)-pro-
line-glycine moiety in combination with a previously devel-
oped chiral phosphoramide segment9 were synthesized.
These catalysts promoted the diastereo- and enantioselec-
tive aldol addition of cyclohexanone to various aryl alde-
hydes and isatins in the presence of water in good yield and
stereoselectivity. These catalysts exhibited better perfor-
mance in the addition to aryl aldehydes, relative to previ-
ously developed analogues. It appears that the second hy-
drogen bond donor present in chiral organocatalysts 9a–d
is relevant for the observed higher stereoinduction and ac-
tivity.7 Finally, proper selection of the configuration of the
proline residue gives rise to either enantiomer of the prod-
uct. The stereochemical outcome of the reaction may be ex-
plained in terms of bifunctional activation by the catalyst.

Commercially available reagents were used as received. Anhyd sol-
vents were obtained by distillation under the described conditions.23

Column chromatography was carried out with Merck silica gel

(0.040–0.063 mm). TLC was performed with Merck DC-F254 plates
employing UV light and I2 vapor for visualization. Melting points were
measured with a Büchi B-540 apparatus, and are uncorrected. Optical
rotations were measured in an Anton Paar MCP-100 Polarimeter with
reagent grade solvents. IR spectra were recorded on a Varian-640 ap-
paratus. NMR spectra were obtained with JEOL GSX-270 (270 MHz),
Bruker Avance 300 (300 MHz), JEOL Eclipse 400 (400 MHz), and JEOL
ECA-500 (500 MHz) spectrometers. High-resolution mass spectra
(HRMS) were obtained with a HPLC 1100 coupled to a MSD-TOF Agi-
lent Technologies HR-MSTOF 1069A. Crystallographic data were col-
lected with Enraf-Nonius CAD-4 X-ray diffractometer. Diastereoselec-
tivity and enantioselectivity were measured by chiral HPLC in a Di-
onex HPLC Ultimate 3000 equipment with UV/Visible detector, diode
array, at 210 and 254 nm.

Chiral Catalyst (1R,2R,1′R,2′R)-2

One-Step Preparation
In a 100 mL round-bottomed flask equipped with a stirring bar,
(1R,2R,1′R,2′R)-1 (0.4 g, 1.0 mmol) was dissolved in anhyd THF (30
mL) under an argon atmosphere and cooled to 3 °C before the drop-
wise addition of n-BuLi (2.8 M in hexanes, 0.08 g, 0.46 mL, 1.3 mmol)
via syringe. The resulting mixture was stirred at 3 °C for 20 min be-
fore the addition of glycine methyl ester (0.48 g, 5.2 mmol) dissolved
in anhyd THF. The reaction mixture was allowed to reach r.t., and then
stirred for 24 h. Subsequently, the mixture was poured over ice/water
and extracted with EtOAc. The combined organic layers were dried
(Na2SO4), filtered, the solvent was removed by distillation, and the
crude product was purified by column chromatography on silica gel
(eluent: hexane/EtOAc 8:2 to 7:3). The pure product was obtained as a
white foam; yield: 0.043 g (0.10 mmol, 10%). See below for a complete
characterization.

Preparation of Chiral Catalysts 2 via Bromoacetates 3 and Azides 4

Bromoacetates 3; General Procedure
In a round-bottomed flask equipped with a stirring bar, the corre-
sponding trisphosphoramide 1 (1 equiv) was dissolved in anhyd THF
under an argon atmosphere and cooled to 3 °C before the dropwise
addition of n-BuLi (2.8 M in hexanes, 1.3 equiv) via syringe. The mix-
ture was stirred at 3 °C for 20 min. before the addition of methyl 2-
bromoacetate (1.3 equiv). The reaction mixture was allowed to reach
r.t., and stirring was continued for 24 h. The mixture was then poured
over ice/water and extracted with EtOAc. The combined organic lay-
ers were dried (Na2SO4), filtered, the solvent was removed by distilla-
tion, and the crude product was purified by column chromatography
on silica gel (eluent: hexane/EtOAc 8:2 to 7:3).

Figure 7  Plausible transition states for the enamine-catalyzed addition of cyclohexanone to isatins
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(3aS,7aS)-2-Oxide-N-(2-bromoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1S,2S,1′R,2′R)-3]
The general procedure was used with phosphoramide (1S,2S,1′R,2′R)-
1 (0.77 g, 1.97 mmol), n-BuLi (2.8 M, 0.16 g, 0.89 mL, 2.56 mmol), and
methyl 2-bromoacetate (0.39 g, 0.20 mL, 2.56 mmol) to afford the ti-
tle compound; yield: 0.91 g (1.77 mmol, 90%); pale yellow foam;
[α]D

25 +65.6 (c 0.387, CHCl3).
IR (ATR): 3084.0, 2921.1, 2853.2, 1703.0, 1475.3, 1454.1, 1377.1,
1299.6, 1278.0, 1208.4, 1194.3, 1182.8, 1151.8, 1102.3, 1081.1,
1058.0, 1019.0, 992.5, 968.7, 931.5, 911.0, 848.4, 780.8, 764.7, 732.9,
698.1, 664.9, 624.8 cm–1.
1H NMR (500 MHz, CDCl3): δ = 9.9 (s, 1 H), 7.49 (d, JH,H = 7.8 Hz, 2 H),
7.45 (d, JH,H = 7.8 Hz, 2 H), 7.24–7.31 (m, 4 H), 7.16–7.22 (m, 2 H), 4.50
(dq, 3JH,H = 6.7 Hz, 3JP,H = 13.5 Hz, 1 H), 4.39 (dq, 3JH,H = 7.2 Hz, 3JP,H =
17.3 Hz, 1 H), 3.94 (d, JH,H = 11.9 Hz, 1 H), 3.88 (d, JH,H = 11.7 Hz, 1 H),
3.62–3.70 (m, 1 H), 2.74–2.83 (m, 1 H), 1.65 (d, JH,H = 7.3 Hz, 3 H),
1.54–1.61 (m, 1 H), 1.56 (d, JH,H = 7.1 Hz, 3 H), 1.42–1.53 (m, 3 H),
1.14–1.22 (m, 2 H), 0.88–0.95 (m, 1 H), 0.68–0.76 (m, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 168.3, 143.5 (d, 3JP,C = 6.0 Hz), 143.2
(d, 3JP,C = 3.6 Hz), 128.6, 128.2, 127.2, 127.15, 127.1, 127.0, 61.5 (d, JP,C
= 11.7 Hz), 59.1 (d, JP,C = 12.4 Hz), 53.1 (d, JP,C = 3.7 Hz), 49.6 (d, JP,C = 5.5
Hz), 30.6 (d, JP,C = 9.6 Hz), 30.0, 29.9 (d, JP,C = 4.1 Hz), 28.8 (d, JP,C = 9.3
Hz), 24.4 (d, JP,C = 6.1 Hz), 20.0, 16.8.
31P NMR (202.5 MHz, CDCl3): δ = 15.3.
HR ESI-TOF: m/z [M + H]+ calcd for [C24H32BrN3O2P + H]+: 504.14155
and 506.139296 (1:1); found: 504.141690 and 506.140157 (error:
1.36171 ppm).

(3aR,7aR)-2-Oxide-N-(2-bromoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1R,2R,1′R,2′R)-3]
The general procedure was followed with phosphoramide
(1R,2R,1′R,2′R)-1 (1.0 g, 2.6 mmol), n-BuLi (2.8 M, 0.22 g, 1.2 mL, 3.38
mmol), and methyl 2-bromoacetate (0.52 g, 0.31 mL, 3.38 mmol) to
afford the title compound; yield: 1.19 g (2.36 mmol, 91%); pale yellow
foam; [α]D

