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Abstract: Multicomponent reactions
are a very powerful tool for the con-
struction of complex organic molecules
by using readily available starting ma-
terials. While most of the multicompo-
nent reactions discovered so far consist
of three components, the reactions with
four or more components remain
sparse. We have successfully developed
several four-component reactions using
a catalytic amount of water as a hydro-
lyzing agent to decompose byproduct
chlorotrimethylsilane (TMSCI) to yield
secondary byproduct HCI that serves
as a catalyst. In the presence of

and silylated nucleophiles proceeds
smoothly at room temperature to give
a range of protected primary amines in
moderate to excellent yields. Impor-
tantly, a wide variety of protic carbon
nucleophiles, such as f-keto esters, [3-
diketones, and ketones, have further
been explored as suitable substrates for
the synthesis of protected f-amino
esters and P-amino ketones that are
useful building blocks for various phar-
maceuticals and natural products.
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These four-component reactions pro-
ceed through a pathway of tandem ni-
trogen protection/imine  formation/
imine addition, and the decomposition
of byproduct TMSCI, generated in the
first step of nitrogen protection, with
water results in the formation of secon-
dary byproduct HC], a strong Brgnsted
acid that catalyzes the following imine
formation/imine addition. Taking ad-
vantage of the fact that alcohols or
phenols are also able to decompose by-
product TMSCI to yield secondary by-
product HCI, no catalyst is needed at
all for the four-component reactions

40 mol % of water, the four-component
reaction of aldehydes with hexamethyl-

chemistry
disilazane (HMDS), chloroformates,

Introduction

Multicomponent reactions involve the one-pot transforma-
tion of three or more starting materials into a single product
that incorporates portions of all the reactants, and are,
therefore, very powerful for the construction of complex or-
ganic molecules by using readily available starting materi-
als.'! Owing to their intrinsic step economy, multicomponent
reactions, particularly those with more than three compo-
nents, exhibit much higher efficiency relative to the sequen-
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with  aldehydes bearing hydroxy
groups.

water

tial synthesis of the same targets by conventional bimolecu-
lar reactions. In addition, this approach is a greener alterna-
tive to multistep bimolecular reactions through the minimi-
zation of the amount of solvents and reagents needed for
the reactions and purifications. While most of the multicom-
ponent reactions discovered so far consist of three compo-
nents, the reactions with four or more components remain
sparse.

We  discovered recently a room temperature,
FeSO,7H,0O-catalyzed four-component reaction of alde-
hydes with hexamethyldisilazane (HMDS), chloroformates,
and silylated nucleophiles [Eq. (1)],”! which was found later
by Ramoén and Yus to proceed smoothly in the presence of
unmodified nanopowder magnetite at 110°C.”! The products
resulting from these multicomponent reactions are alkoxy-
carbonyl-protected primary amines (carbamates), which are
widely used as synthetic intermediates for biologically im-
portant molecules. In addition, the alkoxycarbonyl groups
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can be readily removed from the nitrogen atoms by using
well-established protective-group chemistry.™

_CO,R?2
R'CHO + HMDS + CICO,R? catalyst HN 2
—_—

(1
+ R3SiNu (Nu = H, allyl) R' “Nu

Mechanistic studies indicate that the above four-compo-
nent reaction proceeds through a pathway of tandem nitro-
gen protection/imine formation/imine addition.*! While the
first step can occur in the absence of catalysts, the last two
steps are promoted by acidic species. Importantly, byproduct
chlorotrimethylsilane (TMSCI), a silicon Lewis acid generat-
ed by the reaction of HMDS with a chloroformate,” plays a
vital role in combination with an iron species in promoting
the imine formation/imine addition. These studies prompted
us to use water to promote the four-component reaction by
taking advantage of the fact that the decomposition of by-
product TMSCI with water results in the formation of secon-
dary byproduct HCI, a strong Brgnsted acid that might cata-
lyze the imine formation/imine addition® more efficiently
and extend this chemistry to protic carbon nucleophiles
(Scheme 1).

