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Thesis Abstract
In this thesis, acyl chlorides were successfully converted to their corresponding carbamates via
Curtius rearrangement in a novel “one-pot” synthesis procedure that uses p-
nitrobenzenesulfonyl azide as the azide nucleophile source. In the process alkyl esters were also
synthesized as the associated by-product. The thesis also deals with the “one-pot” synthesis of

acyl azides from acyl chlorides.
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INTRODUCTION

Organic azides are carbon-containing compounds with an azide group (N3) attached to

an alkyl, aryl or acyl group (Figure 1).

o ®
—N—N=N

<« R

Figure 1: Resonance structures for a general organic azide.

Since their discovery in 1864 by Peter GrieB," these energy-rich and flexible
intermediates have become one of the most important and versatile classes of compounds in
synthetic chemistry. They have proven to be a very important bridge among the disciplines of

chemistry, biology, medicine, and material science.

Organic azides can undergo a wide range of functional group inter-conversions.? Due to
their ready conversion into amines and isocyanates, and their use in energetic polymers,* azides
have received more attention in the pharmaceutical industry.” The easy polarization of the -
bond of the azide ion, N3, results in a breakdown of the azide ion and leads to the release of
molecular nitrogen and a nitrene.? They are considered powerful precursors for reactive species
such as nitrenes and nitrenium ions as well as nitrogen-rich compounds such as aziridines,

azirines, triazoles, triazolines, and triazenes.?

Industrial interest in organic azide compounds began with the use of azides for the
synthesis of heterocycles such as triazoles and tetrazoles as well as with their use as blowing
agents and as functional groups in pharmaceuticals. Thus, for example, azidonucleosides

attracted international interest in the treatment of AIDS.”

Like hydrogen azide most other azides are also explosive substances that decompose

with the release of nitrogen through the slightest input of external energy, for example,
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pressure, impact, or heat. The heavy-metal azides are used, for example, in explosive
technology, in which they serve as detonators. Due to the explosive nature of azides and their
high sensitivity to heat, sodium azide is used in automobile airbags. The organic azides,

particularly methyl azide, often decompose explosively.*

The major route to organic azides that most researchers use involves sodium azide
(NaN3) and substrates bearing leaving groups such as sulfonates and halides. There has been
development of numerous synthetic pathways over the past years for the synthesis of organic
azides, however, most of the routes are considered unsafe and can be expensive and time-
consuming. Although, there are a lot of indirect methods in the literature, few direct methods
are known.® The main focus, for the purpose of this thesis, will be acyl azides and their

application in carbamate synthesis via the Curtius rearrangement.

Acyl azides have widespread utility in organic synthesis.’ They are extensively used in
the synthesis of amides, nitriles, in cycloaddition reactions, and also in heterocyclic chemistry.®’
The well-known Curtius rearrangement of acyl azides under thermal condition leads to
isocyanates, which in turn undergo easy conversion into amines, carbodiimides, ureas,
urethanes, thiourethanes, and other derivatives.? Several protocols have been reported for the
synthesis of acyl azides in the literature. They are generally prepared by the reaction of sodium
azide with acid derivatives such as acid chlorides, mixed anhydrides which in turn are prepared
using acid activators like SOCl,/DMF, ° cyanuric chIoride/N—methyImorphoIine,10

12,13

triphosgene/triethylamine,** ethyl chloroformate/N-methylmorpholine. Acyl azides can also

14-16

be prepared from hydrazides by nitrosation with sodium nitrite in acidic media. Hydrazide

nitrosation to give acyl azides is applied for a large-scale synthesis."’



A. R. Katritzsky et al. recently reported a simple and safe synthesis of acyl azides from
the corresponding N-acyl benzotriazoles and sodium azide in a two-step protocol*® (Equation 1).
This procedure avoids the use of acid activators and NO" equivalents typically employed to

synthesize these compounds from acid chlorides and hydrazides, respectively.
1.5 eq. NaN, H
/(l)]\ H,O (cat) jj\ N/Nj©
R™ "Bt ch,eN rt,16h R N3 N

Equation 1: General synthesis of acyl azides from the corresponding N-acyl benzotriazoles.