25 –35.6 (c 1.02, CHCl3).
IR (ATR): 3091.4, 2925.1, 2865.5, 1699.6, 1480.8, 1448.8, 1426.2,
1375.8, 1338.1, 1300.9, 1278.6, 1238.8, 1206.1, 1191.8, 1184.9,
1157.8, 1136.9, 1101.1, 1077.9, 1060.6, 1022.5, 965.4, 931.3, 911.2,
849.3, 762.5, 732.8, 700.0, 657.9, 642.0, 583.8 cm–1.
1H NMR (500 MHz, CDCl3): δ = 8.8 (s, 1 H), 7.41 (d, JH,H = 7.6 Hz, 2 H),
7.33 (d, JH,H = 7.7 Hz, 2 H), 7.23 (q, JH,H = 7.4 Hz, 4 H), 7.12 (q, JH,H = 6.5
Hz, 2 H), 4.41 (dq, 3JH,H = 7.0 Hz, 3JP,H = 18.1 Hz, 1 H), 4.15 (dq, 3JH,H = 7.1
Hz, 3JP,H = 9.6 Hz, 1 H), 3.61 (s, 3 H), 2.73 (td, JH,H = 2.6, 10.4 Hz, 1 H),
1.70 (d, JH,H = 10.9 Hz, 1 H), 1.59 (d, JH,H = 7.0 Hz, 3 H), 1.47–1.53 (m, 2
H), 1.46 (d, JH,H = 7.1 Hz, 3 H), 1.39–1.43 (m, 1 H), 1.22 (qd, JH,H = 3.7,
12.2 Hz, 1 H), 1.09 (qt, JH,H = 3.3, 13.2 Hz, 1 H), 0.90 (qt, JH,H = 3.6, 13.4
Hz, 1 H), 0.62 (qd, JH,H = 3.0, 12.1 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 167.6 (d, JP,C = 2.3 Hz), 146.6 (d, 3JP,C =
3.9 Hz), 140.8 (d, 3JP,C = 1.7 Hz), 128.5, 128.4, 128.3, 127.4, 126.9,
126.6, 62.5 (d, JP,C = 12.3 Hz), 61.7 (d, JP,C = 11.0 Hz), 55.1 (d, JP,C = 4.7
Hz), 51.4 (d, JP,C = 4.3 Hz), 30.2 (d, JP,C = 8.9 Hz), 29.9 (d, JP,C = 9.4 Hz), ,
29.5 (d, JP,C = 9.3 Hz), 24.5, 24.2, 22.6 (d, JP,C = 4.5 Hz), 18.8 (d, JP,C = 3.0
Hz).
31P NMR (202.5 MHz, CDCl3): δ = 13.8.

HR ESI-TOF: m/z [M + H]+ calcd for [C24H32BrN3O2P + H]+: 504.14155
and 506.139296 (1:1); found: 504.140803 and 506.139344 (error:
–0.397713 ppm).

Azides 4; General Procedure
Compound 3 (1 equiv) was dissolved in a 9:1 DMF/DMSO mixture in a
round-bottomed flask equipped with magnetic stirrer, and the result-
ing solution was treated with NaN3 (1.2 equiv). The reaction mixture
was stirred for 24 h at r.t., and then cooled to 3 °C before the addition
of 3 volumes of distilled H2O (exothermic process). The mixture was
extracted with Et2O (3 ×), the organic layers were combined, dried
(anhyd Na2SO4), and concentrated. The crude product was purified by
column chromatography (SiO2: hexane/EtOAc 95:5).

(3aS,7aS)-2-Oxide-N-(2-azidoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1S,2S,1′R,2′R)-4]
The general procedure was followed with 1S,2S,1′R,2′R-3 (0.5 g, 0.97
mmol) and NaN3 (0.076 g, 1.16 mmol) to afford the desired azide;
yield: 0.44 g (0.94 mmol, 97%); white foam; [α]D

25 +83.6 (c 0.36,
CHCl3).
IR (ATR): 3090.5, 2930.5, 2869.9, 2104.0, 1710.0, 1661.3, 1600.7,
1494.0, 1452.4, 1381.6, 1299.3, 1282.7, 1210.5, 1179.5, 1152.5,
1136.5, 1080.7, 1057.8, 1019.3, 994.4, 967.7, 931.1, 915.4, 848.2,
780.8, 763.2, 730.9, 697.8, 664.1, 625.8, 593.2, 559.0 cm–1.
1H NMR (500 MHz, CDCl3): δ = 9.37 (s, 1 H), 7.47 (d, JH,H = 4.9 Hz, 2 H),
7.46 (d, JH,H = 4.8 Hz, 2 H), 7.27–7.33 (m, 4 H), 7.20–7.24 (m, 2 H), 4.50
(dq, 3JH,H = 6.9 Hz, 3JP,H = 13.8 Hz, 1 H), 4.41 (dq, 3JH,H = 7.2 Hz, 3JP,H =
17.1 Hz, 1 H), 3.86 (s, 2 H), 3.68 (t, JH,H = 9.6 Hz, 1 H), 2.79–2.87 (m, 1
H), 1.63 (d, JH,H = 7.1 Hz, 3 H), 1.58 (d, JH,H = 7.1 Hz, 3 H), 1.54–1.56 (m,
1 H), 1.51 (br, 1 H), 1.48 (br, 1 H), 1.35 (t, JH,H = 6.8 Hz, 1 H), 1.15–1.25
(m, 2 H), 0.90–0.99 (m, 1 H), 0.79 (qd, JH,H = 3.2, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 169.4, 143.4 (d, 3JP,C = 5.7 Hz), 143.2
(d, 3JP,C = 3.7 Hz), 128.6, 128.2, 127.2, 127.1, 127.0, 126.9, 61.4 (d, JP,C =
11.5 Hz), 59.2 (d, JP,C = 12.3 Hz), 52.9 (d, JP,C = 9.3 Hz), 52.7, 49.7 (d, JP,C =
5.2 Hz), 30.6 (d, JP,C = 9.3 Hz), 29.0 (d, JP,C = 9.2 Hz), 24.4, 24.3, 19.8,
16.7.
31P NMR (202.5 MHz, CDCl3): δ = 15.8.
HR ESI-TOF: m/z [M + H]+ calcd for [C24H31N6O2P + H]+: 467.231890;
found: 467.231900 (error: 0.022626 ppm).

(3aR,7aR)-2-Oxide-N-(2-azidoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1R,2R,1′R,2′R)-4]
The general procedure was followed with (1R,2R,1′R,2′R)-3 (0.35 g,
0.69 mmol) and NaN3 (0.054 g, 0.83 mmol) to afford the desired
azide; yield: 0.32 g (0.68 mmol, 99%); white foam; [α]D

25 –44.9 (c
0.36, CHCl3).
IR (ATR): 3085.1, 2932.6, 2867.6, 2103.6, 1708.4, 1477.4, 1450.1,
1374.4, 1353.5, 1297.8, 1278.2, 1205.8, 1178.2, 1134.8, 1076.4,
1059.6, 1020.9, 964.6, 930.9, 916.5, 848.3, 793.5, 762.5, 731.3, 698.7,
653.4, 621.4, 599.7 cm–1.
1H NMR (400 MHz, CDCl3): δ = 8.64 (br, 1 H), 7.47 (d, JH,H = 7.7 Hz, 2
H), 7.38 (d, JH,H = 7.6 Hz, 2 H), 7.30 (q, JH,H = 7.1 Hz, 4 H), 7.17–7.25 (m,
2 H), 4.46 (dq, 3JH,H = 7.0 Hz, 3JP,H = 19.3 Hz, 1 H), 4.22 (dq, 3JH,H = 7.1 Hz,
3JP,H = 4.9 Hz, 1 H), 3.65 (s, 3 H), 2.85 (td, JH,H = 2.9, 10.3 Hz, 1 H), 1.81
(d, JH,H = 10.7 Hz, 1 H), 1.65 (d, JH,H = 6.9 Hz, 3 H), 1.53–1.61 (m, 2 H),
1.49 (d, JH,H = 7.0 Hz, 3 H), 1.31 (qd, JH,H = 3.1, 11.8 Hz, 1 H), 1.10–1.27
(m, 2 H), 0.95–1.07 (m, 1 H), 0.73 (qd, JH,H = 2.7, 12.2 Hz, 1 H).
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459
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13C NMR (100.5 MHz, CDCl3): δ = 168.8, 146.5, 140.7 (d, 3JP,C = 1.6 Hz),
128.5, 128.4, 127.3, 127.4, 127.0, 126.5, 62.4 (d, JP,C = 12.3 Hz), 61.7 (d,
JP,C = 10.7 Hz), 54.9 (d, JP,C = 5.0 Hz), 52.7, (d, JP,C = 8.9 Hz), 51.3 (d, JP,C =
4.2 Hz), 30.2 (d, JP,C = 8.8 Hz), 29.3 (d, JP,C = 9.2 Hz), , 24.5, 24.2, 22.7,
18.5.
31P NMR (161.8 MHz, CDCl3): δ = 13.4
HR ESI-TOF: m/z [M + H]+ calcd for [C24H31N6O2P + H]+: 467.231890;
found: 467.231900 (error: 0.022626 ppm).

Chiral Catalysts 2 via Catalytic Hydrogenation of Azides 4
The corresponding azide 4 (1 equiv) was dissolved in MeOH in a
round-bottomed flask equipped with magnetic stirrer under argon
atmosphere. Pd/C (15% w/w of 1% Pd/C) was added with care and the
reaction flask was charged with H2 gas using balloons and syringes.
The reaction mixture was stirred at r.t. for 12 h until the complete
consumption of the starting material (corroborated by TLC). The mix-
ture was poured onto a Celite pad to remove the catalyst, and the fil-
trate was concentrated under vacuum. The product was purified by
column chromatography (SiO2: CH2Cl2/MeOH 98:2).

