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INTRODUCTION

Trichloromethyl chloroformate (TCF, diphosgene, 1) and bis-(trichloromethyl)
carbonate (BTC, triphosgene, 2), two important substitutes for phosgene,'® have emerged as
versatile synthetic auxiliaries for the synthesis of important classes of organic compounds.
Recently, for example, a large number of compounds with high biological activities have been
synthesized by use of TCF and BTC. The present review presents a summary on the recent
development of TCF and BTC.

I X
CIgCOJJ\CI Ci3Co 0CCl
1 2
(TCF, diphosgene) (BTC, triphosgene)

Scheme 1

It is well known that phosgene has long been of tremendous importance in organic
chemistry for a wide variety of synthetic applications.2 However, it has several disadvantages:
First, being a gas makes it difficult to measure accurately the amount used and to avoid side-
reactions when an excess is used. Second, it is a highly toxic gas, which makes its use and trans-
portation severely restricted. Now its use has been banned in both research labs and industrial
plants. In contrast, TCF is a colorless liquid and BTC is a crystalline solid. Both are soluble in
solvents such as ether and chloroform. The most important properties of TCF and BTC are
shown in Table 1.
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Tablel. Some Physicohemical Properties of Phosgene, TCF and BTC

Properties Phosgene TCF BTC
Appearance Colorless gas Colorless liquid White crystal
Molecular formula CCLO C,CL0, C,CL0,
Molecular weight 98.92 197.85 296.75
bp.°C 8 128 203-206
mp.°C -118 =57 81-83
Density 1.38 1.65 1.73
Vapor pressure (mmHg/20°C) 1215 10 -—-2

At decomposes above 90°C in moist air.

TCF may be prepared by illumination of methyl formate and chlorine with a 500-watt
lamp?® BTC can be obtained by Councler’s route* or Eckert’s method*® or by UV irradiation of
dimethyl carbonate and chlorine’.
bis-(Trichloromethyl) Carbonate.-** Chlorine gas was bubbled into a stirred solution of
dimethyl carbonate (45.0 g, 0.3 mol) in 250 mL of carbon tetrachloride, cooled to 10-20°C and
irradiated with two lamps (Philips MLU 300W) for 28 hrs of net reaction (it is possible to inter-
rupt the reaction). The reaction was monitored by 'H NMR. Removal of the solvent in vacuo
(200 Torr) gave a crystalline solid which, after drying in vacuo at 0.1 Torr, afforded 143.0 g,
(97%) of a white solid, mp. 79°C. The HCI gas evolved was trapped into 1.6 L of a 20% aqueous
sodium carbonate solution.

TCF may be synthesized from methyl formate by a similar procedure (Scheme 2).3

0 (o}
hv
CH + 4 Cl —_— Cl;C + 4 HCI
S\OJJ\H 2 3 \O)I\Cl
o) hv o}
CHj _CH + 6 Cl —_— Cl;C CccCl + 6 HCI
3 0)1\0 3 2 3 \o)J\o/ 3
Scheme 2

TCF and BTC are valuable, cost-effective substitutes for phosgene. The main reason is
that they can be handled more safely and more easily than phosgene.b Pasquato’ proposed a
mechanism, shown in Scheme 3, for the mode of action of TCF and BTC. It was found that one

0 0 (o}

o
_—_— CI;,CO—'-—OCCI;, —_— )J\ + )k + Nu
Nu

+
ClhCO "OCCl; Cl,CO Cl Ci Ci

o]

+ Nu

0
2 )k + Nu Nu =Cl
ClzCco (o] cl (o]}

Scheme 3
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equivalent of TCF can produce two equivalents of phosgene, while BTC can lead to three equiv-
alents of phosgene thus making TCF and BTC safe synthetic equivalents of phosgene.

Pulay® has pointed out that BTC may be converted to phosgene vig a six-membered
ring intermediate (Scheme 4).

el o ¢l cl._.o._ ¢ o
cl cl
ook — L F — A e
cl’ ¢
Scheme 4

Table 2 provides a comparison of the reactivity of phosgene and its substitutes.” It has
been reported that the reactivity of phosgene is 18.7 times greater than that of TCF and 170
times that of BTC. Therefore, the reactions of both substitutes may be controlled more easily
than those of phosgene.

Table 2. Relative Reactivity in Pseudo First-order Reactions with 30 Equivalents of Methanol at
25°C in CDCI,4

Phosgene TCF BTC
Relative reactivity 170 9.1 1

I. REACTIONS WITH ALCOHOLS AND THIOLS

Treatment of alcohols with BTC or TCF gives chloroformates or (trichloromethoxy)
formates very readily. However, most of these compounds are unstable and difficult to isolate.
They are usually used in the subsequent reactions without further purification. Treatment of these
species with alcohols, amines and azide ion provides a convenient access to carbonates, carba-
mates and azidoformates respectively (Scheme 5).

RO.__OCCl,
BTC/TCF o R'OH RO, _OR'
ROH or
no\n/om o
RO _N; RO._ _NHR"
T or RN T
Scheme 5§ o
1. Preparation of Carbonates

a. Preparation of Symmetrical Carbonates

BTC and TCF are convenient reagents for the introduction of the carbonate moiety.
Symmetrical carbonates are well-known compounds and synthetic difficulties are not expected.'
They have been used as coupling agents such as N,N-disuccinimidyl carbonate (DSC, 4) and S,$-
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di(2-pyridyl)dithiocarbonate (5). DSC may be utilized in many synthetic applications because of
its stability. A high-yield, improved method for a large scale preparation of DSC from BTC and
N-hydroxysuccinimide 3 involving a simple work-up, has been developed. (Scheme 6).'°

0 o
)]\ n-Bu;N
N-OH + CCi3—-0 0—CCly N— O

3 Scheme 6

S,S-bis-(2-Pyridyldithiocarbonate (5) was prepared by addition of six equivalents of 2-
mercaptopyridine and pyridine in dichloromethane to BTC at 0°C.'! N-Methoxy-N-methy-
lamides 6, which are effective acylating agents because of their reaction with organometallics to
produce ketones without side-products,' can be conveniently prepared from carboxylic acids and
N,O-dimethylhydroxylamine hydrochloride, using 5 as the coupling agent in a one-pot reaction
(Scheme 7).

0
/IL AN 6 eq Pyridine B o A
clhc—0~ ~o—ccl;, + || P - | J_ L | B
NZ SH CHoCly, 0°C, 0.5h N s g §” N

RCOOH/0.1 eq DMAP 1) MeONHMe « HC1 ”
> —= R N—OMe + 2 2-PySH
CH;CN, r.t. 2) EisN |
Me
6
Scheme 7

Diphenyl carbonate can be used as a covalent template in the synthesis of a [2]-cate-
nane.'? Recently, Godt and Unsal'* found that the use of different bases (pyridine, DMAP, NaH)
had a strong influence on the conversion in the preparation of diaryl carbonates. Carbonates 11
and 12 could be prepared from the corresponding phenols 7 or 8 and BTC using pyridine as the
base (Scheme 8). However, in the case of carbonates 13 and 14, NaH was preferable.

R1 0
N
ClsC—0" “0—CCls
Et0,C OH Et0,C CO,E
base, THF, r.t
710 ® “' 114 ®
7,11 8,12 10,14

Scheme 8

Rotaxanes are of current interest as model systems for molecular recognition and as
precursors for molecular devices. The rotaxane with a carbonate axle could be formed from the
reaction between TCF and wheeled phenolate blocking groups. '3
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N,N-Disuccinimidyl Carbonate (DSC). Typical Procedure.-'° The reaction was carried out in
an inert atmosphere. N-Hydroxysuccinimide (805 g, 7 mol) and triphosgene (417 g, 1.4 mol)
were dissolved in THF (6 L), and cooled in an ice bath. Then a solution of tri-n-butylamine
(1567.6 g, 8.43 mol) in THF (2 L) was added dropwise at a rate such that the reaction tempera-
ture was maintained in the range 0-5°C; a precipitate formed. After the addition was complete,
the reaction was stirred at room temperature for 12-16 h. The resulting slurry was cooled in an
ice bath for 30 min, and then the solid was collected by filtration. The filter cake was washed
with cold THF (2 x 500 mL) and dried under vacuum to afford 796.5 g of DSC (89% yield), mp.
218-220°C.

b. Preparation of Unsymmetrical Carbonates

Carbonate linkages have very wide applications in chemistry, such as, for example, in
the design and synthesis of pro-drugs, peptide and protein, chemiluminescence assays, and under-
fill technology. Through this concept, pro-drugs, synthesized via carbonate linkages by reaction of
the parent drug with carbonate activated the pro-moiety, usually can improve the stability and the
water-solubility of the drug. BTC and TCF are two convenient reagents for the synthesis of such
carbonate activated pro-moieties. A model pro-drug of the camptothecins (CPTs, 17) linked with a
carbonate function to the 20-hydroxy group was obtained by reaction of CPT-20-chloroformate 16
with a model alcohol (Ac-PABA).'S CPT 15 was activated with BTC in the presence of a base to
generate the highly reactive intermediate chloroformate 16 in situ (Scheme 9).

(o]

16 ccl

Scheme 9

Propargyl pentafluorophenylcarbonate (Poc-Opfp, 18)!7 is a novel reagent used for the
preparation of N-Poc amino acids and peptides in excellent yields, and is better than Fmoc-OPfp
in terms of thermal stability and reactivity. The reagent (Poc-Opfp, 18) can be easily synthesized
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under mild conditions by treatment of propargyl alcohol and TCF, followed by the addition of
pentafluorophenol (Scheme 10).