Aliphatic and aromatic aldehydes can be converted to acyl azides by treatment with
iodine azide, as azide source, (Equation 2) which is formed in situ by mixing ICl and NaN;." Even
though yields obtained from this process are good, extreme caution is always required since IN;
is potentially explosive and definitely so in the solid form. The reagent should be generated in
solution and destroyed with thiosulfate wash before work up. However, when solid NaN; and ICl

are mixed an explosion can occur.

(0] 2 eq. INg 0]
L, L

R™ "N
R CH,CN, 25°C, 2.5h 3

Equation 2: General synthesis acyl azides from aliphatic and aromatic aldehydes.

Various carboxylic acids can also be converted into acyl azides in excellent yields in the
presence of trichloroacetonitrile, triphenylphosphine, and sodium azide at room temperature
(Equation 3). The reaction allows the preparation of dipeptides without deprotection or

rearrangement during the reaction.”” However, this procedure is not material efficient.



1.2 eq. NaN;, 2 eq. PPh,
0 2 eq. CI;CCN 0

S X

R™ N,

\J

acetone, r. t.

Equation 3: Synthesis of acyl azides from carboxylic acids.

Direct conversion of carboxylic acids to acyl azides is accomplished using diphenylphosphoryl

azide (DPPA) which is expensive.?**

Although these methods are available for the preparation of acyl azides, there are still
drawbacks such as long reaction time, by-product formation, hazardous and expensive reagents,
multi-step protocol, and tedious reaction conditions. Therefore, additional methods for acyl

azide formation are still useful. This led to the development of our procedure.

The first part of this research is to find a novel way to synthesize acyl azides, from which
the carbamates will be synthesized. The acyl azides will be synthesized from acyl chlorides using
arylsulfonyl azides. p-Nitrobenzenesulfonyl azide (p-NBSA) (Figure 2) will be the arylsulfonyl
azide source. p-NBSA is the arylsulfonyl azide of choice because of its relatively high solubility in

acetonitrile.

Figure 2: Structure of p-nitrobenzenesulfonyl azide (p-NBSA).

In the development of our method, CH;CN was chosen as the solvent because it is
inexpensive, readily available and because smaller amounts are required to dissolve p-NBSA

when 1, 8-diazobicyclo [5.4.0] undec-7-ene (DBU) is used as the base.



CH;CN, DBU o
p-NBSA
Cl > N3
R.T.

Equation 4: Proposed method for the synthesis of acyl azides from acyl chlorides using p-NBSA.

Upon pyrolysis of the acyl azides, isocyanates are formed (Equation 5). Isocyanates can
then be trapped by a variety of nucleophiles, such as alcohols, providing a convenient method
for the synthesis of amine derivatives, such as carbamates. The rearrangement of acyl azides
into isocyanates is well known as the Curtius rearrangement. This important reaction is the best
way to convert acyl azides to carbamates and it has been used to synthesize many complex

natural products.

L heat RIOH ¢ I R,

R N3 R e R—N=C=Q0 ——» N 0
acyl azide isocyanate carbamate

Equation 5: Curtius rearrangement of acyl azide to carbamates.

Organic carbamates represent an important class of compounds showing various
interesting properties. They find wide utility in areas such as pharmaceuticals,”® agrochemicals,**
as intermediates in organic synthesis,” for the protection of amino groups in peptide
chemistry,”® and as linkers in combinatorial chemistry.”’” Organic carbamates have been
extensively used as intermediates for the synthesis of structurally diverse synthetic
intermediates/molecules of biological importance.”® In recent years, much interest has been
developed among chemists to develop an efficient and safe methodology for carbamate
synthesis through the Curtius rearrangement by trapping of the isocyanate intermediate with an

alcohol.



Lebel and Leogane have reported an efficient one-pot protocol for the preparation of
tert-butyl carbamates from the corresponding acids (Equation 6).” The reaction of carboxylic
acids with di-tert-butyl dicarbonate and sodium azide allowed the formation of the acyl azides,
which undergo a Curtius rearrangement in the presence of tetrabutylammonium bromide and
zinc (Il) triflate to afford the corresponding carbamates through trapping of the isocyanate
intermediate. They have extended the same protocol to the direct synthesis of carbamates of

aromatic amines using aromatic acids.