(3aS,7aS)-2-Oxide-N-(2-aminoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1S,2S,1′R,2′R)-2]
The general procedure for catalytic hydrogenation was followed with
azide (1S,2S,1′R,2′R)-4 (0.4 g, 0.86 mmol) and Pd/C (0.060 g) to afford
the title compound; yield: 0.33 g (0.75 mmol, 87%); white foam;
[α]D

25 +92.4 (c 0.34, CHCl3).
IR (ATR): 3068.2, 2936.4, 1699.0, 1447.8, 1380.7, 1299.5, 1207.7,
1182.5, 1152.6, 1080.3, 1058.2, 1018.8, 992.3, 968.3, 931.1, 900.1,
851.5, 754.0, 732.0, 967.9, 664.3, 617.3, 597.5, 576.3 cm–1.
1H NMR (500 MHz, CDCl3): δ = 8.98 (br, 1 H), 7.44–7.52 (m, 4 H), 7.25–
7.32 (m, 4 H), 7.12–7.22 (m, 2 H), 4.51 (dq, 3JH,H = 7.0 Hz, 3JP,H = 13.6
Hz, 1 H), 4.42 (dq, 3JH,H = 7.1 Hz, 3JP,H = 16.9 Hz, 1 H), 3.60–3.72 (m, 1
H), 3.33 (d, JH,H = 17.8 Hz, 1 H), 3.28 (d, JH,H = 17.8 Hz, 1 H), 2.81(td, JH,H
= 2.7, 10.5 Hz, 1 H), 1.76 (br, 2 H), 1.64 (d, JH,H = 7.1 Hz, 3 H), 1.58–1.62
(m, 1 H), 1.56 (d, JH,H = 7.1 Hz, 3 H), 1.34–1.53 (m, 3 H), 1.10–1.20 (m,
2 H), 0.93 (qt, JH,H = 3.9, 13.2 Hz, 1 H), 0.75 (qd, JH,H = 3.4, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.6, 143.6 (d, 3JP,C = 6.1 Hz), 143.6
(d, 3JP,C = 4.1 Hz), 128.5, 128.1, 127.4, 127.1, 127.0, 126.9, 61.3 (d, JP,C =
11.5 Hz), 59.2 (d, JP,C = 12.3 Hz), 52.7 (d, JP,C = 3.8 Hz), 49.6, (d, JP,C = 5.4
Hz), 46.2 (d, JP,C = 8.4 Hz), 30.5 (d, JP,C = 9.5 Hz), 29.1 (d, JP,C = 9.4 Hz),
24.4, 24.3, 19.7 (d, 3JP,C = 1.9 Hz), 16.8.
31P NMR (202.5 MHz, CDCl3): δ = 15.5.
HR ESI-TOF: m/z [M + H]+ calcd for [C24H33N4O2P + H]+: 441.241392;
found: 441.241613 (error: 0.502010 ppm).

(3aR,7aR)-2-Oxide-N-(2-aminoacetyl)octahydro-1,3-bis[(1R)-1-
phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-amine 
[(1R,2R,1′R,2′R)-2]
The general procedure for catalytic hydrogenation was followed with
azide (1R,2R,1′R,2′R)-4 (0.29 g, 0.63 mmol) and Pd/C (0.030 g) to af-
ford the title compound; yield: 0.25 g (0.57 mmol, 91%); white foam;
[α]D

25 –60.9 (c 0.35, CHCl3).
IR (ATR): 3092.7, 2934.4, 2868.8, 1698.8, 1449.8, 1374.7, 1298.5,
1204.3, 1182.3, 1135.4, 1076.3, 1059.5, 1020.7, 964.0, 930.6, 900.2,
855.8, 762.3, 730.8, 699.0, 653.9, 599.2 cm–1.
1H NMR (500 MHz, CDCl3): δ = 8.12 (br, 1 H), 7.50 (d, JH,H = 7.5 Hz, 2
H), 7.40 (d, JH,H = 7.4 Hz, 2 H), 7.25–7.33 (m, 4 H), 7.13–7.23 (m, 2 H),
4.42 (dq, 3JH,H = 6.9 Hz, 3JP,H = 21.9 Hz, 1 H), 4.18 (dq, 3JH,H = 7.2, 3JP,H =

8.5 Hz, 1 H), 3.66 (td, JH,H = 2.3, 10.6 Hz, 1 H), 3.04 (s, 2 H), 2.89 (td,
JH,H = 3.2, 10.5 Hz, 1 H), 1.88(d, JH,H = 12.1 Hz, 1 H), 1.65 (d, JH,H = 7.0
Hz, 3 H), 1.62 (br, 1 H), 1.51–1.55 (m, 2 H), 1.50 (d, JH,H = 7.1 Hz, 3 H),
1.30 (qd, JH,H = 3.6, 12.0 Hz, 1 H), 1.17 (qt, JH,H = 3.8, 13.3 Hz, 1 H), 1.06
(qt, JH,H = 3.8, 13.2 Hz, 1 H), 0.70 (qd, JH,H = 3.7, 12.4 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 174.7, 147.0 (d, 3JP,C = 4.6 Hz), 141.0
(d, 3JP,C = 1.8 Hz), 128.8, 128.4, 128.2, 128.1, 127.1, 126.8, 126.6, 62.5
(d, JP,C = 12.0 Hz), 61.5 (d, JP,C = 10.6 Hz), 55.2 (d, JP,C = 4.6 Hz), 51.4 (d,
JP,C = 4.0 Hz), 45.8 (d, JP,C = 7.6 Hz), 30.3 (d, JP,C = 8.7 Hz), 29.0 (d, JP,C =
9.3 Hz), 24.6 (d, JP,C = 1.2 Hz), 24.2, 22.7 (d, 3JP,C = 4.5 Hz), 17.5 (d, JP,C =
2.2 Hz).
31P NMR (202.5 MHz, CDCl3): δ = 13.8.
HR ESI-TOF: m/z [M + H]+ calcd for [C24H33N4O2P + H]+: 441.241392;
found: 441.241320 (error: –0.162024 ppm).

(3aR,7aR)-2-Oxide-N-(2-amino-N-ethoxycarbonylacetyl)octahy-
dro-1,3-bis[(1R)-1-phenylethyl]-2H-1,3,2-benzodiazaphosphol-2-
amine [(1R,2R,1′R,2′R)-7]
In a 50 mL round-bottomed flask equipped with a stirring bar, N-Boc-
(S)-Proline (0.1 g, 0.48 mmol) was dissolved in anhyd THF (25 mL) un-
der an argon atmosphere before the addition of Et3N (0.05 g, 0.07 mL,
0.48 mmol). The reaction mixture was cooled to 3 °C before the drop-
wise addition of ethyl chloroformate (0.06 g, 0.05 mL, 0.52 mmol) and
the resulting mixture was stirred at 3 °C for 30 min before the addi-
tion of 0.21 g (0.48 mmol) of (1R,2R,1′R,2′R)-2 in anhyd THF. The reac-
tion mixture was allowed to reach r.t. and stirred for an additional 16
h until the starting material was consumed (checked by TLC). The
mixture was poured into H2O and extracted with EtOAc (3 × 20 mL).
The combined organic layers were dried (anhyd Na2SO4) and concen-
trated. The crude product was purified by column chromatography
(SiO2: CH2Cl2/MeOH 95:5) to afford ethyl carbamate 7; yield: 0.16 g
(0.31 mmol, 65%); colorless oil.
1H NMR (300 MHz, CDCl3): δ = 7.48 (d, JH,H = 7.4 Hz, 2 H), 7.39 (d, JH,H =
7.3 Hz, 2 H), 7.35–7.11 (m, 6 H), 5.29 (s, 1 H), 4.44 (dq, 3JH,H = 6.7 Hz,
3JP,H = 19.9 Hz, 1 H), 4.26–4.16 (m, 1 H), 4.14 (q, JH,H = 7.1 Hz, 2 H),
3.70–3.60 (m, 2 H), 2.85 (t, JH,H = 9.2 Hz, 1 H), 1.88–1.77 (m, 1 H), 1.63
(d, JH,H = 6.8 Hz, 3 H), 1.59–1.54 (m, 2 H), 1.50 (d, JH,H = 6.9 Hz, 3 H),
1.35–1.12 (m, 3 H), 1.23 (t, JH,H = 7.0 Hz, 3 H), 1.08–0.95 (m, 1 H),
0.94–0.82 (m, 1 H), 0.81–0.58 (m, 1 H).
13C NMR (75.5 MHz, CDCl3): δ = 170.7, 158.6, 146.3, 140.5, 128.3,
127.2, 126.7, 126.4, 62.4 (d, JP,C = 10.8 Hz), 61.3, 55.0, 51.2, 45.2, 30.1,
29.7, 29.1, 24.4, 24.0, 23.3, 17.9, 14.6.
31P NMR (121.5 MHz, CDCl3): δ = 14.1.
HR ESI-TOF: m/z [M + H]+ calcd for [C27H37N4O4P + H]+: 513.262521;
found: 513.262522 (error: 0.002080 ppm).