O Et,0, C (activated) 0 Z oH i
Cl;C-0 Cl 0°C, 7h Cl Cl Elzo, 0°C, 12h //\O Cl
F F

F OH F

F F o F F

NE;, Et,0, 0°C, 7h //\O/U\o E
18 F

Scheme 10

Chemiluminescence assays have recently attracted much attention as an analytical
method in the field of clinical and biochemical studies because of their high sensitivity,
simplicity, and safety.'® A new chemiluminescent triggerable 1,2-dioxetane 20 has been synthe-
sized via the key intermediate chloroformate derived from BTC and cis-2-hydroxycyclohexa-
necarbonitrile 19, by use of cis-2-cyanocyclohexyl carbonate as a protective group, as shown in
Scheme 11."°

CN,,

0
CN,. cn;,c—o’u\o—cm3 O
0CCly \n/o“““

Et3N, CH,Cl,

N
¢ "'O OCH;
OCHy ocCt; Yo“" =
)

— CN,,
Et;N, CH,Cl, fo) o\“. O

oH il
o
0—0gcH,
@_KQ °""~O
el
20 ©
Scheme 11

In order to develop thermally reworkable underfills that can provide good reliabilty to
the flip-chip package and allow the chip to be removed easily at elevated temperatures, Wang
and Li? reported the synthesis of several cyclic epoxides containing thermally cleavable
carbonate linkages. These authors found that carbonates with primary or secondary aliphatic

506



18: 48 26 January 2011

Downl oaded At:

TRICHLOROMETHYL CHLOROFORMATE AND bis-(TRICHLOROMETHYL) CARBONATE

groups on both sides are easy to prepare by using BTC, but a carbonate containing tertiary
aliphatic groups is much more difficult to prepare. 3,4-Epoxycyclohexylmethyl #-butyl carbonate
{22) is a carbonate with a r-butyl group, which was obtained from 3-cyclohexenyl-1-methyl chlo-
roformate (21) and t-butyl alcohol (Scheme 12). Terpineol and 2-(3-cyclohexenyl)-2-propanol

o
CH.0H -
z caac—oJ"o—cch CHa o\n/oc0|3 t-butyl alcohol
(o] pyridine, ice bath
21
cH,—0.__o. CHs CH,—0_ _o_ CHs
~ - O ~ d
M S~ew,  Oxome 7 C~ch,
O CHs O CH,

Scheme 12 2

were also used to react with 3-cyclohexenyl-1-methyl chloroformate under the same conditions;
however, no analogous products were detected. Instead, 3-cyclohexenyl-1-methyl chloride was
generated. A possible rationale is that steric hindrance prevents the formation of the anticipated
tertiary carbonates.

Cyclohex-3-enylmethyl t-Butyl Carbonate. Typical Procedure.?’ To a solution of triphosgene
(4.40 g, 14.8 mmol) in a dichloromethane solution (50 mL) and cooled in a ice bath, was slowly
added a solution of 3-cyclohexene-1-methanol (4.6 mL, 39.4 mmol) and pyridine (8 mL) in
dichloromethane (50 mL) within 1 h. Then, the mixture was stirred for an additional 4 h in the
ice bath to generate 3-cyclohexene-1-methyl chloroformate. To this mixture, a solution of 2-
methyl-2-propanol (3.0 mL, 31.4 mmol) and pyridine (8 mL) in dichloromethane (50 mL) was
then added in one portion. The mixture was then stirred at room temperature overnight. It was
washed with a 0.5 N HCI solution (100 mL), 5% sodium bisulfite (500 mL), and 2.5% sodium
bicarbonate (500 mL) and dried over magnesium sulfate. The organic phase was then concen-
trated and the residue obtained was purified by column chromatography on silica gel with
dichloromethane to yield 3.93 g (47%) of the product as a colorless liquid.

¢. Preparation of Cyclic Carbonates

Both BTC and TCF are two highly efficient reagents for formation of cyclic carbon-
ates. 1,3-Dioxolane-2,4-diones 23 are cyclic anhydrides which generate optically active o-
hydroxy acids used in highly enantioselective ring-opening alcoholyses. An improved method
for their preparation is the condensation of a-hydroxy acids with TCF in the presence of acti-
vated charcoal (Scheme 13).2!

[o]

o 0 , R
R J\ activated charcoal
oH t cLeo” Scl o
3 THF, 8h, r.t. 0
HO \(
239

Scheme 13
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4,5-Disubstituted-2-oxo-1,3-dioxolenes 25 have been employed as amino protecting
group for amino acids during peptide synthesis and as dienophiles or dipolarophiles in cycloaddi-
tion reactions. Moreover, they have been used in the manufacture of lenampicillin hydrochloride,
a pro-drug of ampicillin., both of which could be synthesized by cyclocarbonylation of appro-
priate a-hydroxyketones 24 with BTC in the presence of a base (Scheme 14).2

R1 R2
R‘—(I:H—ﬁ—ﬂz + 13 i R'—CH-C—R? . ol_
OH O Cl,c—0~ ~0—CCly cicoo o \n/o
24 (o]
Scheme 14 25

The introduction of a cyclic carbonate at the 11,12-position of 2'-O-acetyl-5-O-
desosaminyl-6-O-methylerythronolide A (26) enhanced the antibacterial activity of this
macrolide antibiotic. Formation of the 11,12-carbonate 27 was carried out with TCF in a mixture
of CH,Cl, and pyridine (Scheme 15).2

[o]
CI;C—OJLO"CCIg
pyridine, CH,Cl,, 0°C

Scheme 15

In the course of the synthesis of new 7-deoxypaclitaxel analogues for potential anti-
cancer therapy,? attempted protection of the polyalcohol 28 with BTC in the presence of Et;N
yielded 9,10-cyclic carbonate alcohol 29 as the sole product in high yield. Furthermore, treat-
ment of compound 29 with BTC in CH,Cl,-pyridine led to a 1:2, 9:10-dicyclic carbonate 30; the
latter product could also be prepared directly in 86% yield from the polyalcohol 28 under similar
conditions using five equivalents of BTC (Scheme 16).

In another example, treatment of the octamethyl-ferrocene-dithiol 31 with BTC in the
presence of Et,N afforded the dithiacarbony! ferrocenophane 32 in 70% yield (Scheme 17).2

Polycyclic carbonates, prepared by reaction of novolac-based phenol-formaldehyde
resins with BTC, have been reported as curing agents for polycarbonate resins by cation-
catalyzed transesterification.2® Calixarenes are cyclic oligomers that demonstrate outstanding
inclusion properties and have the capability of forming complexes with a number of metal
cations, organic ion species, and large aromatic compounds such as C. Lower-rim bridging
(linkage between hydroxy groups) has enabled the introduction of a seconf macrocyclophane
into the parent calixarenes. A wide variety of lower-rim bridged calixarenes have also extended
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(e}
CI3C—OJ\0—CCI3 (2 equiv.)
Et;N (4 equiv.), CHyCly, r.t.

“0—cinnamoyl

Cl,C—0" "0—CCls (2 equiv.)
'0—cinnamoyl (o) CH,Cly-pyridine (2:1), 0°C

o

0
CI;;C—OJLO—CCI;, (5 equiv.)
CH,Cl,-pyridine (2:1), 0°C

2,

‘0—cinnamoyl

0
Scheme 16 30

PR —
- ClsC—0~ ~0—CCly o Fe

NEt;, THF, -78°C - r.t.
HS s

31 Scheme 17 R

the application of calixarenes. Sugioka and Hay?’ reported the synthesis of novel full lower-rim-
bridged calix[8]arenes 34 with carbonate linkages via the condensation of p-alkyl substituted
calix[8]arenes 33 with BTC at 50°C (Scheme 18).

4,5-Dialkyl-2-0x0-1,3-dioxolenes: Typical Procedure.-*’ To a stirred mixture of the o-hydrox-
yketone (10.0 mmol) and N,N-dimethylaniline (15.0 mmol) in dichloromethane (30 mL) was
added dropwise a solution of BTC (7.5 mmol) in dichloromethane (10 mL) over a period of 1/2
hr at 0°C. The resulting solution was stirred at ambient temperature for 2 h. The solvent was
distilled off and the resulting oily residue was heated in an oil bath at 160°C for 4 h. The oily
product was distilled under vacuum or recrystallized o afford the 4,5-dialkyl-2-oxo-1,3-dioxo-
lene in 47-67% yield.
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OH
paraformaldehyde
xylene/KOH
R
O
chc—oJ\o—CCIa
THF/base, PTC

Scheme 18

2. Preparation of Carbamates

Carbamates are usually formed in one-pot reaction by treatment of alcohols with TCF
or BTC to give chloroformates as the intermediates, followed by the addition of amines. This
sequence of reactions has a wide application in organic synthesis.

Quinazoline-2,4-diones (39) represent a group of attractive pharmacophores with a
wide range of pharmacological activities. They could be prepared using a perfluoro-tagged
protecting group, such as benzyl alcohol 35.28 For the coupling and benzyloxycarbonyl protec-
tion of anthranilic acids, the perfluoro-tagged benzyl alcohol was first treated with TCF to yield
chloroformate 36, followed by the addition of anthranilic acid derivatives to afford carbamates
37. Then, a primary amine was coupled to the carboxylic acid function of the carbamates to yield
amides 38. The final cyclization step by means of intramolecular carbamate cleavage was initi-

ated by Et,N to yield quinazoline-2,4-diones 39 (Scheme 19).
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't anthranilic acid

o)
/@\ou a”“occl, /@o)\m derivative,
t. ch: I, THF EtN(i-Pr),, THF
(R,/\/)asi act. charcoal (R, /\/)3$I (i-Pr),

35 36
Re=CgF)3
pnm amine
TBTU, EtN(z Pr)3
THF R'
cyclization
TEA, DMF /k

Scheme 19

A novel series of mutilin 14-carbamates were found to have potent antibacterial
activity, displaying a spectrum of activity that encompasses the major respiratory tract
pathogens. The C,,-carbamate derivatives were prepared by a three-step process.? Treatment of
4-epi-mutilin 40 with TCF affords the corresponding chloroformate derivatives 41 which upon
reaction with primary or secondary amines leads to a variety of 4-epi-mutilin 14-carbamate
derivatives 42 in high yields. Once more, strong acid treatment effects rearrangement of the 4-
epi-mutilin 14-carbamates to the corresponding mutilin derivatives 43 (Scheme 20).