Boc,0, NaNg
o

n-Bu,NBr
R)J\OH R\N)kOtBu

Y

Zn(OTH),
THF, 40-50 °C

Equation 6: "One-pot" protocol for the preparation of tert-butyl carbamates (Lebel and Leogane).

Dussault and Xu have also reported a direct conversion of various acid azides into their
corresponding carbamates through a Curtius rearrangement using ethanol (Equation 7). A
similar kind of approach was adopted by Saigo and co-workers for the synthesis of fullerene

carbamates through the reaction of the corresponding fullerene acid azide with an alcohol.*

0 EtOH, benzene 0

R™ N3 reflux "N” “OEt

Equation 7: Conversion of acyl azides into carbamates (Dussault and Xu).

Iklegami and co-workers also reported a synthesis of carbamates of various sugar and
other functionalities using the corresponding acids. In situ conversion of acids to the

corresponding azides was achieved using diphenyl phosphoryl azide (DPPA) as azide source,



followed by the addition of an alcohol to afford the corresponding carbamates (Equation 8).*

They have further explored this methodology for the synthesis of carbamates linked
glycoconjugates using various kinds of sugar acids and diphenylphosphorazidate (DPPA).** The
use of this reagent is potentially complicated by the high temperatures required to achieve
conversion to the desired carbamate, which could compromise the stability of sensitive

functionalities. Also, toxicity considerations limit its usage.

0 R,OH, DPPA, base 0
R - R an
OH benzene, reflux H !

5-30 h

R

Equation 8: Synthesis of carbamates of various sugar and other functionalities using their corresponding
acids (lklegami and co-workers).

There has been increasing interest in the synthesis of carbamates and most procedures
as seen in the literature are multistep. These traditional methods result in the formation of
intermediates which need work-up and isolation. This makes them expensive, tedious and time-
consuming. Some of the procedures are also dangerous due to the use of compounds that are

very prone to explosion.

From the above review, “one-pot” synthesis of carbamates as proven by Lebel and
Leogane, and lklegami and co-workers is possible. Although their protocols avoided the tedious
work of intermediate isolation, they were material-consuming, expensive and in some cases

dangerous.

The main goal of this research is to develop an efficient, safe, and inexpensive “one-pot”
process for the synthesis of carbamates from acyl azides, using arylsulfonyl azides as the azide

source, which is also rapid as well as material efficient (Equation 9).



CH,CN, DBU
p-NBSA

R.T. ©\ 0
Cl >
R,OH, reflux NJKO/R1
H

(Curtius rearrangement)

Equation 9: Proposed method for the "one-pot" synthesis of carbamates via Curtius rearrangement.



STATEMENT OF PROBLEM

The synthesis of organic carbamates has drawn the attention of numerous researchers
due to their wide biological significance. The most common procedures employed for their
synthesis are the indirect methods. These methods involve separate procedures which can be
tedious, time-consuming, and expensive. The “one-pot” procedures currently in use for the
synthesis of carbamates are also expensive, inefficient, time-consuming, and potentially

dangerous.

This research is geared towards developing an efficient, safe, and inexpensive “one-pot”
protocol for carbamate synthesis from acyl azides via Curtius rearrangement. In the process of
doing so, a useful, safe, and inexpensive “one-pot” procedure for the synthesis of acyl azides will

also be developed.



RESULTS AND DISCUSSION

We began the research by synthesizing para-nitrobenzenesulfonyl azide, p-NBSA (2,
Equation 10). This was easily synthesized from para-nitrobenzenesulfonyl chloride (1) and NaN;
using methanol as solvent. The reaction was left to stir overnight at room temperatature and
TLC of the reaction mixture showed a new spot (R; = 0.29) which appeared yellow upon heating
when p-anisaldehyde was used as the TLC stain. Most azides in general produce yellow color
upon heating when stained with p-anisaldehyde. The IR spectrum of the recrystallized product
showed a signal at 2143 cm™ which corresponds to an azide functional group. *H NMR and *C

NMR spectra of the product showed that p-NBSA had been successfully synthesized.

SOZC| NaN3, R.T. /©/SOZN3
0 N/©/ methanol O-N
2
1 2

Equation 10: Conversion of para-nitrobenzenesulfonyl chloride (1) to para-nitrobenzenesulfonyl
azide (2).