N-Boc-Protected Catalysts 8a–d; General Procedure
In a round-bottomed flask equipped with a stirring bar, N-Boc-(R)- or
N-Boc-(S)-proline (2.0 equiv) was dissolved in anhyd MeCN under an
argon atmosphere, before the addition of N-methylmorpholine (3.0
equiv). The resulting mixture was cooled to 3 °C and then propyl-
phosphonic anhydride (T3P®, 50% wt. in EtOAc; 2.4 equiv) was added
slowly. The reaction mixture was stirred at 3 °C for 30 min before the
addition of the corresponding compound 2 (1 equiv) and stirred at r.t.
for 24 h until the complete consumption of the starting material (cor-
roborated by TLC). The crude product was diluted with EtOAc and
washed with aq 1.0 M HCl (3 ×), aq sodium potassium tartrate (50%
wt.), and finally with brine. The organic layer was dried (anhyd
Na2SO4) and concentrated. The crude product was purified by column
chromatography (SiO2: hexanes/EtOAc 95:5 to 7:3).
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459
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(1R,2R,1′R,2′R,2′′S)-8a
The general procedure was used with (1R,2R,1′R,2′R)-2 (0.15 g, 0.34
mmol), N-Boc-(S)-proline (0.15 g, 0.68 mmol), N-methylmorpholine
(0.11 g, 0.12 mL, 1.02 mmol), and T3P® (0.26 g, 0.49 mL, 0.82 mmol)
to afford 8a; yield: 0.16 g (0.26 mmol, 75%); white foam; [α]D

25 –70.3
(c 0.37, CHCl3).
1H NMR (400 MHz, CDCl3): δ = 7.46 (d, JH,H = 7.6 Hz, 2 H), 7.39 (d, JH,H =
7.5 Hz, 2 H), 7.25–7.33 (m, 4 H), 7.13–7.22 (m, 2 H), 4.45 (dq, 3JH,H =
7.1 Hz, 3JP,H = 19.4 Hz, 1 H), 3.92–4.36 (m, 2 H), 3.27–3.80 (m, 5 H),
3.52–3.04 (m, 2 H), 2.11–2.26 (m, 1 H), 1.72–1.96 (m, 3 H), 1.61 (d,
JH,H = 6.6 Hz, 3 H), 1.38–1.56 (m, 15 H), 1.20–1.29 (m, 2 H), 1.10–1.18
(m, 1 H), 0.96–1.05 (m, 1 H), 0.64–0.77 (m, 1 H).
13C NMR (100.5 MHz, CDCl3): δ = 172.7, 169.9, 146.5, 140.4, 128.5 (2
C), 128.4 (4 C), 127.5, 126.9, 126.6 (2 C), 80.7, 62.5 (d, JP,C = 12.2 Hz),
61.4 (d, JP,C = 10.6 Hz), 60.1, 55.2, 53.6, 51.2, 47.3, 43.8, 31.3, 30.2, 29.3,
28.6, 24.6, 24.2, 22.6, 18.2.
31P NMR (161.8 MHz, CDCl3): δ = 13.9.
1H NMR (400 MHz, DMSO-d6, r.t.): δ = 8.96 (d, JH,H = 7.9 Hz, 1 H), 7.98
(br, 1 H), 7.45 (d, JH,H = 7.6 Hz, 2 H), 7.41 (d, JH,H = 7.2 Hz, 2 H), 7.32 (t,
JH,H = 7.6 Hz, 2 H), 7.26 (t, JH,H = 7.6 Hz, 2 H), 7.21 (t, JH,H = 7.3 Hz, 1 H),
7.15 (t, JH,H = 7.3 Hz, 1 H), 4.44 (dq, 3JH,H = 7.1 Hz, 3JP,H = 14.4 Hz, 1 H),
4.05–4.20 (m, 2 H), 3.34–3.39 (m, 1 H), 3.24–3.29 (m, 1 H), 2.45–2.55
(m, 2 H), 2.03–2.15 (m, 1 H), 1.70–1.85 (m, 3 H), 1.55–1.67 (m, 1 H),
1.49 (d, JH,H = 7.3 Hz, 3 H), 1.46 (d, JH,H = 7.2 Hz, 3 H), 1.32–1.43 (m, 13
H), 0.95–1.09 (m, 2 H), 0.70–0.79 (m, 1 H), 0.45 (q, JH,H = 12.0 Hz, 1 H).
13C NMR (100.5 MHz, DMSO-d6, r.t.): δ = 173.4, 170.9, 154.1, 148.0,
141.5, 128.7 (2 C), 128.6 (2 C), 128.1 (2 C), 127.4, 127.0, 126.6 (2 C),
79.4, 62.3 (d, JP,C = 11.6 Hz), 61.5 (d, JP,C = 11.0 Hz), 60.3, 55.3, 54.7, 51.0
(d, JP,C = 3.8 Hz), 47.0, 43.2 (d, JP,C = 10.7 Hz), 31.6, 30.1, 28.5, 24.6, 24.1,
23.7, 22.8, 20.0.
31P NMR (161.8 MHz, DMSO-d6, r.t.): δ = 13.8.
1H NMR (400 MHz, DMSO-d6, 100 °C): δ = 8.44 (br, 1 H), 7.61 (br, 1 H),
7.47 (d, JH,H = 7.6 Hz, 2 H), 7.42 (d, JH,H = 7.4 Hz, 2 H), 7.32 (t, JH,H = 7.6
Hz, 2 H), 7.26 (t, JH,H = 7.6 Hz, 2 H), 7.21 (t, JH,H = 7.4 Hz, 1 H), 7.16 (t,
JH,H = 7.3 Hz, 1 H), 4.48 (dq, 3JH,H = 7.2 Hz, 3JP,H = 14.6 Hz, 1 H), 4.12–
4.24 (m, 2 H), 3.369 (t, JH,H = 5.7, 16.9 Hz, 2 H), 3.49–3.58 (m, 1 H),
3.28–3.39 (m, 2 H), 2.55–2.64 (m, 1 H), 2.44–2.54 (m, 1 H), 2.04–2.16
(m, 1 H), 1.73–1.91 (m, 3 H), 1.62–1.68 (m, 1 H), 1.53 (d, JH,H = 7.0 Hz,
3 H), 1.51 (d, JH,H = 7.1 Hz, 3 H), 1.32–1.47 (m, 12 H), 1.11 (qd, JH,H =
3.4, 12.0 Hz, 1 H), 1.02 (qt, JH,H = 3.6, 13.1 Hz, 1 H), 0.84 (qt, JH,H = 3.2,
13.2 Hz, 1 H), 0.59 (qd, JH,H = 3.2, 12.2 Hz, 1 H).
13C NMR (100.5 MHz, DMSO-d6, 100 °C): δ = 173.2, 170.8 (d, JP,C = 3.5
Hz), 154.4, 147.3 (d, JP,C = 4.0 Hz), 141.7 (d, JP,C = 2.6 Hz), 128.5 (2 C),
128.4 (2 C), 128.2 (2 C), 127.3, 126.9, 126.8 (2 C), 79.6, 62.1 (d, JP,C =
12.3 Hz), 61.9 (d, JP,C = 10.8 Hz), 60.5, 54.6 (d, JP,C = 4.6 Hz), 51.5
(d, JP,C = 4.5 Hz), 47.2, 43.8 (d, JP,C = 9.0 Hz), 31.0, 30.2 (d, JP,C = 9.1 Hz),
28.7, 24.6, 24.2, 23.9, 22.5 (d, JP,C = 4.3 Hz), 19.8 (d, JP,C = 4.0 Hz).
31P NMR (161.8 MHz, DMSO-d6, 100 °C): δ = 14.0.
HR ESI-TOF: m/z [M + H]+ calcd for [C34H48N5O5P + H]+: 638.346585;
found: 638.346941 (error: 0.557658 ppm).