0
cl )J\OCCI;, R!R2NH
Et;N, THF CH,Cl,

zinc chloride,
conc. hydrochloric acid ~ R'R2N

0
2N

olh,

dioxane

Scheme 20 43

5-Halomethyl-2-oxazolidinones and their derivatives are useful chiral building blocks
for organic synthesis. Optically active 5-halomethyl-2-oxazolidinones 46 were readily prepared
from prochiral 1,3-dihalo-2-propanols 44 by a three-step sequence involving formation of carba-
mates 45 followed by asymmetric desymmetrization and debenzylation with an anisole-methane-
sulfonic acid system.* In the three-step procedure, the prochiral alcohols, 1,3-dibromo-2-
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propanol and 1,3-dichloro-2-propanol, reacted with BTC in methylene chloride in the presence
of pyridine and DMAP to give the carbamates in good yields (Scheme 21).

0o o o
Clhe-0""0—cCl . HgNJ\Ar OJ\N/'\A, i B /”\N/'\

i/‘\‘ H _base o >N"TAr + 0 Ar
, DMAP, CH,Cl,, X x
X X g‘yC tor.t e ,/\\‘ R S
44 X X 45 anisole anisole
X =ClorBr MsOH MsOH
50°C 50°C
i X
OJJ\NH (o} NH
X\Q"R x\)s—'/
Scheme 21 46(a) 46(b)

In order to perform solid-phase peptide synthesis in water, the 2-[phenyl(methyl)-
sulfoniojethoxycarbonyl tetrafluoroborate (Pms) group, a new water-soluble N-protecting group
with high base lability and high polarity, has been developed.?' Treatment of 2-
(phenylthio)ethanol (47) and TCF in CH,Cl,, 2-(phenylthio)ethyl chloroformate 48 was formed.
The chloroformate was then treated with an amino acid to give 2-[phenyl(methyl)sulfonio]ethoxy-
carbonyl (Pte) amino acid 49. After the addition of methyl iodide and silver tetrafluoroborate,
Pms-amino acid 50 was obtained by the solid-phase method in water (Scheme 22).

[+ R

i o} HoN-C—COOH
ClL,C—0 0—CCl; 1l H
@’S'CH:CH;OH _ §-CHCH,-0-C-CI —— .
47 48

0 R

I ! CHyl CHa e R

$-CH,CH,—O0-C—NH—CH-COOH ABE $-CH,CH,—-0—C-NH-CH-COOH
49 gbly BF‘ 50
Scheme 22

Recently, a new class of insect growth regulators (IGR), the N-tert-butyl-N,N-diacyl-
hydrazines (BDAH), have been found to mimic the action of 20-hydroxyecdysone in activating
the ecdysone receptor leading to lethal premature molting. The relationship between the structure
and biological activity of the N-tert-butyl-N,N'-dibenzoylhydrazine larvicides indicated N-tert-
butyl-N-benzoylhydrazine is the biologically active unit. A series of novel N'-tert-butyl-N'-
substituted benzoyl-N-(aryl)aminocarbonylhydrazines and their derivatives were synthesized and
exhibited good larvicidal activities.*?> Benzyl chloroformate was synthesized by the reaction of
benzyl alcohol and BTC in good yield for the first time and was condensed with terz-butylhy-
drazine hydrochloride to give N-tert-butyl-N'-benzyloxycarbonylhydrazine (51), and subsequent
acylation with substituted benzoyl chlorides yielded the N-tert-butyl-N'-benzyloxycarbonyl-N-
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substituted benzoylhydrazines 52. Further deprotection using 5% Pd-C as a catalyst provided N-
tert-butyl-N-substituted benzoylhydrazines 53 in good yields (Scheme 23).

0 0
CH,Cl,/Py Il NH,NHCMe;  HCI
Clh,C—-0 0—CCl; + 3 PhCH,OH — 3 PhCH;—O0—C—ClI
NaOH/CgHsCH,
0
Xn N
0 : - 0 o
I O-¢-a . I |
Me3CNHNH—C—OCH,Ph @—C—N—-NH—C—OCHgPh
51 Et;N/CH,Cl, & .
o 52
Hy/Pd-C Xn (|
_— @—C—N—NH;
CH;0H Ly
s3 e
Scheme 23

Molecular tweezers are novel artificial receptors, which have the advantage of efficient
construction; in addition, their surfaces can be tailored for specific applications. A series of new
chiral molecular tweezers has been synthesized by using deoxycholic acid as spacer and aromatic
amines as arms.* Instead of using toxic phosgene, BTC was employed to bridge the 3a,12a-
hydroxy groups in deoxycholic acid with aromatic amines. Deoxycholic acid 54 was first converted
to methyl deoxycholate 55. The latter was treated with BTC to give bis-chloroformate 56, which
reacted directly with different aromatic amines to yield molecular tweezers 57 (Scheme 24). These
chiral molecular tweezers showed good enantioselectivity for D-amino acid methyl esters.

COOR J.i
Cl,C—0" “0—CCly
Py, CH)Cl,
OH

CHCOCI L~ R=cH; 55

aniline or 2-aminopyridine

CH,Cly/pyridine

Scheme 24
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1,3-Dibromo-2-propyl (S)-N-(1-phenylethyl)carbamate. Typical Procedure.-*° Pyridine (4.80 g,
60.0 mmol) was added dropwise to a mixture of 1,3-dibromo-2-propanol (4.40 g, 20.2 mmol)
and triphosgene (2 g, 6.74 mmol) in methylene chloride (50 mL) at 0°C. After being stirred for 2
h at rt, the mixture was cooled to 0°C, and (S)-(-)-1-phenylethylamine (2.45 g, 20.2 mmol), pyri-
dine (1.60 g, 20.0 mmol) and a catalytic amount of DMAP (74 mg, 0.61 mmol) were added. The
resulting mixture was stirred overnight at rt. The reaction mixture was poured into saturated
aqueous ammonium chloride and extracted with ether. The organic extracts were combined,
washed once with water and once with saturated aqueous sodium chloride, dried with magne-
sium sulfate and concentrated in vacuo. The residue was chromatographed on silica gel
(hexane: ethyl acetate = 12:1) to give the 1,3-dibromo-2-propyl(S)-N-(1-phenylethyl)carbamate
as a white solid (5.61 g, 76%).

3. Preparation of Azides
a. Preparation of Azidoformates

An efficient preparation of various azidoformates using BTC or TCF from alcohols
and sodium azide has been developed. Azidoformates can be used efficient reagents for the
protection of amino groups in peptide synthesis. They are valuable synthetic intermediates for
many heterocyclic compounds. Treatment of alcohols with BTC or TCF to generate the corre-
sponding chloroformates, followed by further reaction with sodium azide afforded the azidofor-
mates in high yields (75-96%) under mild conditions.

A near quantitative yield of chloroformates could be obtained by the slow addition of
one equivalent of alcohols to a suspension of 0.75 equivalent of TCF and a catalytic amount of
charcoal in dry THF. Without further purification, the chloroformates reacted with NaN, in dry
acetone to get azidoformates 58 in high yields (75-96%) (Scheme 25).3

o o] o
J
Cl3C-0" ¢l charcoal NaN;
R—OH 2 n—oJ\m —_— n—o/U\N3
THF acetone 58
Scheme 26

TCF has been also employed for a one-pot preparation of azidoformates.> When
various alcohols react with BTC in the presence of sodium azide and triethylamine under mild
conditions, azidoformates are formed in excellent yields (Scheme 26). This method can also be

ROTOCCIS
(o] NaN;
R—OH + cnac—o\n/O—CCls —_— or RO.__N;
0 FIO\n/OCI o
R= alkyl, cycloalkyl o

Scheme 26
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employed for the synthesis of various chiral azidoformates from chiral alcohols. The diacetonide,
readily available from D-glucose, was also efficiently transformed to the corresponding azido-
formate in very good yield.

Azidoformates. General Procedure.-** To a mixture of the alcohol (1.0 mmol) and sodium azide
(2.0 mmol) in acetone (10 mL) was added triethylamine (1.5 mmol) at 0°C. The reaction mixture
was stirred at this temperature for 15 min, then a solution of triphosgene (0.5 mmol) in acetone
(5 mL) was added dropwise at 0°C over 15 min. The reaction mixture was stirred at this temper-
ature for 1 h and slowly allowed to warm up to room temperature for 24 h. The reaction mixture
was filtered to remove insoluble salts and the filtrate was diluted with water and extracted with
EtOAc (3 x 20 mL), and the organic phase was washed with water (10 mL), brine (10 mL) and
dried (Na,SO,). The solvent was removed and the residue was purified by column chromatog-
raphy to affoird the pure azidoformate in good yield.

b. Preparation of Allyl Azides

Allyl azides are important synthetic intermediates and a source for synthetically useful
allylamines. Section I.3a discussed the reaction of BTC with aliphatic alcohols in the presence of
sodium azide and triethylamine to afford azidoformates in excellent yields. Under similar reac-
tion conditions, however, when BTC was added slowly to a mixture of cinnamyl alcohol,
triethylamine and sodium azide in acetone at 0°C, cinnamyl azide was obtained as a major
product (80%) while cinnamyl azidoformate was found to be only a minor product (20%).%
Cinnamyl azide could nonetheless be obtained in excellent isolated yield (80%) and very high
purity (>98%, GLC) by a minor modification of the experimental procedure. The formation of
cinnamyl azide could be proceeding through the allyl carbonation, generated from
trichloromethyl allyl carbonate or allyl chloroformate, with the concommitant evolution of
carbon dioxide, followed by nucleophilic addition of azide ion (Scheme 27). This reaction repre-
sents a simple and efficient one-pot method for the preparation of allyl azides directly from allyl
alcohols using BTC and sodium azide.