.CO,R?
H,0 (cat) HN"72
RICHO + HMDS + CICO,R? + NuX ————
R'™ “Nu
ref.[5]  COR?
HMDS + CICO,RZ ——— + TMSCI
HTMS
, H,0
R'CHO
(el
N
TMSOH TMSOH,
(TMS),0
NuX 2
X\N,COZRZ u j\[COZR
R1*Nu @ R "H
N
2
H,0 Hn-COR

X = SiRy R1J\Nu

Scheme 1. Proposed four-component reaction of aldehydes with HMDS,
chloroformates, and nucleophiles (NuX, X=SiR; or H) in the presence
of a catalytic amount of water.

Although water has gained widespread focus in recent
years as an environmentally benign medium for a broad
range of organic transformations,® it remains sparse for the
use of a catalytic amount of water to accelerate organic re-
actions.”! Herein, we describe several four-component reac-
tions that utilize a catalytic amount of water as a hydrolyz-
ing agent to decompose byproduct TMSCI to yield secon-
dary byproduct HCI that serves as a catalyst. The water-pro-
moted four-component reaction of aldehydes with HMDS,
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chloroformates, and silylated nucleophiles proceeds well at
room temperature to give various protected primary amines,
and importantly, a wide variety of protic carbon nucleo-
philes have further been explored as suitable substrates for
the synthesis of protected f-amino esters and f-amino ke-
tones that are useful building blocks for various pharma-
ceuticals and natural products.’! In addition, no catalyst is
needed at all for the four-component reactions with alde-
hydes bearing hydroxy groups owing to their ability to de-
compose byproduct TMSCI to yield secondary byproduct
HCL

Results and Discussion

Water-promoted four-component synthesis of protected pri-
mary amines: To test our hypothesis, the four-component re-
action of benzaldehyde with HMDS, benzyl chloroformate
(CbzCl), and triethylsilane was selected as the model reac-
tion performed in acetonitrile at room temperature
(Table 1). In the absence of water, this four-component reac-

Table 1. Optimization of reaction conditions.”!

H,0 (cat.) NHCbz
PhCHO + HMDS + CbzCl + Et3SIH ———— P
1a

Entry Water Solvent Yield

[mol %] [%]®
1 0 acetonitrile 0
2 20 acetonitrile 41
3 40 acetonitrile 94
4 80 acetonitrile 85
5 40 tetrahydrofuran 24
6 40 dioxane 35
7 40 dichloromethane 0

[a] Reaction conditions: PhCHO (0.50 mmol), HMDS (0.60 mmol),
CbzCl (0.60 mmol), Et;SiH (0.60 mmol), water (0-80 mol%), solvent
(0.50 mL), RT, 24 h. [b] Isolated yield.

tion did not occur in 24 h despite the fact that byproduct
TMSCI was generated quickly by the reaction of HMDS
with CbzCl (Table 1, entry 1).”! In contrast, 20 mol% of
water could promote this four-component reaction to give
carbamate 1a in 41% yield (Table 1, entry 2), and the opti-
mal amount of water was identified to be 40 mol %, which
resulted in the formation of carbamate 1la in 94% yield
(Table 1, entry3). These observations indicate that the
imine formation/imine addition is catalyzed by secondary
byproduct HCI, a strong Brgnsted acid generated through
the decomposition of byproduct TMSClI with water
(Scheme 1). The role of HCI played in the imine addition is
substantially supported by its ability to catalyze the reduc-
tion of preformed imine I-A with triethylsilane in acetoni-
trile at room temperature [Eq. (2)].”! It should be noted
that this four-component reaction proceeded cleanly without
the formation of a secondary carbamate and/or benzyl alco-
hol. Additional investigations revealed that the yield de-
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creased dramatically when acetonitrile was replaced with
another common organic solvent such as tetrahydrofuran,
dioxane, or dichloromethane (Table 1, entries 5-7)."