(1S,2S,1′R,2′R,2′′S)-8b
The general procedure was followed with (1S,2S,1′R,2′R)-2 (0.4 g (0.91
mmol), N-Boc-(S)-proline (0.39 g, 1.82 mmol), N-methylmorpholine
(0.28 g, 0.3 mL, 2.73 mmol), and T3P® (0.7 g, 1.31 mL, 2.18 mmol) to
afford 8b (0.42 g, 0.65 mmol, 71%); white foam; [α]D

25 +36.3 (c 0.347,
CHCl3).
1H NMR (500 MHz, CDCl3): δ = 9.52 (br, 1 H), 7.46 (d, JH,H = 7.6 Hz, 2
H), 7.43 (d, JH,H = 7.7 Hz, 2 H), 7.30 (t, JH,H = 7.6 Hz, 2 H), 7.25 (t, JH,H =

7.5 Hz, 2 H), 7.19 (d, JH,H = 7.6 Hz, ), 7.16 (d, JH,H = 7.3 Hz, 2 H), 4.47 (dq,
3JH,H = 6.7 Hz, 3JP,H = 13.3 Hz, 1 H), 4.28–4.41 (m, 1 H), 4.24 (br, 1 H),
4.01–4.16 (m, 1 H), 3.85–3.96 (m, 1 H), 3.25–3.63 (m, 3 H), 2.78 (t,
JH,H = 9.7 Hz, 1 H), 2.09–2.20 (m, 1 H), 1.76–1.94 (m, 2 H), 1.60 (d, JH,H =
7.0 Hz, 3 H), 1.36–1.57 (m, 7 H), 1.46 (s, 9 H), 1.19–1.31 (m, 1 H),
1.05–1.17 (m, 2 H) 0.91 (br q JH,H = 12.8 Hz, 1 H), 0.70 (br q, JH,H = 10.6
Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 172.6, 171.2, 170.7, 155.1, 143.4,
128.6 (2 C), 127.0 (2 C), 126.9 (2 C), 126.8 (2 C), 80.5, 61.3 (d, JP,C = 11.7
Hz), 60.7, 59.9 (d, JP,C = 12.2 Hz), 52.9 (d, JP,C = 3.3 Hz), 49.3 (d, JP,C = 5.1
Hz), 47.1, 43.8, 31.2, 30.5 (d, JP,C = 9.5 Hz), 29.2, 28.8 (d, JP,C = 9.3 Hz),
28.5, 24.3, 24.2, 19.9, 16.2.
31P NMR (202.5 MHz, CDCl3): δ = 15.9.
HR ESI-TOF: m/z [M + H]+ calcd for [C34H48N5O5P + H]+: 638.346585;
found: 638.34665 (error: 0.101794 ppm).

(1R,2R,1′R,2′R,2′′R)-8c
The general procedure was followed with (1R,2R,1′R,2′R)-2 (0.3 g,
0.68 mmol), N-Boc-(R)-proline (0.29 g, 1.36 mmol), N-methylmor-
pholine (0.21 g, 0.23 mL, 2.04 mmol), and T3P® (0.52 g, 0.97 mL, 1.63
mmol) to afford 8c; yield: 0.31 g (0.49 mmol, 72%); white foam; [α]D

25

–2.9 (c 0.347, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 8.26 (br, 1 H), 7.45 (br, 2 H), 7.37 (d,
JH,H = 7.5 Hz, 2 H), 7.24–7.31 (m, 4 H), 7.13–7.21 (m, 2 H), 4.44 (dq,
3JH,H = 6.9 Hz, 3JP,H = 18.6 Hz, 1 H), 4.26 (br, 1 H), 4.15 (br, 1 H), 3.30–
3.87 (m, 5 H), 2.73–2.88 (m, 1 H), 2.13–2.30 (m, 2 H), 1.95 (br, 1 H),
1.87 (br, 1 H), 1.77 (br, 1 H), 1.60 (d, JH,H = 6.8 Hz, 3 H), 1.38–1.57 (m,
15 H), 1.24 (br q, JH,H = 10.7 Hz, 1 H), 1.14 (qt, JH,H = 4.0, 13.0 Hz, 1 H),
0.97 (br q, JH,H = 13.2 Hz, 1 H), 0.68 (br s, JH,H = 11.8 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.5, 170.5, 146.7, 140.7 (d, 3JP,C =
5.8 Hz), 140.64 (d, 3JP,C = 5.0 Hz), 128.4 (2 C), 128.3 (4 C), 127.2, 126.8,
126.5 (2 C), 80.6, 62.4 (d, JP,C = 12.2 Hz), 61.4 (d, JP,C = 10.8 Hz), 60.1,
55.1 (d, JP,C = 3.3 Hz), 51.2 (d, JP,C = 3.5 Hz), 47.2, 31.2 (d, JP,C = 4.0 Hz),
30.2 (d, JP,C = 8.1 Hz), 29.4, 28.7, 28.47, 24.8, 24.5, 24.1, 22.6 (d, JP,C = 3.8
Hz), 18.4.
31P NMR (202.5 MHz, CDCl3): δ = 13.9.
HR ESI-TOF: m/z [M + H]+ calcd for [C34H48N5O5P + H]+: 638.346585;
found: 638.346953 (error: 0.576457 ppm).

(1S,2S,1′R,2′R,2′′R)-8d
The general procedure was followed with (1S,2S,1′R,2′R)-2 (0.3 g, 0.68
mmol), N-Boc-(R)-proline (0.29 g, 1.36 mmol), N-methylmorpholine
(0.21 g, 0.23 mL, 2.04 mmol), and T3P® (0.52 g, 0.97 mL, 1.63 mmol)
to afford 8d; yield: 0.37 g (0.57 mmol, 84%); white foam; [α]D

25

+102.2 (c 0.365, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 9.42 (br, 1 H), 7.45 (d, JH,H = 7.5 Hz, 4
H), 7.24–7.32 (m, 4 H), 7.09–7.21 (m, 2 H), 4.43–4.46 (m, 1 H), 4.32
(br, 1 H), 4.23 (br, 1 H), 3.85–4.16 (m, 2 H), 3.24–3.67 (m, 3 H), 2.75–
2.85 (m, 1 H), 2.09–2.30 (m, 2 H), 1.92 (br, 1 H), 1.82 (br, 1 H), 1.60 (d,
JH,H = 6.8 Hz, 3 H), 1.52 (d, JH,H = 6.5 Hz, 3 H), 2.21 (s, 9 H), 1.35–1.57
(m, 4 H), 1.07–1.19 (m, 2 H), 0.87–0.97 (m, 1 H), 0.72 (br, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 172.6, 170.4, 155.0, 143.5, 143.2,
128.6 (2 C), 128.2 (2 C), 127.2 (2 C), 127.0 (3 C), 126.9, 80.6, 61.3
(d, JP,C = 11.4 Hz), 60.1, 59.0 (d, JP,C = 12.6 Hz), 52.9, 49.5 (d, JP,C = 5.1
Hz), 47.4, 44.3, 43.8, 31.2, 30.5, 28.9, 28.6, 24.4, 24.3, 19.8, 16.5.
31P NMR (202.5 MHz, CDCl3): δ = 15.8.
HR ESI-TOF: m/z [M + H]+ calcd for [C34H48N5O5P + H]+: 638.346585;
found: 638.346864 (error: 0.437034 ppm).
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459
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Hydrolysis of N-Boc Protecting Group in 8a–d Leading to 9a–d; 
General Procedure
Compound 8 was dissolved in CH2Cl2 and cooled to 3 °C before the
dropwise addition of TFA (10.0 equiv) dissolved in CH2Cl2. The result-
ing mixture was stirred for 12–24 h until the complete consumption
of the starting material (corroborated by TLC). The solvent was evapo-
rated, and the crude product was dissolved in EtOAc, before the addi-
tion of aq 1 M NaOH or ammonium hydroxide, and the resulting mix-
ture was stirred for an additional 1 h to liberate the trifluoroacetate
salt. The phases were separated, and the organic layer was dried (an-
hyd Na2SO4) and concentrated. The crude product was purified by col-
umn chromatography (SiO2: CH2Cl2/MeOH 98:2 to 95:5).