Ph Ph

acetone, Et;N
\:\_ + CI;C—O O—CCI;, \=\;
OH T NaN3, 0°C tor.t., 12h No
| c
Ph o Ph o N;
\:\; JJ\ —_— \:\ + X + COz
07 >x @)
X =0CCl; or Cl
Scheme 27

Cinnamyl Azide. Typical Procedure.-® To a stirred solution of triphosgene (1.48 g, 5.0 mmol)
in acetone (20 mL) was added a solution of cinnamyl alcohol (1.34 g, 10.0 mmol) and Et,N (1.51
g 15.0 mmol) at 0°C. The reaction mixture was stirred for 20 min and then at r.t. for 3 h, then
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cooled back to 0°C and sodium azide (1.30 g, 20.0 mmol) was added in one portion. The mixture
was stirred at this temperature for 1 h and kept at r.t. for 12 h. Then H,0 (20 mL) to the mixture
was added and extracted with Et,0 (3 x 20 mL). The organic layer was washed with brine (20
mL) and dried over Na,SO,. The solvent was removed under reduced pressure at r.1. to give pure
cinnamyl azide as yellow oil (1.28 g, 80%).

II. REACTIONS WITH AMINES

The reaction of TCF and BTC, acting substitutes phosgenating reagents with amines,
has been used more extensively in organic reactions. Amines are highly reactive nucleophiles and
thus are easily used for preparation of carbamoyl chlorides, isocyanates and ureas (Scheme 28).
The advantages of this method are simple operation, mild reaction conditions and excellent yields.

o]
chco)l\occh 0 -COC, ? -RCl
RRN ——————————+ R,;N-C-0CCl; ——— R;N—C—Cl RNCO
or (o]
Che- oAa +R3N, -RCI
1
Scheme 28 R:N—C—NR’

1. Preparation of Carbamoyl Chlorides

Carbamoyl chlorides can be used as versatile intermediates in the synthesis of ureas,
carbamates or heterocyclic derivatives by treatment of corresponding amine with TCF or BTC.
Generally, the product can be obtained from amines in DMF in the presence of base, such as
pyridine, or triethylamine.

Murakami et al. reported a modified method for the preparation of N-methoxy-N-
methyl carbamoyl chlorides using BTC; this intermediate is reported to be a useful synthetic
block to construct N-methoxy-N-methylamides, catalyzed by palladium reagents in good yield
(Scheme 29).%

0
Me_ co/ll\ pyridine Me. 1 R-Sn(n-Bu); Me 0
N—H HCI + CI ocCl, ————» “N-C- N-C-R
Me0’ ’ * CHClL MeO 3 mol% PdC1,(PPh3);  me0”
78°C THF/60°C

Scheme 29

Similarly, the intermediate 59 obtained from BTC and methyl N-methylcarbamate
reacts with phenols and alcohols to give the corresponding carbamates (Scheme 30).%

o]
0 4-RC¢H,OH /

L MeN
CLCO”™ ~OCCly _coci / NcooMe

MeHN OMe —d—> MeN_
pyridine cooMe T
COOCHPh
CHyCly, ~10°C 59 PhCH,OH won”

~
Scheme 30 COOMe
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N-Benzyl-1,2,3 4-tetrahydroisoquinoline-3-carboxylic acid methyl ester 61 was also
synthesized successfully by treatment of N-benzylphenylalanine methyl ester 60 with BTC,
followed by cyclization in the presence of AICl, (Scheme 31).%

COOCH; o O/YCOOCH;« COOCH;
m C|3coJLoc0|, N<coci AICly ©;(\"r

Pyridine o

60 61

Scheme 31

Recently, BTC has been used for the direct conversion of benzylamines into carbamoyl
chlorides (Scheme 32).*° Tertiary amines react smoothly with BTC to give the expected products
via the formation of an ammonium intermediate 62.

Ry 0
T Q Y ci
N+
N Ry~ Ry 0
Ry % + c|3coJLoc<:|, —_— or J% —_— R’N_<C| + CgHsCH,CI
2
62
Scheme 32

5-Fluorouracil (SFu) is of interest as a potential antitumor agent, having activity compa-
rable to the clinically used compounds. Reaction of SFu with TCF has been used recently for the
synthesis of chloroformyl 5Fu, which is linked to a spacer hydroxyl group of PEG that served as
a macromolecular linking arm between SF and 5Fu. It may offer improved therapeutic effect.*!

An interesting example of this reaction reported by Signore and co-workers is the
synthesis of a carbamoyl azide, which can be used as a chiral aminating agent.*> Compound 63,
generated from Oppolzer’s sultam by reaction with BTC in toluene in the presence of pyridine,
gave carbamoyl azide 64 in high yields upon addition of sodium azide. The latter compound
readily reacted with norbornene 65 to afford the corresponding aziridine 66 (Scheme 33).

Similarly, prochiral alkene 67 reacts with 64 to form the substituted allyli amine 68 and
the oxazoline 69, with all the amination products showing good diastereoselectivity (Scheme 34).

Some carbamoyl chlorides can act as esterifying agents of many of primary or
secondary aliphatic carboxylic acids or alcohols to yield the corresponding esters,** such as N-
benzyl-2-(6-methyl)pyridinecarbamoyl chloride 70 (Scheme 34). The reagent 70 is stable and
was prepared conveniently. This method provides a highly effective route to various carboxylic
esters, although the esterification of aromatic carboxylic acids are more sluggish than those of
aliphatic acids.
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2. Preparation of Isocyanates

A widely used method for preparation of isocyanates is the treatment of primary amines
or their salts with TCF or BTC, which is viewed to yield carbamoyl chlorides which then
undergo spontaneous dehydrohalogenation. The most common procedure for the synthesis of
isocyanates involves in the slow addition of the amine to a solution of TCF or BTC at low
temperature, stirring at room temperature and subsequent reflux. The desired product can then be
obtained by distillation.

o-Isocyanatoalkylphosphonic acid diphenyl esters 73 are the main products obtained
from o-aminoalkylphosphonic acid diphenyl esters 71 and BTC possibly via intermediate 72
(Scheme 35).4

— 0 — —
M \Y
R@\cumuz + CI3COJJ\OCCI3 _— R//\‘:/>\(|:HNHCOCI R//\\}\clzvmco

O=Pp(OPh), O=P(OPh), 0=p(0Ph),
HCl
71 72 73
Scheme 35

Treatment of the diamino compound (Scheme 36) with TCF instead of phosgene, leads
to the corresponding diisocyanate.*> This type of diisocyanate monomer can be used to prepare
polyurethane through a polymerization procedure.

518



18: 48 26 January 2011

Downl oaded At:

TRICHLOROMETHYL CHLOROFORMATE AND bis-(TRICHLOROMETHYL) CARBONATE

H,N OCN
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(o] (]

NHz Scheme 36 NCo

Recently, a series of isocyanates has been employed in broader fields such as super-
molecular,* and biological chemistry. 448 As shown in Scheme 37, some isocyanates were

(I D chco”ocer, (I O _CH;COOH _ @:;%
N

NEt; CH,Cl,

° CN N N O
(I O clc0~oce, I) CH3COOH (\j[ _
HNOCHN Z
NEt; CH,Cl, ~ N” “N-N
2 N—NQ L
N k

Scheme 37

cyclized to the lactams in acidic medium to give products which can be effective against the
HIV-1 multiplication in infected cells. Not all amines will generate isocyanates upon treatment
with TCF or BTC; instead some give the substituted ureas which can also be cyclized in acidic
medium. *° These reactions we will discussed more in Section IL.3c.

The reaction of BTC with 74 yielded the corresponding isocyanate 75, which upon an
aza-Wittig with the iminophosphorane 76 generated the benzoenynyl carbodiimides 77, which
then produce a variety of indolonaphthyridines by thermolysis (Scheme 38). The other

P R [o) R @

Z cl;.co’u\ocm3 Z A\ s
76 X =CH

NH, NCO

78 X=N

74 R 75 .

// X

_N_X 80°C or 138°C Xy s
N/’C/ U | AL

P u N

77 X=CH
Scheme 38 7 X=N

iminophosphorane 78 can also be used for the aza-Wittig reaction with 75 instead of 76 to
synthesize 6H-indolo[2,3-b][1,5] naphthyridines 79 as the major products, which can be consid-
ered as the 5-aza analogues of ellipticines merging the heterocyclic frameworks of both ellip-
ticine and indoloquinoline. This is shown to be a convenient method to synthesize a variety of
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indolonaphthyridines, whose structures resemble ellipticine alkaloids and are good candidates as
DNA intercalating agents with potentially interesting biological activities.*°

Iwakura et al. reported the synthesis of a-isocyanatoacyl chlorides by treatment of
amino acid hydrochlorides and TCF in 1,4-dioxane. Although this route gave lower yields, this
phosgene-free method provides a simple and conventional one-step procedure.

The reaction of a-isocyanatoacyl chloride with silylated alcohols can form the
isocyanate esters. Similarly, poly(isocyanato esters) can be obtained in high purity and good
yields from mono-o-amino acids and common polyols. Those new isocyanates have been tested
for the synthesis of long-term stable and degradable polyurethanes. Significantly, this method
provides a novel preparation of polyurethanes in the absence of catalysts (Scheme 39).!

(o]
Clgc-OJLCI
H,N—R—COOH OCN—R—COCI
[o]
OCN\ ,/O OCN\ ] H
n /CH—C\ + n (CH3)3SI0(CH3)40Si(CH3); E—— n /CH—CO(CH2)4CO—C—NCO
HyC cl HyC o CH,
n HO(CH,),0H R R °n 9
 ~-C~N—C-CO(CH,){OC ~C~NHCO(CH)(01- *
HaC CH, .
Scheme 39

One of the most common methods for preparation of ureas is the reaction of isocyanates
and amines. The isocyanates were used in the next step without purification. For example, the
synthesis of spin-labeled RNA,* of 1-(1,2,3,5,6,7-hexahydro-s-indacen-4-yl)-3-{4-(1-hydroxy-
1-methylethyl)-furan-2-sulfony]} urea,>® and of tetrakis(o-nitrophenyloctylureamethyl)cavi-
tand. These reactions will be discussed in detail in Section II.3c.