NCbz Et3SiH.(1..2 equiv), HCI (80 mol %)
acetonitrile, RT, 24 h

1a 2)
Ph H 64%

In the presence of 40 mol % of water, a range of aromatic
and aliphatic aldehydes, including the sterically demanding
ones, underwent smoothly tandem nitrogen protection/direct
reductive amination of aldehydes at room temperature to
give the corresponding carbamates in good to excellent
yields that are comparable to those obtained from the corre-
sponding iron-catalyzed four-component reaction reported
recently (Table 2, entries 1-10).*"! Furthermore, this four-
component reaction avoids the employment of a large
excess of nitrogen source, reducing agent, and acidic catalyst
when compared to the three-component reaction of alde-
hydes, primary carbamates, and triethylsilane for the synthe-

Table 2. Water promoted four-component reaction of aldehydes with
HMDS, PgCl, and silylated nucleophiles.!
H,0 (40 mol %) I

R'CHO + HMDS + PgCl + R3SiNu

NHPg
Nu
1

— 1
acetonitrile R

Product t Yield
[h]  [%]"

1 @ Cbz Et H 1a 24 %
2 MeO—Q" Cbz Et H 1b 36 89
3 CI@-- Cbz Et H 1c 18 93
4 ond Y cr Bt oH 14 2478

5 @ Cbz Et H le 24 98
OMe
6 CLCI Cbz Et H 1f 20 94

Entry R! Pg R Nu

7 Ph " Cbz Et H 1g 30 68
8 Q Cbz Et H 1h 24 76
Me
9 ) Cbz Et H 1i 20 68
Me
Me
10 Ma—}" Cbz Et H 1j 2 7
e
11 @ COo,Ph Et H 1k 4 97
12 @ COPh Et H 11 20 81
13 @ Cbz Me 7 1m 72 43
14 @ Cbz Me X 1n 72 58
OMe

[a] Reaction conditions: aldehyde (0.50 mmol), HMDS (0.60 mmol),
PgCl (0.60 mmol), R;SiNu (0.60 mmol), water (40 mol%), acetonitrile
(0.50 mL), RT. [b] Isolated yield.
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sis of the same targets." The replacement of CbzCl with an-
other chloroformate, such as PhOCOCI, or an acyl chloride,
such as PhCOCI, could lead to the formation of the corre-
sponding carbamate or amide, another form of protected
primary amine (Table 2, entries 11 and 12). In addition, al-
lyltrimethylsilane could serve as a silylated carbon nucleo-
phile and the corresponding four-component reaction pro-
vided a convenient access to protected homoallylic amines
in moderate yields (Table 2, entries 13 and 14).

Only a few reactive ketones could serve as acceptable
substrates for this water-promoted four-component reaction
to furnish the corresponding carbamates in moderate yields.
For example, the four-component reaction of cyclohexanone
with HMDS, CbzCl, and triethylsilane proceeded smoothly
in acetonitrile in the presence of 40 mol % of water at room
temperature for 20h to give Cbz-protected cyclohexyl
amine 1o in 51 % yield [Eq. (3)].

HMDS (1.2 equiv), CbzCl (1.2 equiv)