(1R,2R,1′R,2′R,2′′S)-9a
The general deprotection procedure was followed with
(1R,2R,1′R,2′R,2′′S)-8a (0.16 g, 0.25 mmol) and TFA (0.29 g, 0.19 mL,
2.5 mmol) to afford 9a; yield: 0.12 g (0.22 mmol, 88%); white foam;
[α]D

25 –57.9 (c 0.333, CHCl3).
IR (ATR): 2936.6, 2864.2, 1726.1, 1662.9, 1450.5, 1390.5, 1274.5,
1205.6, 1181.5, 1133.3, 1076.6, 1058.9, 1020.9, 965.0, 930.4, 899.1,
856.2, 767.4, 733.0, 700.1, 651.2, 613.9, 583.1 566.1 cm–1.
1H NMR (500 MHz, CDCl3): δ = 7.89 (t, JH,H = 5.2 Hz, 1 H), 7.74 (br, 1 H),
7.49 (d, JH,H = 7.5 Hz, 2 H), 7.40 (d, JH,H = 7.3 Hz, 2 H), 7.33 (t, JH,H = 7.7
Hz, 2 H), 7.29 (t, JH,H = 7.7 Hz, 2 H), 7.23 (t, JH,H = 7.4 Hz, 1 H), 7.19 (d,
JH,H = 7.3 Hz, 1 H), 4.45 (dq, 3JH,H = 6.8 Hz, 3JP,H = 20.2 Hz, 1 H), 4.20 (dq,
3JH,H = 7.1 Hz, 3JP,H = 9.4 Hz, 1 H), 3.87 (dd, JH,H = 6.6, 17.8 Hz, 1 H), 3.80
(dd, JH,H = 5.5, 9.2 Hz, 1 H), 3.59–3.68 (m, 1 H), 3.57 (dd, JH,H = 4.5, 17.9
Hz, 1 H), 3.01–3.11 (m, 1 H), 2.91–3.0 (m, 1 H), 2.79–2.90 (m, 1 H),
2.07–2.37 (m, (3 H), 1.91 (sext, JH,H = 6.5 Hz, 1 H), 1.84 (br d, JH,H = 10.4
Hz, 1 H), 1.69–1.78 (m, 2 H), 1.65 (d, JH,H = 7.0 Hz, 3 H), 1.53–1.61 (m,
2 H), 1.51 (d, JH,H = 7.1 Hz, 3 H), 1.30 (qd, JH,H = 3.4, 12.1 Hz, 1 H), 1.19
(qt, JH,H = 3.6, 13.2 Hz, 1 H), 1.04 (qt, JH,H = 3.7, 13.3 Hz, 1 H), 0.72 (qd,
JH,H = 3.3, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.8, 170.4 (d, JP,C = 2.5 Hz), 146.6
(d, 3JP,C = 4.2 Hz), 140.7 (d, 3JP,C = 1.8 Hz), 128.5 (2 C), 128.4 (2 C), 127.3
(2 C), 127.4, 126.9, 126.6 (2 C), 62.4 (d, JP,C = 12.2 Hz), 61.5 (d, JP,C = 10.9
Hz), 60.7, 55.1 (d, JP,C = 4.6 Hz), 51.4 (d, JP,C = 4.1 Hz), 47.5, 43.5 (d, JP,C =
9.4 Hz), 30.9, 30.3 (d, JP,C = 8.7 Hz), 29.2 (d, JP,C = 9.4 Hz), 26.5, 24.5,
24.2 (d, JP,C = 0.7 Hz), 22.6 (d, JP,C = 4.5 Hz), 18.1 (d, JP,C = 2.6 Hz).
31P NMR (202.5 MHz, CDCl3): δ = 13.8.
HR ESI-TOF: m/z [M + H]+ calcd for [C29H40N5O3P + H]+: 538.294156;
found: 538.294118 (error: –0.069515 ppm).

(1S,2S,1′R,2′R,2′′S)-9b
The general deprotection procedure was followed with
(1S,2S,1′R,2′R,2′′S)-8b (0.39 g, 0.61 mmol) and TFA (0.7 g, 0.47 mL, 6.1
mmol) to afford 9b; yield: 0.31 g (0.58 mmol, 95%); white foam; [α]D

25

+52.3 (c 0.30, CHCl3).
IR (ATR): 2924.1, 2855.9, 1702.5, 1668.1, 1453.8, 1387.9, 1299.8,
1207.9, 1180.7, 1153.1, 1080.3, 1057.2, 1018.5, 1002.9, 969.4, 931.3,
899.6, 856.6, 781.7, 733.1, 698.3, 666.3 cm–1.
1H NMR (500 MHz, CDCl3): δ = 9.26 (br, 1 H), 8.07 (br, 1 H), 7.49 (d,
JH,H = 7.5 Hz, 2 H), 7.45 (d, JH,H = 7.9 Hz, 2 H), 7.30 (t, JH,H = 7.7 Hz, 2 H),
7.27 (t, JH,H = 7.7 Hz, 2 H), 7.15–7.22 (m, 2 H), 4.50 (dq, 3JH,H = 6.9 Hz,
3JP,H = 13.4 Hz, 1 H), 4.38 (dq, 3JH,H = 7.0 Hz, 3JP,H = 17.4 Hz, 1 H), 4.14
(dd, JH,H = 6.1, 17.9 Hz, 1 H), 3.88 (dd, JH,H = 4.6, 17.9 Hz, 1 H), 3.81 (dd,
JH,H = 5.5, 9.1 Hz, 1 H), 3.54–3.66 (m, 1 H), 2.85–3.08 (m, 2 H), 2.75–
2.82 (m, 1 H), 2.54 (br, 1 H), 2.10–2.19 (m, 1 H), 1.91 (sext, JH,H = 6.7

Hz, 1 H), 1.66–1.77 (m, 2 H), 1.63 (d, JH,H = 7.1 Hz, 3 H), 1.53–1.60 (m,
2 H), 1.53 (d, JH,H = 7.1 Hz, 3 H), 1.42–1.51 (m, 2 H), 1.10–1.20 (m, 2 H),
0.92 (qt, JH,H = 3.7, 13.3 Hz, 1 H), 0.71 (qd, JH,H = 3.3, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.6, 171.1, 143.6 (d, 3JP,C = 6.1 Hz),
143.3 (d, 3JP,C = 3.9 Hz), 128.6 (2 C), 128.1 (2 C), 127.2 (2 C), 127.1 (2 C),
127.0, 126.9, 61.3 (d, JP,C = 11.7 Hz), 60.7, 59.0 (d, JP,C = 12.2 Hz), 52.9
(d, JP,C = 3.5 Hz), 49.5 (d, JP,C = 5.5 Hz), 47.4, 43.8 (d, JP,C = 9.8 Hz), 30.9,
30.5 (d, JP,C = 9.5 Hz), 28.9 (d, JP,C = 9.3 Hz), 26.4, 24.3 (d, JP,C = 13.0 Hz),
19.9, 16.5.
31P NMR (202.5 MHz, CDCl3): δ = 15.6.
HR ESI-TOF: m/z [M + H]+ calcd for [C29H40N5O3P + H]+: 538.294156;
found: 538.293414 (error: –1.377351 ppm).

(1R,2R,1′R,2′R,2′′R)-9c
The general deprotection procedure was followed with
(1R,2R,1′R,2′R,2′′R)-8c (0.28 g, 0.45 mmol) and TFA (0.51 g, 0.34 mL,
4.5 mmol) to afford 9c; yield: 0.22 g (0.41 mmol, 91%); white foam;
[α]D

25 –11.6 (c 0.32, CHCl3).
IR (ATR): 3090.8, 2931.3, 2865.0, 1704.9, 1667.6, 1449.7, 1375.1,
1298.1, 1275.6, 1204.8, 1180.7, 1135.9, 1077.4, 1059.4, 1020.6, 964.0,
931.1, 899.6, 857.7, 765.9, 732.4, 700.0, 648.1, 609.4, 573.0 cm–1.
1H NMR (500 MHz, CDCl3): δ = 8.44 (br, 1 H), 7.98 (t, JH,H = 4.9 Hz, 1 H),
7.46 (d, JH,H = 7.7 Hz, 2 H), 7.38 (d, JH,H = 7.8 Hz, 2 H), 7.27 (q, JH,H = 8.1
Hz, 4 H), 7.18 (d, JH,H = 7.3 Hz, 1 H), 7.14 (d, JH,H = 6.7 Hz, 1 H), 4.44 (dq,
3JH,H = 6.9 Hz, 3JP,H = 18.2 Hz, 1 H), 4.17 (dq, 3JH,H = 7.2 Hz, 3JP,H = 9.1 Hz,
1 H), 3.91 (dd, JH,H = 5.8, 17.9 Hz, 1 H), 3.79 (dd, JH,H = 5.5, 9.1 Hz, 1 H),
3.55–3.66 (m, 2 H), 2.90–3.10 (m, 2 H), 2.75–2.84 (m, 1 H), 2.56 (br, 1
H), 2.08–2.19 (m, 1 H), 1.90 (sext, JH,H = 6.4 Hz, 1 H), 1.67–1.80 (m, 3
H), 1.61 (d, JH,H = 7.0 Hz, 3 H), 1.51–1.57 (m, 2 H), 1.49 (d, JH,H = 7.1 Hz,
3 H), 1.45 (br, 1 H), 1.25 (qd, JH,H = 3.0, 12.1 Hz, 1 H), 1.13 (qt, JH,H = 3.4,
13.2 Hz, 1 H), 0.91–1.01 (m, 1 H), 0.66 (qd, JH,H = 3.1, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.5, 170.5 (d, JP,C = 2.5 Hz), 146.8
(d, 3JP,C = 4.1 Hz), 140.9 (d, 3JP,C = 2.1 Hz), 128.5 (2 C), 128.3 (2 C), 128.2
(2 C), 127.3, 126.8, 126.5 (2 C), 62.4 (d, JP,C = 12.2 Hz), 61.5 (d, JP,C = 10.9
Hz), 60.6, 55.1 (d, JP,C = 4.7 Hz), 51.4 (d, JP,C = 4.2 Hz), 47.4, 43.4 (d, JP,C =
9.8 Hz), 30.9, 30.2 (d, JP,C = 8.6 Hz), 29.4 (d, JP,C = 9.5 Hz), 26.3, 24.4,
24.1, 22.6 (d, JP,C = 4.6 Hz), 18.7 (d, JP,C = 3.0 Hz).
31P NMR (202.5 MHz, CDCl3): δ = 13.9.
HR ESI-TOF: m/z [M + H]+ calcd for [C29H40N5O3P + H]+: 538.294156;
found: 538.294492 (error: 0.62527 ppm).