3. Preparation of Ureas

The synthesis of urea derivatives has recently become the focus of several investiga-
tions. Since the urea functionality is a key structural element which serves as a non-hydrolyzable
surrogate of amide bonds in many pharmaceutically active molecules.’>* An effective and
convenient synthesis of ureas is of great interest in drug discovery in the chemical, biochemical
and dye industry.’’As is well known, the most common method to obtain urea is by phosgenation
of amines. When excess TCF or BTC reacts with amines under the proper conditions,
carbamoyl chlorides or isocyanates are obtained directly in good yields, while with an excess of
the amines, ureas are formed in excellent yields.

a. Synthesis of Symmetrical Ureas

Recently, dimeric derivatives have become common intermediates for the generation of
pro-drugs. Urea acts as a bridge to link two identical structural molecular units during prepara-
tion of these dimers. When TCF or BTC is treated with an excess of primary or secondary
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amine, symmetrical ureas are produced in high yields. An interesting example is the synthesis of
cyclodextrin dimers.*® Cyclodextrins have been widely used in many applications and cyclodex-
trin dimers can improve binding properties. Urea-linked B-cyclodextrin dimers 81 are produced
by treatment of 6-amino-6-deoxy-B-D-cyclodextrin 80 with BTC in a mixture of CH,Cl, -satu-
rated aqueous NaHCO,, followed by addition of another equivalent of 80 (Scheme 40). This
constitutes a novel one-pot, two-step route to obtain B-cyclodextrin dimers.

(AcO)s NH, o (AcO)s NCO
CI;,CO)LOCCI;, 80 (1 equiv)
0°C,15 min 0°C,15 min
CH;Cly/sat NaHCO; CH,Cl,/sat NaHCO;
(ACO)“ (AcO)u
80
(AcO)g (OAc)s

Y

(AcO)4 (AcOhq

Scheme 40

Compound 81. Typical Procedure.-*¢ The amine 80 was divided into two equal portions. One
portion was dissolved in an 1:1 CH,Cl,-saturated aqueous NaHCO, mixture (12 mL), cooled to
0°C in an ice bath and then treated with solid BTC in a single portion (6.5 mg, 0.022 mmol).
After 15 min of vigorous stirring, the other portion of amine 80 was added and stirring was
continued at room temperature for 15 min. Conventional work-up and column chromatography
afforded cyclodextrin dimer 81 (127 mg, 49%).

Dimeric L-dopa derivatives 83 were also prepared by the condensation of BTC with 82
in the presence of triethylamine (Scheme 41). The compound 83 showed good physicochemical
properties and chemical stability in aqueous buffer solutions.>

Rj\ * cnscoiocch 2 l A J:

H;C00C”~ “NH; HCI 0°C1lh H3C00C COOCH,3
82

OCOCH,3

R= OCOCH;,

Scheme 41
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b. Synthesis of Unsymmetrical Ureas

Combinatorial organic synthesis has been regarded as an important tool for the prepara-
tion of a large number of pharmaceutical compounds such as asymmetric ureas and has become
most common method to combine functional groups in different fields.

Addition of PEG-bound diamine 84 to BTC in the presence of triethylamine leads to
the trichloromethyl carbamate intermediates 85, which readily reacts with primary or secondary
amines to produce the substituted ureas 86 (Scheme 42).%° Many types of ureas could be accessed
by this route.

No2 (o] N°2 o
M
S\ CI;CO” ~0CCly /\
(o] N NH o N N 0CCl,
_/ EtN, CH,Cl, PEG _/
0 g4 o 85

NO, 0
1. RR,NH ™\
112 o N NJLN/R1
2. NaOMe, CH;0H PEG f— R,
o 86

Scheme 42

Similarly, treatment of the bis-o-decylaspartate 87 with BTC converts it to the
isocyanate which, upon coupling with various amino acids, affords a series of gelators 88-90
(Scheme 43). It was demonstrated both the urea and the carboxylic acid groups play key roles
during self-association and gelation.%!

However, during the reaction of o-aminoalkylphosphonates 91 with BTC to obtain
target compound 92, a small amount of by-product 93 was detected. The desired product 92
may be obtained in higher yield by control of the rate of addition of 91 at lower temperature
(Scheme 43).5
Compound 92. Typical Procedure.- A solution of a-aminoalkylphosphonate 91 (1 g, 2.68 mmol)
and triethylamine (8.04 mmol) in methylene chloride (10 mL) was added dropwise to a solution of
BTC (0.40 g, 1.34 mmol) in methylene dichloride (10 mL) during 2 h under at —15°C, and the
resulting mixture was stirred at room temperature for 1 h. A solution of N-tert-butyl-N-substituted
benzoylhydrazine (2.41 mmol) in methylene dichloride (10 mL) was added and the mixture was
stirred at room temperature for 8 h. After the solvent was removed under vacuum, the residue was
dissolved in ethyl acetate (20 mL) and filtered. The filtrate was evaporated and the residue was
purified by vacuum column chromatography on silica gel using petroleum ether (60-90°C) and
ethyl acetate as the eluent to afford 92 as a colorless crystalline solid 1.02 g (83%).

The reaction of the corresponding amines and isocyanates easily afford the diarylureas
which are useful as a valuable agents to prepare porphyrin dimers and trimers.%® Treatment of
aminoporphyrin 94 with BTC in dry dichloroethane containing a small amount of dry pyridine,
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followed by another mole of 94 led to porphyrin dimer 95 in 73% yield. In a similar way, the
monomer 96 was also prepared from 94 and aniline in 90% yield (Scheme 44). There is a consid-
erable body of research on the synthesis of porphyrin derivatives by this method.6%65
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When one equivalent of 4.0-tetrakis(o-aminophenyl)porphine (4.0-TAPP) was treated
with two equivalents of the diamine in CH,Cl,, no polymeric or oligomeric by-product was

92 “ Scheme 43

detected; a high selectivity for intramolecular isocyanato-amine coupling was observed.5

c. Synthesis of Cyclic Ureas

Compounds containing either two primary or secondary amino groups, can form cyclic
ureas within the same moleculeupon treatment with BTC, such as in the synthesis of tricyclic
pyridopyrrolopyrimidone®” and some fluorinated uracil derivatives,® which may have potential
biological activity.
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Scheme 44

Garcia® developed a simple and efficient method to prepare pelanserine, which is
considered to be a well-documented potential antihypertensive agent. Thus amine 97 reacts with
isatoic anhydride to a product which subsequenty cyclizes with BTC to give the pelanserine 99
(Scheme 45).
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Scheme 45 » °
Pelanserine 99. Typical Procedure.-%° A solution of 98 (1.2 g, 5.0 mmol) in methylene chloride
(50 mL) was added a solution of BTC (0.5 g, 1.7 mmol) in methylene chloride (10 mL) at room
temperature. The mixture was then refluxed for 2 h. The organic phase was washed with water
and dried over MgSO,. Removal of solvents under reduced pressure gave a solid which was then
recrystallized from ethanol to give 1.55 g (88%) of 99.

When L-cystine dimethyl ester reacted with BTC under high dilution conditions, a
mixture of two symmetrical cyclic oligoureas was obtained.” These urea groups bearing
multiple units of hydrogen bonding sites which are symmetrically distributed and converge
toward the center of the cavity, make them suitable for molecular recognition of anionic
substrates with spherical shapes.

Interestingly, the reaction of amines with BTC in the presence of different ratios of
base can lead to different products. Three equivalents N-tert-butyl-N-benzoylhydrazine 100
reacted with BTC using six equivalents of triethylamine to yield cyclic tetramer 101 in 65%
yield. In the absence of base or when only three equivalents of base was used, cyclic pentamer
102 was generated in 95% and 91% yields, respectively (Scheme 46).”"

l'i (o]
o n—L

6E;N, CH,Cl, Y
R/
o 0 i

3 Q)LNNHg + cn,co)Loccua 101
| R [o]

100 CMe; \
3E;N, CH,)Cly

R~
R= /U\ _CMey or C¢HsCH; )\ N>§°
Ph N o N—\( \R
\ !
R O
Scheme 46 102

n—R

1,3,5,7-tetra-N(-tert-Butylbenzamido)-[1,3,5,7 Jtetrazocane-2,4,6,8-tetrone (101). Typical
Procedure.-”" A solution of BTC (0.26 g, 0.87 mmol) in methylene chloride (10 mL) was added
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dropwise to a solution of N-tert-butyl-N-benzoylhydrazine 100 (0.5 g, 2.6 mmol) and distilled
triethylamine (0.53 g, 5.22 mmol) in methylene chloride (10 mL) at —15°C. After the addition, the
mixture was stirred for 3 h at —15°C and 2 h at room temperature. The solvent was removed
under vacuum and the residue was dissolved in ethyl acetate (20 mL). The solid was filtered off
and the filtrate was evaporated. The residue was purified by column chromatography on a silica
gel using a mixture of petroleum ether (60-90°C) and ethyl acetate as the eluent. Finally, an
analytical sample 101 was obtained in 65% yield, mp 160-162°C.

Substituted imidazolidine-2-ones were synthesized in good yields by reaction of
imines and BTC, promoted by a low-valent titanium reagent generated from a Ti/Sm system
(Scheme 47).72

Ar

| o Ar Ar
CH 1. TiCly/ Sm / THF Dt

I + cieo” “ocel, AN Neg
N 2.10%, K»CO5

I T

R Scheme 47

A new family of macrocyclic compounds is composed of 1,7-dicarba-closo-dodecabo-
rane moieties linked via their carbon vertices through N,N'-dimethyldiphenylurea groups. The
synthesis of compound 103, which shows a unique packing structure, is illustrated as an example
in Scheme 48.7

NHCH;  cic0 OCCI3 NCHy
H3CHNQ (C;HsiN, 2h Hscﬁ‘"@* cocl

cocl!