0 Et3SiH (1.2 equiv), H,0 (40 mol %) NHCbz
ij acetonitrile, RT, 24 h

51%

1o

Water-promoted four-component synthesis of protected (-
amino esters and f-amino ketones: The water-promoted
four-component reaction has been successfully extended to
a wide variety of protic carbon nucleophiles, and for the
first time, several four-component Mannich-type reactions
have been developed for the synthesis of alkoxycarbonyl-
protected B-amino esters and - amino ketones, which are
useful building blocks for various pharmaceuticals and natu-
ral products.’! In the presence of 40 mol% of water, the
four-component reaction of aldehydes with HMDS, chloro-
formates, and 3-keto esters proceeded smoothly at 40°C to
afford structurally diversified protected a-acyl f(-amino
esters in moderate to good yields (Table 3, entries 1-11).0'%]
Other active methylene compounds, such as 1,3-diketones,
could also serves as useful protic carbon nucleophiles under
the same reaction conditions. For example, the water-pro-
moted four-component reaction of benzaldehyde with
HMDS, CbzCl, and 2,4-pentadione furnished Cbz-protected
a-acyl B-amino ketone 21 in 64% yield (Table 3, entry 12).
Further investigations revealed that the four-component re-
action proceeded well with enolizable ketones, such as ace-
tophenone, acetone, 1-tetralone, and cyclohexanone, to give
the corresponding protected -amino ketones in moderate
yields (Table 3, entries 13-18).

It should be noted that a competitive pathway for the
consumption of an aldehyde in the four-component reaction
is the Knoevenagel or aldol condensation reaction of the al-
dehyde with an enolizable carbon nucleophile, which was
found to be more competitive relative to the four-compo-
nent reaction when the reaction proceeded in the presence
of a metal Lewis acid. For example, the replacement of

Chem. Eur. J. 2010, 16, 718-723


www.chemeurj.org

Byproduct-Catalyzed Four-Component Reactions of Aldehydes

Table 3. Water-promoted four-component reaction of aldehydes with
HMDS, chloroformates, and protic carbon nucleophiles.[“]

NHPg
H,0 (40 mol %) N
R2CHO + HMDS + PgCl + NUH ——— > 2 Nu
acetonitrile
2
Entry R? Pg Nu Product ¢  Yield
[h] (%]
@ COPh
1 Cbz COLEt 2a 8 84
<COF‘h
oy e -
2 e Cbz COE 2b 15 62

_<COPh
O -
3 Cbz COLEt 2¢ 15 65
_<COPh
NS S
4 2 Cbz COLEt 2d 15 82

Cbz B 2e 2 85

o
=

®
O/\
(o]
N

m

co,pn X 2f 20 68

COMe
Cbz < 2g 10 65

(o))

[oNe]
Ree!
m ¥

<COMe
O e -
8 Cbz coet M 24 67
@L—’ COMe
9 OMe Cbz CO,E 2i 10 55
_(COMG
10 @ COEt Nog 2 16 65
COMe
1 @ COPh "o g 2K 20 67
@ _<COMe
12 Cbz cove 2! 20 o4
e}
13 @ Cbz ~ Ao 2m 9 53
(0]
144 @ Cbz ~ Ay 2n 15 68
0
15t @ COEt M 20 40 59
O
161 @ Coph M 2p 24 58
o
17 @ COEt @ 2q 21 60
o]
18 @ Cbz ﬁ 2r 4 53

[a] Reaction conditions: aldehyde (0.50 mmol), HMDS (0.60 mmol),
PgCl (0.60 mmol), NuH (0.75 mmol), water (40 mol%), acetonitrile
(0.50 mL), 40°C. [b] Isolated yield. [c] Acetone (0.50 mL) was used as the
solvent and the reaction was performed at 15°C.

water with FeSO,7H,O (5 mol %) to catalyze the four-com-
ponent reaction of benzaldehyde with HMDS, CbzCl, and
ethyl benzoylacetate decreased the yield for the desired
product from 84 to 67 % when benzaldehyde was completely
consumed.

In contrast to the four-component reaction of aldehydes
with HMDS, chloroformates, and silylated nucleophiles,
these four-component Mannich-type reactions could occur
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in the absence of water in acetonitrile, but they proceeded
much slower relative to those promoted by water. For exam-
ple, the four-component reaction of benzaldehyde with
HMDS, CbzCl, and ethyl benzoylacetate proceeded in the
absence of water in acetonitrile at 40°C for 8h to afford
protected a-acyl f-amino ester 2a in only 12 % yield, which
is much lower than that for the corresponding reaction in
the presence of 40 mol% of water (84% yield, Table 3,
entry 1).