1S,2S,1′R,2′R,2′′R)-9d
The general deprotection procedure was followed with
(1S,2S,1′R,2′R,2′′R)-8d (0.37 g, 0.57 mmol) and TFA (0.65 g, 0.43 mL,
5.7 mmol) to afford 9d; yield: 0.28 g (0.52 mmol, 91%); white foam;
[α]D

25 +103.9 (c 0.307, CHCl3).
IR (ATR): 30.85.8, 2940.3, 2871.4, 1710.0, 1662.0, 1470.0, 1447.3,
1386.1, 1299.6, 1208.1, 1185.1, 1152.9, 1081.1, 1058.1, 1018.5, 991.8,
968.5, 931.3, 900.0, 854.6, 781.3, 764.1, 733.1, 698.5, 663.1, 625.7,
607.8, 574.2 cm–1.
1H NMR (500 MHz, CDCl3): δ = 9.35 (br, 1 H), 8.05 (t, JH,H = 4.6 Hz, 1 H),
7.48 (d, JH,H = 7.7 Hz, 2 H), 7.45 (d, JH,H = 8.1 Hz, 2 H), 7.31 (t, JH,H = 7.7
Hz, 2 H), 7.26 (t, JH,H = 7.6 Hz, 2 H), 7.20 (d, JH,H = 7.5 Hz, 1 H), 7.16 (d,
JH,H = 7.3 Hz, 1 H), 4.50 (dq, 3JH,H = 7.0 Hz, 3JP,H = 13.8 Hz, 1 H), 4.36 (dq,
3JH,H = 7.0 Hz, 3JP,H = 17.6 Hz, 1 H), 4.10 (dd, JH,H = 6.0, 17.9 Hz, 1 H), 3.90
(dd, JH,H = 4.6, 17.9 Hz, 1 H), 3.79 (dd, JH,H = 5.5, 9.1 Hz, 1 H), 3.53–3.63
(m, 1 H), 2.88–3.08 (m, 2 H), 2.74–2.82 (m, 1 H), 2.53 (br, 1 H), 2.00–
2.19 (m, 1 H), 1.93 (sext, JH,H = 6.4 Hz, 1 H), 1.64–1.78 (m, 2 H), 1.63 (d,
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459
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JH,H = 7.1 Hz, 3 H), 1.57–1.60 (m, 1 H), 1.55 (d, JH,H = 7.1 Hz, 3 H), 1.41–
1.53 (m, 3 H), 1.10–1.20 (m, 2 H), 0.92 (qt, JH,H = 3.8, 13.3 Hz, 1 H), 0.73
(qd, JH,H = 3.0, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.6, 171.2, 143.6 (d, 3JP,C = 5.8 Hz),
143.3 (d, 3JP,C = 3.7 Hz), 128.6 (2 C), 128.1 (2 C), 127.2 (2 C), 127.1 (2 C),
127.0, 126.9, 61.3 (d, JP,C = 11.7 Hz), 60.7, 59.0 (d, JP,C = 12.2 Hz), 53.0
(d, JP,C = 3.4 Hz), 49.5 (d, JP,C = 5.5 Hz), 47.4, 43.8 (d, JP,C = 9.9 Hz), 30.9,
30.5 (d, JP,C = 9.4 Hz), 28.8 (d, JP,C = 9.3 Hz), 26.4, 24.3 (d, JP,C = 10.3 Hz),
19.9 (d, JP,C = 1.6 Hz), 16.6.
31P NMR (202.5 MHz, CDCl3): δ = 15.6.
HR ESI-TOF: m/z [M + H]+ calcd for [C29H40N5O3P + H]+: 538.294156;
found: 538.293462 (error: 0.863058 ppm).

(1R,2R,1′R,2′R,2′′S)-13
In a 100 mL round-bottomed flask equipped with a stirring bar
(1R,2R,1′R,2′R)-1 (0.82 g (2.1 mmol) was dissolved in anhyd THF (40
mL) under an argon atmosphere and cooled at 3 °C before the drop-
wise addition of n-BuLi (2.8 M in hexanes; 0.18 g, 1.0 mL, 2.7 mmol).
The resulting mixture was stirred at 3 °C for 20 min before the addi-
tion of phenylalanine methyl ester (0.5 g, 2.7 mmol) dissolved in an-
hyd THF. The reaction mixture was allowed to reach r.t., and stirring
was continued for 24 h. Subsequently, the mixture was poured into
ice/water and extracted with EtOAc. The combined organic layers
were dried (anhyd Na2SO4), filtered, and the solvent was removed by
distillation. The crude product was purified by column chromatogra-
phy on silica gel (eluent: hexane/EtOAc 8:2 to 7:3) to afford pure 13;
yield: 0.58 g (1.1 mmol, 52%); white foam; [α]D

25 –44.3 (c 0.336, CH-
Cl3).
IR (ATR): 3057.1, 3028.6, 2933.0, 2967.6, 1711.3, 1494.5, 1451.4,
1377.2, 1337.7, 1299.6, 1240.0, 1224.2, 1206.4, 1182.5, 1136.6,
1074.6, 1030.2, 996.1, 963.7, 928.9, 814.8, 766.8, 738.9, 668.4, 667.5,
597.7, 559.2 cm–1.
1H NMR (500 MHz, CDCl3): δ = 8.59 (d, JH,H = 10.4 Hz, 1 H), 7.55
(d, JH,H = 7.5 Hz, 2 H), 7.40 (d, JH,H = 7.8 Hz, 2 H), 7.31 (q, JH,H = 7.8 Hz, 4
H) 7.20–7.27 (m, 6 H), 7.14–7.19 (m, 1 H), 4.50 (dq, 3JH,H = 7.0 Hz,
3JP,H = 19.4 Hz, 1 H), 4.20 (dq, 3JH,H = 7.3 Hz, 3JP,H = 7.5 Hz, 1 H), 3.73 (td,
JH,H = 2.5, 10.7 Hz, 1 H), 3.38 (dd, JH,H = 3.6, 10.3 Hz, 1 H), 3.32
(dd, JH,H = 3.8, 13.5 Hz, 1 H), 2.86 (td, JH,H = 3.1, 10.5 Hz, 1 H), 2.38 (dd,
JH,H = 10.4, 13.5 Hz, 1 H), 1.83 (d, 3JH,H = 9.9 Hz, 1 H), 1.67 (d, 3JH,H = 6.0
Hz, 3 H), 1.63 (d, 3JH,H = 21.1 Hz, 1 H), 1.47–1.55 (m, 2 H), 1.51 (d,
3JH,H = 7.1 Hz, 3 H), 1.33 (qd, JH,H = 3.6, 12.1 Hz, 1 H), 1.19 (qt, JH,H = 3.7,
13.2 Hz, 1 H), 0.90–1.12 (m, 3 H), 0.68 (qd, JH,H = 3.5, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 177.2 (d, JP,C = 1.6 Hz), 147.0 (d, JP,C =
3.8 Hz), 141.3 (d, JP,C = 1.7 Hz), 137.9, 129.9, 129.6, 129.3, 129.2, 128.9,
128.8, 128.6, 128.5, 128.3, 127.5, 127.1, 127.0, 126.8, 126.7, 63.8 (d,
JP,C = 5.4 Hz), 63.2 (d, JP,C = 7.9 Hz), 62.8 (d, JP,C = 12.1 Hz), 62.1 (d, JP,C =
10.3 Hz), 55.4 (d, JP,C = 4.7 Hz), 51.9 (d, JP,C = 3.4 Hz), 36.3, 30.5 (d, JP,C =
8.5 Hz), 28.7 (d, JP,C = 9.2 Hz), 24.7, 24.4, 22.4 (d, JP,C = 4.7 Hz), 16.6.
31P NMR (202.5 MHz, CDCl3): δ = 12.1.
HR ESI-TOF: m/z [M + H]+ calcd for [C31H39N4O2P + H]+: 531.288341;
found: 531.288141 (error: –0.37782 ppm).