SYNTHESIS OF ACYL AZIDES

The first part of the research involved the synthesis of acyl azides from acyl chlorides
using p-NBSA as the azide source. In doing so, the right solvent had to be determined. In
choosing the solvent, consideration was given to the ability to readily dissolve p-NBSA, ready
availability, low boiling point, and the ability to not interfere in the reaction process by enabling

the formation of many by- products.

Polar aprotic solvents (tetrahydrofuran (THF), dimethylformamide (DMF), and

acetonitrile (CH;CN)) were considered. Although all the solvents relatively dissolved p-NBSA
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readily, upon addition of 1, 8-diazobicyclo [5.4.0] undec-7-ene (DBU), the base of choice, stirring
became very difficult and extra solvent was required in the case of THF. Also the anionic azide
took extra time to form as compared to DMF and CH;CN. Although DMF took less time to help in
the formation of the anionic azide, its high boiling point (153 °C) makes its evaporation very
difficult. CH;CN was then settled upon as the solvent of choice because of its low boiling point as
compared to DMF, its ability to help form the anionic azide faster and in lower amounts as
compared to THF, its ready availability, and also because its triple bond does not react with

azides.

The first acyl chloride that was used for this research was 4-nitrobenzoyl chloride (3,
Equation 11). 4-Nitrobenzoyl azide (4, Equation 11) was made by first reacting p-NBSA dissolved
in CH;CN with 3, using 1, 8-diazobicyclo [5.4.0] undec-7-ene (DBU), as the base. The reaction
was left overnight till TLC confirmed the disappearance of the p-NBSA spot. The IR spectrum
indicated a shift of the covalently bonded azide functional group at 2143 cm™ to the anionic
azide functional group form at 2019 cm™. Acid chloride 3 dissolved in CH;CN was then added,
and the reaction mixture was left to sit at room temperature overnight. TLC showed the
appearance of a new spot (R; = 0.79) of yellow color upon heating when p-anisaldehyde was
used as the TLC stain. The IR spectrum of the mixture showed the reappearance of the signal at
2143 cm™ indicating a covalently bonded azide functional group. This indicated that the acyl
azide product might have been synthesized. Aqueous work-up on the product gave a dark
yellow syrupy solid as the crude product. Although *H NMR and *C NMR of the crude product
indicated the presence of the acyl azide product, they also showed it was impure. Subsequent
purification by silica gel flash column chromatography (5:1 hexane: ethyl acetate) afforded 4. **C
NMR analysis of the white solid (product 4, isolated in 52 % yield) proved the presence of the

azide in 4 due to the movement of the carbonyl group signal in 3 further downfield from 167.00

11



ppm to 170.84 ppm which corresponds to that of literature.®* The IR spectrum of the purified
product which showed absorption at 2138 cm™, is in good agreement with literature.** Finally,

the melting point value of 64-65 °C also corresponds to that of literature.*

p-NBSA, CH3CN
c DBU N3

ON RT. ON
3 4

Equation 11: Conversion of 4-nitrobenzoyl chloride (3) to 4-nitrobenzoyl azide (4).

The next stage was to adapt the methodology for the synthesis of other acyl azides from

their corresponding acyl chlorides.

The next acyl chloride used was 3, 5-dinitrobenzoyl chloride (5). Upon the confirmation
of the formation of the anionic azide which showed IR peak at 2019 cm™, 5 was then added. The
reaction mixture was allowed to sit at room temperature overnight. TLC showed the appearance
of a new yellow spot (R; = 0.75) upon heating when p-anisaldehyde was used as the TLC stain.
The IR spectrum of the mixture showed the reappearance of the signal at 2153 cm™ indicating a
covalently bonded azide functional group. Aqueous work-up followed by purification by flash
column chromatography (5:1 hexane: ethyl acetate) afforded 6. >°C NMR analysis of the pale
yellow solid (product 6, isolated in 66.2 % yield) proved the presence of the azide in 6 due to
the movement of the carbonyl group *>C NMR signal in 5 further downfield from 165.11 ppm to
168.71 ppm which corresponds to that of literature. The IR spectrum of the purified product
showed absorption at 2153 cm™ which is in good agreement with the literature. Finally the

melting point value was found to be 96-99 °C.