O O
O <IN O CHG
%Y

Scheme 48 103

(CoHsiN, 72h

III. REACTION WITH o-AMINO ACIDS AND 0-AMINO ALCOHOLS
1. Reactions with a-Amino Acids to N-Carboxy Anhydrides (NCA)

o-Amino acids react readily with TFC or BTC to afford the five-membered ring
compounds, N-carboxy anhydrides (NCAs) or Leuchs’ anhydrides, whose preparation is exhaus-
tively reported in the literature.” NCA has an active carboxylic acid group, which reacts easily
with any nucleophilic entity to form esters, peptides and poly(amino acids).”
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Alkyl esters of amino acids were prepared via the intermediate of NCA derived from
BTC and TCF. When L-phenylalanine hydrochloride is treated with alcohols using BTC, L-
phenylalanine esters were obtained without racemization in high yield (76-95%)® (Scheme 49).

o o

0
BTC R2-OH R
R1>}—OM R1‘~2\° 2 m-}o/ 2
NH, “N’&o NH;,
Scheme 49

L-Phenylalanine Methyl Ester. Typical Procedure.-” To a stirred solution of L-phenylalanine
hydrochloride (15.02 g, 18.0 mmol) and TEA (10.86 g, 18.0 mmol) in anhydrous THF (50 mL)
was added slowly a solution of BTC (20.01 g, 123.0 mmol) in THF (50 mL), After complete
addition, the mixture was warmed to 55-60°C to allow complete dissolution, then methanol (10
mL) was added and the mixture was stirred for an additional half-hour. Excess solvent was
evaporated in vacuo to give a white residue, which was neutralized (pH 7) with a NaOH (0.5%)
solution. The mixture was extracted with ethyl acetate (2 x 50 mL) and the organic layer was
dried (sodium sulfate). Removal of solvent under reduced pressure gave 12.67 g, (95%) of a
white solid, mp 158-162°C, [a] ° = -25.8 (c = 1 in EtOH).

When NCAs react with amines, homopolypeptides or polypeptides were obtained.
NCAs are valuable protected and activated amino acids, which are used for the preparation of
peptides, but they are sensitive to moisture and prone to polymerization. (Scheme 50)""78

BTC NH;, H,0
ASP(0Bzl) THF ASP(OBZ)—NCA ——— ASP(OBzl)—NH,
50-70°C _ _
0
NH H
HO ’ »\NH *———N—C—“—O HN—Pr
o] H H
BTC PrNH,
o ) 0 o 0
THF

Scheme 50

When BTC reacts with y-chloroethyl glutamate 104, a new poly(amino acid), y-
chloroethyl glutamate NCA 105 was obtained and could readily be transformed into polypeptide
using triethylamine as the initiator (Scheme 51).7-8

It was also reported that BTC acts as an efficient and inexpensive activating reagent for
the solid-phase coupling of sterically hindered N-alkyl amino acid on highly acid labile trityl
resin. When the novel BTC method in combination with HOAtDIC coupling reaction was used,
the linear cyclosporin O-undecapeptide was formed in high yield and purity.®!
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2. Oxazolidinones by Reaction with a-Amino Alcohols

TCF and BTC have been utilized in the synthesis of oxazolidinone derivatives, serving
as chiral auxiliaries.®? Thus both of these reagents have proven very useful in the preparation of
intermediates of natural products.?*%
carbonylated to 4-ABOA (106) by means of BTC in the presence of a tertiary amine in 95%,%

and compound 107 can be obtained with TCF.%

For example, 2-amino-3-hydroxyacetophenone was

OH

NH, 2Eth THF
r.t. 95%

(o)
(\} \\\
o OH Py THF,
o (o] Y\ r.t. 76%

Scheme 52 107

Interestingly, the methyl group of 108 is involved in the cyclization step via the forma-
tion of the enamino form of 108, which reacts with BTC to give the six-membered ring product
110 rather than the seven membered-ring benzoxadiazepine 109 (Scheme 53).91%
6-Bromo-4-methylene-3-(N-phenylamino)-3,4-dihydro-2H-1,3-benzoxazine-2-one. Typical
Procedure.-* To a stirred solution of the appropriate hydrazone (0.99 g, 3.0 mmol) and triethy-
lamine (1 mL) in dichloromethane (30 mL) under nitrogen atmosphere was added a solution of
BTC (045 g, 1.5 mmol) in dichloromethane (10 mL) dropwise over a period of 20 min. The
mixture was stirred at room temperature for 1 h, then refluxed for 2 h and quenched with water.
The organic layer was separated followed by extraction of the aqueous layer with
dichloromethane (2 x 30 mL). The combined organic layers were dried over magnesium sulfate
and evaporated to dryness. The resulting solid (0.64 g, 65%) was crystallized from ethyl ether.

a-Amino acids and a-amino alcohols reacted with TCF and BTC to afford cyclic
anhydrides and carbamates because they have two nucleophilic centers. sec- and tert-Amines
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adjacent to esters or hydroxyl groups can also react with TCF and BTC to afford cyclic
compounds.” Treatment of the mixture of isomers 111 with BTC and triethylamine,” generated
the intermediate imidazonium ion in situ which was gradually hydrolyzed to produce oxazolidi-
none 112.%

MeO MeO
1. NH;3 in MeOH
NH N
MeO 2. BTC/EisN MeO o
AcO OAc 60% HO o

OH

BTC, Et;N chLe

o]
o 3G —nN- o e
Q(O o% CHj3 i
cCl, \'j) Qi/ o
11 112

4

+ 0
)EI
F
@)

O
§/K

cCly

(4S,5R)-5-Methyl-4-(trichloroacetoxymethyl)oxazolidin-2-one (112). Typical Procedure.-* To
an ice-cooled solution of a mixture of 111 (75 g, 323.0 mmol) and triethylamine (58.5 mL, 419.0
mmol) in dry CH,Cl, (1520 mL) was added BTC (38.3 g, 129.0 mmol) in portions, and the
mixture was stirred at r.t. for 3 h. The reaction mixture was poured into saturated aq. NH,CI
(1600 mL) at 0°C and stirred for 10 h. The organic layer was separated, and the aqueous layer
was extracted twice with CH,Cl,. The combined organic extract was dried (MgSO ), and
concentrated in vacuo. The residue was purified by silica gel chromatography hexane/ethyl
acetate (3:1 to 50:1) to afford 112 (70.1 g, 79%).
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5-Aryl-1,3 4-oxadiazol-2(3H)-ones can be conveniently prepared by reaction of TCF
with arylhydrazines in inert solvents at temperatures ranging from room temperature to reflux in
the presence of DMF or a tert-amine as catalysts. Oxadiazolones are often useful herbicides.”’
The reaction of TCF with 113, 1,3,4-oxadiazol-2(3H)-one occurs smoothly in the presence of an
acid acceptor to afford the new thiadiazolone herbicide IR 5790 (114) *® directly in high yields; it
exhibits both pre- and postemergence activity (Scheme 55).

N—NH
TCF PhNCO
R—C—NHNH, —— A M=x N—N" “NHPh
R™~g Base /Q X
R

X=0,0rS; R=Aryl,Me

S
H
“‘Nkc(cu,)a N_ />\C(CH3)3
H “TCFPy _
78. 4%
113
Il

Scheme 55
Treatment of 115 with TCF at room temperature gave the 2-substituted pyrazolof{1,5-
c][1.3.5]thiadiazine-4-ones (116), which are new fungicides against the causal agent of rice blast

disease, magnaporthe grisea (Scheme 56).%

R2 o
a8 TCF N-y"g
N R
\H NHCSR, . 2_*<;§L\N41\R1
115
Scheme 56 116

5-tert-Butyl-3-[2,4-dichloro-5-(2-propynyloxy)phenyl]-1,3,4-thiadiazol-2(3H)-one(11). Typical
Procedure.-'® Pyridine (0.2 mL) and BTC (0.5 g, 2.5 mmol) were added to a solution of N-[2,4-
dichloro-5-(2-propynyloxy)phenyl]-N-thiopivaloylhydrazine (10, 1.65 g, 5.0 mmol) in dioxane
(25 mL), under a nitrogen atmosphere. After being stirred at room temperature for 3 h, the
mixture was poured into water (250 mL) and extracted with diethyl ether (2 x 100 mL). The ethe-
real extracts were washed to neutrality with brine, dried (Na,SO,), and concentrated in vacuo.
The crude product was purified by silica gel column chromatography with n-hexane/ethyl
acetate (9:1) as the eluent to give 1.4 g (78%) of yellowish white power, mp 102-104°C.

IV. CHLORINATION REACTIONS
1. Conversion of Carboxylic Acids to Acid Chlorides

TCF and BTC are convenient reagents for the preparation of acid chlorides and anhy-
drides from carboxylic acids.! One of the claimed advantages of using TCF and BTC instead of
phosgene is that lower molar ratios; even stoichiometric amounts may be used.
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Ferrocenoyl chloride was conveniently prepared in high yield when BTC was treated
with ferrocenecarboxylic acid in dichloromethane in the presence of triethylamine and
DMAP (Scheme 57). This method is milder and cleaner without the formation of dark-colored
impurities.'?’

o} 0

é OH DMPA/Et:N, N, é c

Scheme 57

BTC has also been described as an acid activator in organic synthesis. A series of acyl

and alkyl azides were prepared from carboxylic acids and sodium azide using BTC under very
mild conditions, without rearrangement to isocyanates in the case of acyl azides. Bao et. al, also
reported that aroyl azides can be obtained in high yields from the carboxylic acids and sodium
azide in solution using BTC'%2 (Scheme 58). As has already been discussed, BTC is a convenient
esterification agent.'*

R.__O.__OCCl NaN; R_ N3
oon bteEx | T T
\g/ n\n/o\ ol R,OH R\n/
R =aryl, alkyl o o
Scheme 58

2. Chlorination of Alcohols and Thiols

When an alcohol and a thiol reacted with BTC and TCF, alkyl chloride 117 was
obtained as the final product through the intermediate formation of chloroformates. The advan-
tage of this method is its compatibility with a variety of acid-sensitive protecting groups.
Glycosyl chlorides were prepared by using BTC from available sugar hemiacetals in the pres-
ence of pyridine.'™ Treatment of TCF with 2-mercaptobenzothiazole 118 can produce 2-
chlorobenzothiazole 119, which is an important organic intermediate for the pesticides and drug
industries (Scheme 59).1%

Me Me Me Me
Me>< O X (o) Me>< /O o
Pyndme
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117
M @
e
Me>< oo O -CO; >< Me Me
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TCF N
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118 Scheme 59 19
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3. Chlorination of Ketones and Aldehydes

Compared with reagents such as thionyl chloride or phosphorus trichloride, TCF and
BTC can be used as safe and clean reagents for the chlorination of ketones and aldehydes.
Scheme 60 illustrates that the condensation of N-methylpyrrolidone with BTC yielded the immo-
nium chloride, which was subsequently converted to the intermediate 5-chloro-3,4-dihydro-1-
methyl 2H-pyrrolium hexachloroantimonate 120 with SbCl,, which is a key compound to the
synthesis of 5-(1H-benzotriazol-1-yloxy)-3,4-dihydro-1-methyl-2H-pyrrolium hexachloroanti-
monate (BDMP) (Scheme 60).'%

Ko\N’N\\N
/N\
E>:° 1. BTC Q—CI_ Qs’b;_\" N
N 2. SbCls N sbel o
CH; CH, 9
120
s _cl
@L A, Qe'/
N (] N~ S
O\):—l 0\/I:l
Scheme 60

Flosser et al. have reported that 1-chloroethyl chloroformate can be obtained in quantita-
tive yield by the reaction of acetaldehyde with BTC (Scheme 61) in the presence of catalytic
amounts of hexabutylguanidinium chloride (HBGCI), which are excellent “naked halide”
catalysts.'??