(1R,2R,1′R,2′R,2′′S,2′′′S)-14
The general coupling procedure for the preparation of compounds
8a–d was followed with N-Cbz-(S)-proline (0.52 g, 2.1 mmol), N-
methylmorpholine (0.53 g, 0.57 mL, 5.2 mmol), T3P® (0.67 g, 0.57 mL,
2.4 mmol), and (1R,2R,1′R,2′R,2′′S)-13 (0.92 g, 1.7 mmol) to afford the
N-protected catalyst 14; yield: 0.92 g (1.2 mmol, 71%); white foam.

1H NMR (500 MHz, CDCl3): δ = 6.70–7.80 (m, 20 H), 5.15 (d, 3JH,H =
12.2 Hz, 1 H), 4.76 (br, 1 H), 4.42–4.60 (m, 1 H), 4.15–4.21 (m, 1 H),
3.63–3.75 (m, 1 H), 3.36–3.44 (m, 1 H), 3.17–3.29 (m, 1 H), 2.55–2.85
(m, 2 H), 1.85–2.20 (m, 2 H), 1.69–1.79 (m, 2 H), 1.55–1.66 (m, 4 H),
1.43–1.54 (m, 6 H), 1.25–1.37 (m, 2 H), 1.10–1.17 (m, 1 H), 0.91–0.99
(m, 1 H), 0.80–0.90 (m, 2 H), 0.55–0.67 (m, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 172.7, 171.6, 155.8, 147.1 (d, 3JP,C =
4.2 Hz), 140.8 (d, 3JP,C = 3.7 Hz), 137.0, 136.6, 129.4, 128.7, 128.6,
128.4, 128.3, 128.2, 128.0, 127.4, 127.3, 127.1, 126.9, 126.8, 126.4,
67.5, 62.6 (d, JP,C = 12.2 Hz), 61.6 (d, JP,C = 10.4 Hz), 61.5, 60.1, 54.9 (d,
JP,C = 7.3 Hz), 51.3, 47.7, 38.0, 31.1, 30.1 (d, JP,C = 7.8 Hz), 28.0, 24.4,
23.0, 22.8, 18.9, 14.4 (d, JP,C = 8.0 Hz).
31P NMR (202.5 MHz, CDCl3): δ = 14.4.

(1R,2R,1′R,2′R,2′′S,2′′′S)-15
The general procedure for catalytic hydrogenation to reduce azides 4
was followed with (1R,2R,1′R,2′R,2′′S,2′′′S)-14 (0.5 g, 0.66 mmol) and
Pd/C (0.07 g) to afford 15; yield: 0.39 g (0.62 mmol, 94%); white foam;
[α]D

25 –47.4 (c 0.35, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 8.28 (br, 1 H), 7.87 (d, JH,H = 8.3 Hz, 1
H), 7.53 (d, JH,H = 7.5 Hz, 2 H), 7.18–7.36 (m, 10 H), 7.06–7.15 (m, 3 H),
4.69 (ddd, JH,H = 4.7, 8.4, 10.7 Hz, 1 H), 4.53 (dq, 3JH,H = 7.0 Hz, 3JP,H =
17.0 Hz, 1 H), 4.17 (dq, 3JH,H = 7.2 Hz, 3JP,H = 8.3 Hz, 1 H), 3.66–3.75 (m,
1 H), 3.63 (dd, JH,H = 4.7, 9.2 Hz, 1 H), 3.46 (dd, JH,H = 4.7, 13.9 Hz, 1 H),
2.86 (dt, JH,H = 6.7, 10.1 Hz, 1 H), 2.74–2.81 (m, 1 H), 6.67 (dd, JH,H =
10.8, 13.9 Hz, 1 H), 2.52–2.61 (m, 1 H), 2.00 (br, 1 H), 1.84–1.93 (m, 1
H), 1.70–1.80 (m, 1 H), 1.63 (d, JH,H = 7.1 Hz, 3 H), 1.41–1.55 (m, 6 H),
1.50 (d, JH,H = 7.0 Hz, 3 H), 1.31 (qd, JH,H = 3.5, 12.1 Hz, 1 H), 1.20–1.25
(m, 1 H), 1.15 (qt, JH,H = 3.5, 13.2 Hz, 1 H), 0.95 (qt, JH,H = 3.7, 13.3 Hz, 1
H), 0.62 (qd, JH,H = 3.3, 12.3 Hz, 1 H).
13C NMR (125.8 MHz, CDCl3): δ = 175.5, 173.2 (d, JP,C = 3.7 Hz), 147.0
(d, 3JP,C = 4.7 Hz), 140.9 (d, 3JP,C = 2.1 Hz), 137.2, 129.4 (2 C), 128.6 (2 C),
128.4 (4 C), 127.3, 127.0, 126.7, 126.5 (2 C), 62.6 (d, JP,C = 12.3 Hz),
61.6 (d, JP,C = 10.9 Hz), 60.4, 55.4 (d, JP,C = 4.4 Hz), 51.5 (d, JP,C = 4.0 Hz),
47.3, 37.9, 30.7, 30.4 (d, JP,C = 8.8 Hz), 29.8 (d, JP,C = 9.3 Hz), 26.0, 24.5,
24.2, 22.6 (d, JP,C = 4.2 Hz), 19.0 (d, JP,C = 3.1 Hz).
31P NMR (202.5 MHz, CDCl3): δ = 14.5.
HR ESI-TOF: m/z [M + H]+ calcd for [C36H46N5O3P + H]+: 628.341106;
found: 628.341492 (error: 0.614856 ppm).

Preparation of Racemic Aldol Products Derived from Aryl Alde-
hydes; General Procedure
In a vial equipped with magnetic stirrer were mixed 10 equiv of cy-
clohexanone with 10 equiv of NaOH as a 1.0 M solution in H2O. Then 1
equivalent of the corresponding aldehyde was added, and the mixture
was stirred at r.t. for 3 to 4 h. H2O was added, and the product was
extracted with EtOAc. Aldol products were purified by column chro-
matography hexane/EtOAc 100–0 to 80–20.

Asymmetric Aldol Reaction with Aryl Aldehydes; General Proce-
dure
In a vial equipped with magnetic stirrer was suspended the corre-
sponding catalyst 9 or 15 (0.01 mmol) and benzoic acid (0.01 mmol)
in distilled H2O (1 mL), before the addition of cyclohexanone (0.10 mL
1.0 mmol). The resulting mixture was stirred at 3 °C for 20 min and
then the corresponding aryl aldehyde (0.2 mmol) was added. The re-
action mixture was left standing at 3 °C for the required time. The
product was extracted with EtOAc (3 ×), the combined organic phases
were dried (anhyd Na2SO4), concentrated, and the crude product was
purified by column chromatography (SiO2, hexane/EtOAc 8:2 to 1:1).
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2018, 50, 3445–3459
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Yields were calculated after purification, the diastereomeric ratio was
determined by 1H NMR of the crude product and enantiomeric ratio
was determined by chiral HPLC. The aldol products have been already
reported, the spectroscopic data were correlated with the litera-
ture.12a,b

Preparation of Racemic Aldol Products Derived from Isatins; Gen-
eral Procedure
In a sealed tube were mixed the corresponding isatin (0.5 mmol), cy-
clohexanone (5.0 mmol), Et2NH (1.0 mmol) and EtOH (5 mL). The re-
action mixture was heated to 80 °C for 24 h, the solvent was removed
under vacuum, and the products purified by column chromatography
(SiO2: hexane/EtOAc 7:3 to 1:1).

Asymmetric Aldol Reaction with Isatins; General Procedure
In a vial equipped with magnetic stirrer was suspended the corre-
sponding catalyst 9 or 15 (0.02 mmol) and of benzoic acid (0.02
mmol) in distilled H2O (1 mL), before the addition of cyclohexanone
(0.15 mL, 1.4 mmol). The resulting mixture was stirred at 3 °C for 20
min and then of the corresponding isatin (0.2 mmol) was added. The
reaction mixture was left standing at 3 °C for 72 h, and then extracted
with EtOAc (3 ×), the combined organic phases were dried (anhyd
Na2SO4), concentrated, and the crude product purified by column
chromatography (SiO2, hexane/EtOAc 8:2 to 1:1). Yields were calcu-
lated after purification, the diastereomeric ratio was determined by
1H NMR of the crude product and enantiomeric ratio was determined
by chiral HPLC. The aldol products have been already reported, the
spectroscopic data were correlated with the literature.9
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