Catalyst-free four-component reactions with aldehydes bear-
ing hydroxy groups: Since alcohols or phenols are also able
to decompose byproduct TMSCI to yield secondary byprod-
uct HCL" they are expected to serve as alternative effec-
tive catalysts for the above four-component reactions. To
our delight, either ethanol or phenol could promote the
four-component reaction of benzaldehyde with HMDS,
CbzCl, and triethylsilane to give carbamate 1a in an excel-
lent yield [Eq. (4)]. These observations prompted us to de-
velop several catalyst-free four-component reactions of hy-
droxy-containing aldehydes with HMDS, chloroformates,
and various nucleophiles.

HMDS (1.2 equiv), CbzCl (1.2 equiv)
Et3SiH (1.2 equiv), ROH (100 mol %)
acetonitrile, RT, 24 h
PhCHO 1a 4)
R=Et, 91%
R =Ph, 91%

In the absence of external catalysts and additives, the
four-component reactions of hydroxy-substituted benzalde-
hydes with HMDS, chloroformates, and triethylsilane pro-
ceeded smoothly at room temperature to give the corre-
sponding carbamates in good yields (Table 4, entries 1-5).
Allyltrimethylsilane, B-keto esters, and ketones could also
serve as useful carbon nucleophiles for the catalyst-free
four-component reactions (Table 4, entries 6-8). Interesting-
ly, a much lower yield was obtained for the corresponding
four-component reaction in the presence of a metal Lewis
acid. For example, the FeSO,7H,0 (5 mol% )-catalyzed
four-component reaction of 4-hydroxybenzaldehyde with
HMDS, Cbz(Cl, and triethylsilane furnished carbamate 3¢ in
only 12% yield, which is much lower than that for the pres-
ent catalyst-free one (73 % yield, Table 4, entry 3).

The use of molecular sieves (4 A) to sequester secondary
byproduct HCI in the four-component reaction of 2-hydrox-
ybenzaldehyde with HMDS, CbzCl, and triethylsilane could
completely shutdown the formation of carbamate 3a.I"”! This
result suggests that secondary byproduct HCI, generated
through the decomposition of byproduct TMSCI with the
hydroxy group, plays a vital role for the catalyst-free four-
component reactions of hydroxy-containing aldehydes with
HMDS, chloroformates, and nucleophiles to produce various
amine derivatives.
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Table 4. Catalyst-free four-component reactions of hydroxy-containing
aldehydes with HMDS, chloroformates, and nucleophiles.”*!
NHPg

R3CHO + HMDS + PgCl + NuX —————
g WA acetonitrile. R Nu
3

Entry R® Pg Nu X Product ¢  Yield

[h] [%]"

1 @ Cbz H SiEt; 3a 48 84
OH

2 Q Cbhz H SiEt, 3b 44 64
HO -
3 HO @ Cbz H SiBt, 3¢ 2 7B

4 @OH COEt H SiEt;  3d 3 72
5 @ COPh H SiEt;  3e 30 79
OH
6 @LOH Cbz " SiMe; 3f 24 52
_<COPh
0O -
7 Cbz coe H 3g 35 6l

s o M o ° u  3n 3567

[a] Reaction conditions: aldehyde (0.50 mmol), HMDS (0.60 mmol),
PgCl (0.60 mmol), NuX (0.60 mmol), acetonitrile (0.50 mL), RT. [b] Iso-
lated yield.