BTC 1
CH3CHO _ CH3CHOCCI
HBGC(I, 0.5 mol% (l:l
98%
Scheme 61

4. Chlorination of RPH,, PhP, and PhP,0

The primary and secondary phosphanes RPH, were reported to produce bis(phospho-

rous dichlorides) RPCl, on treatment with reagents such as phosgene, TCF and BTC in inert
solvents. Employment of BTC instead of phosgene led to the successful conversion of (18,25)-
C,H(PH,), (121) to the more versatile (1S,28)-C,Hy(PCl,), (122)'® in quantitative yield
(Scheme 62). Compounds 122 and 123 are important chiral bidentate phosphorus ligands in
organic synthesis, which can couple with oxygen, nitrogen, and carbon nucleophiles.'®”
(1S, 25)-CH(PCl,), General Procedure.-'® A solution of BTC (23.7 g, 80.0 mmol) in THF
(250 mL) was added dropwise over 2 h to a stirred solution of 8.1 g (60.0 mmol) of (185,2S)-
CH(PH,), (121) in THF (400 mL}) and the mixture was heated with stirring to 50°C. Evapora-
tion of the solvent followed by distillation of the residue in vacuo (oil pump, bath temperaure 80-
110°C) yielded 10.8 g (66%) of 122 as a colorless liquid.
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PX = P(OMe)y(1), P(OPh)y(2), P[2-OC;oH4C10HgO-2-(R)(3),
P[OCH(Me)Et-(S)],(4), P(NC4HgO-cyclo)y(5), P(CgH;10-cyclo)x(6)

Scheme 62

Cotarca et al. reported that Ph,P/BTC is a better chlorinating agent, which allows the
complete chlorination of alcohols.! Su et al. used the system of Ph,P/BTC/Et,N and
Ph,PO/BTC/Et,N to prepare disulfides from thiols by a one-pot procedure (Scheme 63). A
possible mechanism for this activation has been proposed.!!

3 PhgP

BTC + _— 3 PhyPCl, +
3 PhyPO (s
Eth
PhsPCl; + 2 RSH PhP + RSSR
Scheme 63

V. AS DEHYDRATING AGENTS
1. Preparation of Nitriles
Like phosgene, TCF and BTC have proven to be useful dehydration agents.'!! Nitriles
can be obtained from carboxamides by using TCF and BTC.
1 /O_COCI _COZ
R-C-NH, + BTC/TCF -—— R-C,
NH; Cl
Scheme 64
Nitriles could be also prepared from corresponding aldehydes and NH,OHsHCl in high
yields using BTC. The reaction is usually carried out in the presence of an acid acceptor, such as

R—CN

a tertiary amine.''? Aliphatic and aromatic aldehydes were converted to the corresponding nitriles
in good yields.

o NH,OH-HCVEtN NO5°
JJ\ E—— R—C=N + CCI,0 + CO,
R H BTC AQ Co-cey

Scheme 65

4-Hydroxy-3-methoxybenzonitrile. Typical Procedure.-''> Hydroxylamine hydrochloride (0.38
8 5.5 mmol) was added slowly to a stirred ice-cooled solution of 4-hydroxy-3-methoxybenzalde-
hyde (0.87 g, 5.0 mmol) in dry CHCl,(15 mL) and Et.N (1.54 mL, 11.0 mmol) at such a rate that
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the temperature remained below 5°C. The reaction mixture was allowed to warm to room
temperature and stirred for another 3-4 h. After the oxime had been formed, BTC (1.65 g, 5.4
mmol) was added in portions over a period of 15 min. After each addition, an exothermic reac-
tion was observed. The resulting mixture was stirred at room temperature for an additional 2 h;
the progress of the nitrile formation was monitored by TLC. On completion of the reaction, it
was quenched with H,0 (5 mL) and extracted with CHCI, (2 x 15 mL). The combined organic
phases were washed with brine, dried (Na,SO,) and the solvent was removed in vacuo to afford
the crude product which was purified by column chromatography (EtOAc/hexane, 1:9 v/v) on
silica gel to afford pure 0.71 g, (95%) of 4-hydroxy-3-methoxybenzonitrile.

2. Preparation of Isocyanides

Isocyanides are the only class of stable organic compounds with a formal divalent
carbon. Even though dozens of methods for the preparation of isocyanides have been described,''?
the best method for the preparation of isocyanides is the dehydration of formamides with phos-
gene or its surrogates such as TCF and BTC as dehydration reagent under mild conditions.!'''* A

NO; NO,
BTC
HOCHN = — NHCHO
CH,Cl, TEA (51%)
NO, NO,
o= =

Scheme 66

large number of aryl and alkyl isocyanides, including chiral isocyanides 124,''6-!!8 have been
prepared by using stoichiometric amounts of formamides and BTC in solvents such as
dichloromethane, chlorobenzene or o-dichlorobenzene.!!’

o 1. EiN, 0°C o
oJ\/N“C“O 2.BTC0°Ctort 18h _ oJ\/ Ne
: 124
X i\
H” “NH TCF/ Base Na
Ns 75%
Scheme 67

Isocyanides, especially TosMIC, have demonstrated utility as intermediates for the pre-
paration of a wide variety of compounds such as heterocycles, alkaloids, amino acids and
peptides, steroids, ketones, metal complexes, antibiotics etc.''? Isocyanides can participate in
multi-component reactions (MCR) as illustrated in Scheme 68 for example.'?
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Scheme 68

(IR,2R,5R)-2,5-Dimethylcyclohexyl-2-formamidoacetate. Typical Procedure.-'*' To a small
flask that was charged with the formamide (5.0 mmol), was added 5 mL of CH,Cl, followed by
triethylamine (20.0 mmol). The reaction mixture was cooled to 0°C followed by the dropwise
addition of BTC (590.0 mmol). The reaction mixture was allowed to warm to room temperature
with continuous stirring for 18 h. After the reaction mixture was filtered to remove triethylamine
hydrochloride, the solvent was removed under reduced pressure and then the crude product was
purified by flash chromatography on silica gel using 20% ethyl acetate in hexane to afford 818
mg (73% yield) of the target isocyanide.

3. Preparation of Isoselenocyanates and Isothiocyanates

Organoselenium compounds are of particular interest as intermediates in organic
synthesis due to their many applications and biological activities.'?? Selenoureas, especially
useful reagents for the synthesis of selenium-containing heterocycles, has been prepared from
isoselenocyanates directly.

A modification of Barton’s procedure'? has been reported using BTC as a good substi-
tute for phosgene.'?* As it is well known, most of isocyanides are volatile and have a repulsive
odor. Scheme 69 illustrates the fact that the intermediate isocyanides obtained from formamide
and BTC need not be isolated and may be used for further reaction without purification.

BTC, Et3N, Se (powder), toluene

R—NHCHO R—N=C=S8Se
0°C (30 min); reflux (18 h)
Method A
BTC, Et;N, CH,Cl, R—NC Se (powder), CH,Cl,
reflux (3.5 h) reflux (4-7 h)
Method B
Scheme 69

In method B (Scheme 69), diisoselenocyanates could be obtained in high yields, without
occurrence of the side-reaction, namely polymerization of diisocyanides, which occurs at high
temperatures and upon prolonged reaction times.'?
1,4-Diisoselenocyanatobenzene (Method B). Typical Procedure.-'> To a refluxing mixture of the
1,4-diformamidobenzene (0.25 g, 1.5 mmol), triethylamine (6.4 mol) in CH,CL, (5 mL) and 4 A
molecular sieves was added dropwise a solution of BTC (0.24 g, 0.8 mmol) in CH,Cl, (2 mL) over
a period of 1 h. After the addition, the mixture was refluxed for 2.5 h and then, selenium powder
(0.24 g, 3.0 mmol) was added and reflux was continued for an additional 4-7 h; conventional
work-up and column chromatography afforded 0.34 g (80%) of 1,4-diisoselenocyanatobenzene.
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Isothiocyanates are also important intermediates for the preparation of both sulfur and
nitrogen containing organic compounds and especially heterocycles.!¢ Isothiocyanates were
prepared from formamides and sulfur powder with BTC (Scheme 70).'*"

EtN Se (powder)

R—NHCHO + BTC

[axc]
Scheme 70

In this reaction also, the intermediate isocyanide can be used for the further reaction

[R-Ncse | R—NCs

without isolation because it reacts with sulfur to give the isothiocyanate in the presence of
catalytic amount of selenium powder. Furthermore, the rate of formation of isocyanide is rela-
tively slow compared to the formation of isothiocyanate.

4-Chlorophenylisothiocyanate. Typical Procedure.-'*’ A solution of BTC (1.1 mmol) in dry
CH,Cl, (20 mL), was added dropwise over 1 h to a boiling suspension of p-chlorophenylfor-
mamide (3.0 mmol), selenium powder (0.5% mol of the formamide), sulfur powder (3.0 mmol),
triethylamine (6.6 mmol), and CH,C, (40 mL). After it had been stirred at reflux for the speci-
fied time (monitored by TLC), the reaction mixture was allowed to cool to room temperature,
washed with water (20 mL), and the precipitated selenium power was removed by vacuum filtra-
tion. Triethylamine hydrochloride was obtained by evaporation of the aqueous phase. The
organic phase was washed with saturated aqueous Na,CO, and dried over anhydrous MgSO,,.
Evaporation of the solvent gave the crude product which was purified by preparative silica gel
TCL using cyclohexane:ethyl acetate (10:1) as eluent.

VL. NAME REACTIONS °
1. The Staudinger Reaction

In the Staudinger reaction, ketenes are generated in situ from acid halides by treatment
with triethylamine or other tertiary amines and react with imines to produce -lactams. BTC
reacts with acids to produce acid chlorides or anhydrides (see earlier) and has been successfully
employed as an efficient acid activator for the one-step cycloaddition reaction (Staudinger reac-
tion) of acids and imines to B-lactams 125 (Scheme 71).'?® This reaction was found to be very

H H 2
“;\ R ‘m Et;N/triphosgene/CH,Cl, R j;(
+
0% oH LN —~40°Ctort12h G N\Ra
125

Scheme 71

clean and gave excellent yields of B-lactams. Moreover, this reagent was shown to be better than
other acid activators, in terms of yields and simplicity of the work-up procedure.

In all the cases, the cycloaddition reaction was stereoselective and only cis-f-lactam
formation was observed. Therefore, BTC was also used as a versatile reagent for the synthesis of
B-lactams derived from acids and/or imines which are sensitive to mineral acids or thionyl chlo-
ride such as for example the synthesis of B-lactams from the potassium salt of azidoacetic acid or
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Dane’s salt and various imines and the preparation of B-lactams from imines and chiral acids
derived from camphorsultams, oxazolidinones, and carenes.

B-Lactam. General Procedure.-'?% A solution of triphosgene (0.148 g, 0.5 mmol) in anhydrous
CH,Cl, (10 mL) was added slowly to a solution of the acid (1.0 mmol), of the imine (1.0 mmol)
and triethylamine (0.42 mL, 3.0 mmol) in anhydrous CH,Cl, (10 mL), at —40°C. The reaction
mixture was then allowed to warm up to room temperature and stirred further for 12 h. The
reaction mixture was then washed with water (20 mL), saturated sodium bicarbonate solution (2
x 15 mL) and brine (10 mL). The organic layer was dried over anhydrous sodium sulfate and
filtered through a short silica gel column to get the pure B-lactam, which was recrystallized from
methanol.

2, The Bischler-Napieralski Reaction

The use of BTC instead of phosphorus oxychloride as a versatile reagent for Bischler-
Napieralski reaction has been reported.!? The Bischler-Napieralski reaction is one of the most
important methods for the construction of the isoquinoline ring. Easily handled BTC was found
to act as an alternative dehydrating reagent of formamide for the formation of the isoquinolines
skeleton by BNR of tertiary formamides. Quaternary benzo{c]phenanthridines such as the anti-
tumor compound nitidine chloride (127), were formed directly by cyclization of 2-phenyl-1-(N-
methylformamido)-naphthalenes 126 with BTC at 60°C in acetonitrile (Scheme 72).

o)
OO o (©HoOnCo

R;
‘ MeN CH3CN, 60°C,0.5h
Rz CHO
Ry
126 Scheme 72

Nitidine Chloride. General Procedure.-'? A solution of 2-(3',4'-dimethoxyphenyl)-1-(N-methyl-
Jormamido)naphthalene (1 g, 0.278 mmol) and triphosgene (0.18 g, 0.602 mmol) in acetonitrile
(2.5 mL) was stirred at 60°C (bath temperature) for 0.5 h. After addition of ice-water, the yellow
precipitate was collected and recrystallized from EtOH-ether to give 0.10 g (91%) of nitidine

chloride.

3. The Vilsmeier-Haack Reaction

The classical Vilsmeier-Haack reaction is a special case of Friedel-Crafts reaction,
involving electrophilic substitution of suitable carbon nucleophiles with the halomethyleni-
minium salts, the active intermediates in the Vilsmeier-Haack reaction. In industry, several
substituted aldehydes have been prepared by this reaction. Recently, BTC (instead of phosphorus
oxychloride and phosgene) and dimethylformamide have been used to prepare various aromatic
and heteroaromatic aldehydes under mild conditions and in good yields (Scheme 73).!%
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(o}
CI;,C—OJLO—CCI;, NaOH
ArH ArCHO
(CH3),NCHO H,0

a) Ar = p-(CH3);NC¢Hy:  b) Ar=2-CH30-1-CoHg; c¢) Ar=2-C4H3S; d) Ar=5-Br-2-C4H>S;
e) Ar=2-C4H;0; f) Ar=2-C4HyN; g) Ar=N-CH;-2-C4HsN;

Scheme 73

TCF may similarly be employed to prepare aldehydes.'3! 2-Chloro-5-methylpyridine-3-
carbaldehyde (129), a useful intermediate for a variety of pharmaceutical and pesticide products,
was prepared in 92% yield from N-benzyl-N-(1-propenyl)acetamide (128) using diphosgene or
triphosgene with DMF as the Vilsmeier-Haack reagent (Scheme 74). In addition to avoiding the
use of phosgene, the absence of phosphorous salts is also advantageous in industrial applications
of TCF and BTC from the standpoints of safety and environmental acceptability.

o o}
J
PhCH; e Clsc-oJLm or Cle—0~ "0—CCly icewater  OHC | X CHs
N—C—CHs
CH,=CH—CH;” (CH3),NCHO .
128
Scheme 74 129

2-Pyrrolealdehyde. Typical Procedure.-'*’ A flask fitted with a thermometer, an addition funnel,
a condenser, and a stirrer was charged with pyrrole (0.13 g, 2.0 mmol) and DMF (2.1 mmol).
The flask was immersed in an ice-bath, the stirrer started, and a solution of BTC (0.21 g, 0.7
mmol) in carbon tetrachloride (7 mL), was added over a period of fifteen minutes. The mixture
was stirred for 15-30 minutes after the addition. The ice bath was removed and the mixture was
heated to 40-50°C for 2 h, then cooled and poured into ice water. The solution was made basic
with sodium hydroxide and the layers were separated. The aqueous phase was extracted three
times with a total of about 30 mL of ether. The ether and carbon tetrachloride solutions were
combined and dried over sodium sulfate. Evaporation of the solvents under reduced pressure
gave a residue which was subjected to chromatographic purification on TLC silica gel to give
0.16 g (82%) of 2-pyrrolealdehyde.

VII. OTHER REACTIONS OF BTC

BTC has been used in some special preparations of organic intermediate compounds
such as COF,, which was obtained from KF and BTC in the presence of 18-crown-6; this was
followed by reaction with alcohols to provide alkyl fluorides via the alkyl fluoroformates 130 in
the presence of catalytic amounts of HBGF (Scheme 75).'

KF/CH;CN Q Oct-OH ® HBGF
BIC ——————— F—C—F Oct—C—F Oct—F
1.5% 18-crown-6 130 KF/ether
Scheme 75
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Treatment of BTC with aromatic compounds can lead to benzophenones by Friedel-
Crafts reaction using AICI, as catalyst (Scheme 76).!** Diferrocenoyl (131) was synthesized in
51% yield from BTC and ferrocene.'*

0
© BTC/AICI,
2-4°C, 10 h O O
0

64-77%
BTC/AICH DA >
< N, 50.6% Fe Fe

Scheme 76

Preparation of ferrocenoyl chlorides (131) from ferrocenecarboxylic acid has been
previously discussed in the Section on chlorination. Wang et al. also reported another method to
synthesize ferrocenoyl chlorides from ferrocene (132) as starting material. In this reaction, the o
carbon of ferrocene with high partial electron density can act as a nucleophile toward BTC to
form a C-C bond.!*> Generally, the formation of C-C bond with BTC and TCF requires a
stronger base. Interestingly, Taylor et al.!* reported the formation of C-C bond using a lithium
reagent as the nucleophilic species.

o
BTC (1/3eq.)
:;;e & o
— N
-
132 133 R
N N (7
N 1. BuLi, THF, ~78°C R'_/j\ D, NN A
R-— (> 2+ Ry l 7“
N7 2. BTC leg. N" “C7 N SN N
Br -78°C, 2mins o i
78C toRT, 1 h L
Scheme 77

TCF and BTC are also excellent carbonylation agents for the introduction of a carbonyl
group, such as in the formation of carbonates, carbamates, ureas and polymers. It has been
reported that BTC can trap titanacycles leading to bicyclic cyclopentenones in lieu of carbon
monoxide. A possible mechanism has also been investigated and is shown in Scheme 78.'¥

z T\leg
R 0 X 0 —— TiCpLlz + X 0o
iémj\?c% ¢l

X TiCp, /J\J cl

Cl Cl
-CCly, CO,

Scheme 78
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Carter et al. also reported that BTC mediates a novel oxidative cleavage reaction,
converting the enediolate 134 cleanly to 4-substituted cyclopentane-1,2-diones 135, which are
isolated as the enol tautomers (Scheme 79).!38

0
[o] BTC
H
CpT, I><n THF Hoﬁ + TRl
o o [
134 0°CtoRT, 2h s R R = Allyl, 95%
R =Pr, 82%
Scheme 78

VII. CONCLUSION AND OUTLOOK

In summary, TCF and BTC are very versatile reagents for the preparation of a variety
of organic compounds, including chloroformates, isocyanides, isocyanates, isothiocyanates
isoselenenocyanates, N-carboxyanhydrides (NCA), oxazolidines, polyureas and polycarbonates.
Compared with phosgene, both TCF and BTC are not only safer to use and more conveniently
handled, transported and stored but in addition, being a liquid and a solid respectively, they can
be weighed exactly. Reactions using these reagents are normally carried out under mild condi-
tions and afford good to excellent yields. BTC and TCF are widely used in the preparation of
medicinal products, pesticides, dyestuffs, paints and the synthetic production of macromolec-
ular materials. We believe that TCF and BTC will be used even more widely in a variety of
applications.
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