Conclusion

We have developed, for the first time, an efficient byprod-
uct-catalyzed four-component reaction of aldehydes with
HMDS, chloroformates, and nucleophiles to produce a wide
variety of protected primary amines, f-amino esters, and f3-
amino ketones, which are useful building blocks for various
pharmaceuticals and natural products. In the presence of
40 mol % of water, the four-component reaction of alde-
hydes with HMDS, chloroformates, and silylated nucleo-
philes proceeds smoothly at room temperature to give a
range of protected primary amines in moderate to excellent
yields. Importantly, the water promoted four-component re-
action has been successfully extended to a wide variety of
protic carbon nucleophiles, such as (-keto esters, P-dike-
tones, and ketones, and several four-component Mannich-
type reactions have been developed for the synthesis of pro-
tected B-amino esters and -amino ketones in moderate to
good yields. These four-component reactions proceed
through a pathway of tandem nitrogen protection/imine for-
mation/imine addition, and the decomposition of byproduct
TMSCI, generated in the first step of nitrogen protection,
with water results in the formation of secondary byproduct
HCI, a strong Brgnsted acid that promotes the following
imine formation/imine addition. Taking advantage of the
fact that alcohols or phenols are also able to decompose by-
product TMSCI to yield secondary byproduct HCI, no cata-
lyst is needed at all for the four-component reactions with
aldehydes bearing hydroxy groups.
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Experimental Section

General information: Detailed experimental procedures, characterization
data, and copies of 'H and *C NMR spectra for the products are given in
the Supporting Information.

General procedure for the water-promoted four-component reactions of
aldehydes with HMDS, PgCl, and silylated nucleophiles (Table 2):
HMDS (96.8 mg, 0.125 mL, 0.60 mmol), PgCl (0.60 mmol), and silylated
nucleophiles (0.60 mmol) were added successively to a stirred solution of
an aldehyde (0.50 mmol) in dry acetonitrile (0.25 mL) at room tempera-
ture. The mixture was stirred at room temperature for 5h and was then
added to a solution of water (3.6 mg, 0.20 mmol, 40 mol %) in acetonitrile
(0.25 mL). The resulting mixture was stirred at room temperature until
no further transformation was observed by TLC and was then purified di-
rectly by preparative TLC, developing with petroleum ether/ethyl acetate
10:1, to afford carbamates 1.

General procedure for the water-promoted four-component reaction of
aldehydes with HMDS, chloroformates, and protic carbon nucleophiles
(Table 3, entries 1-13 and 17 and 18): HMDS (96.8 mg, 0.125mL,
0.60 mmol), a chloroformate (0.60 mmol), and a protic carbon nucleo-
phile (0.75 mmol) were added successively to a stirred solution of an al-
dehyde (0.50 mmol) in dry acetonitrile (0.25 mL) at room temperature.
The mixture was stirred at 40°C for 2 h and was then added to a solution
of water (3.6 mg, 0.20 mmol) in acetonitrile (0.25 mL). The resulting mix-
ture was stirred at 40°C until no further transformation was observed by
TLC, and was then purified directly by preparative TLC, developing with
petroleum ether/ethyl acetate 10:1, to afford protected f-amino carbonyl
compounds 2.

General procedure for the four-component synthesis of protected (-
amino ketones 2n, 20, and 2p (Table 3, entries 14-16): A mixture of an
aldehyde (0.50 mmol), HMDS (96.8 mg, 0.125 mL, 0.60 mmol), a chloro-
formate (0.60 mmol), and acetone (0.25 mL) was stirred at 15°C for 4 h,
and was then added to a solution of water (3.6 mg, 0.20 mmol) in acetone
(0.25 mL). The resulting mixture was stirred at 15°C until no further
transformation was observed by TLC, and was then purified directly by
preparative TLC, developing with petroleum ether/ethyl acetate 10:1, to
afford protected $-amino ketones 2n, 20, or 2p.

General procedure for the catalyst-free four-component reaction of hy-
droxy-containing aldehydes with HMDS, chloroformates, and nucleo-
philes (Table 4): HMDS (96.8 mg, 0.125 mL, 0.60 mmol), a chloroformate
(0.60 mmol), and a nucleophile (0.60 mmol) were added successively to a
stirred solution of an aldehyde (0.50 mmol) in dry acetonitrile (0.50 mL)
at room temperature. The resulting mixture was stirred at room tempera-
ture until no further transformation was observed by TLC, and was then
purified directly by preparative TLC, developing with petroleum ether/
ethyl acetate 5:1, to afford protected primary amines 3.
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