12



p-NBSA, CH,CN
cl DBU N3

R.T.
NO, NO,

5 6

Equation 12: Conversion of 3,5-dinitrobenzoyl chloride (5) to 3,5-dinitrobenzoyl azide (6).

4-methoxybenzoyl azide (7) was also synthesized from 4-methoxybenzoyl chloride (6). Upon the
confirmation of the formation of the anionic azide which showed IR signal at 2019 cm™, 6 was
added and allowed to sit at room temperature overnight. TLC showed the appearance of a new
yellow spot (R = 0.69) upon heating when p-anisaldehyde was used as the TLC stain. The IR
spectrum of the mixture showed the reappearance of the signal at 2136 cm™ indicating a
covalently bonded azide functional group. Aqueous work-up on the product followed by
purification by flash column chromatography (3:1 hexane: ethyl acetate) afforded 7. *C NMR
analysis of the white solid (product 7, isolated in 60 % yield) proved the presence of the azide in
7 due to the movement of the carbonyl group signal in 5 further downfield field from 166.97
ppm to 168.71 ppm which corresponds to that of literature.*® The IR spectrum of the purified
product showed absorption at 2136 cm™ is in good agreement with literature.*® Finally, the

melting point value of 68-70 °C also corresponds to that of literature.*

p-NBSA, CH,CN
cl DBU N3

>

H,CO R.T. H3CO

7 8

Equation 13: Conversion of 4-methoxybenzoyl chloride (7) to 4-methoxybenzoyl azide (8).

13



PROPOSED MECHANISM FOR ACYL AZIDE FORMATION

1. Generation of the azide anion.

2. Nucleophilic attack on carbonyl carbon by the azide nucleophile.

o
CO ° a

Cl © N3

3. Removal of the chlorine leaving group to form the acyl azide product.

QO@ o]

N, —— N3

O,N O,N

Scheme 1: Proposed mechanism for acyl azide formation.
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“ONE-POT” SYNTHESIS OF THE CARBAMATES

The main essence of the synthesis of the acyl azides was to show the presence of the
acyl azides before proceeding to the “one-pot” synthesis of the carbamates from acyl chlorides

via Curtius rearrangement.

Following the synthesis of the acyl azides, various alcohol nucleophiles were used to successfully

effect Curtius rearrangement to obtain the corresponding carbamates.

Conversion of 4-nitrobenzoyl chloride to ethyl (4-nitrophenyl) carbamate

The reaction process was done as that of the synthesis of the acyl azide. Upon the
addition of the 4-nitrobenzoyl chloride the reaction was allowed to sit overnight and monitored
for completion using TLC (hexane: ethyl acetate 1:1). Upon confirmation of the presence of 4,
ethanol was added and a reflux condenser was attached. The reaction mixture was heated to
75-78 °C. The progress of the reaction was monitored by TLC and IR. IR was used to check for the
disappearance of the covalently bonded azide peak at 2138 cm ™ which will occur as a result of a
successful Curtius rearrangement. This happened on the third day of reflux. However, TLC
confirmed an impure crude product with two spots of R; 0.56 and 0.47 respectively. Aqueous
work-up on the product gave a dark yellow syrupy solid. Although *H NMR and *C NMR of the
crude product indicated the absence of the acyl azide, they also showed the presence of a by-
product. Subsequent purification by silica gel flash column chromatography (5:1 hexane: ethyl
acetate) afforded carbamate 9 and an alkyl ester. The proof of the reaction product was made

using *C and 'H NMR.

3C NMR analysis of the pale yellow solid (product 9, isolated in 36 % yield) showed the

movement of the carbonyl group signal in 9 further upfield from 167.00 ppm to 152.81 ppm
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which is within the range for a carbonyl carbon of an aliphatic or an aromatic carbamate. The
aromatic carbons are seen at 117.67 ppm, 125.22 ppm, 143.03 ppm, and 143.97 ppm. The
aliphatic carbon signals downfield at 62.01 ppm and upfield at 14.41 ppm are indicative of the
methylene carbon, which is closest to the electronegative oxygen, and the methyl carbon of the

ethyl group, respectively.

'H NMR analysis of the product shows the proton on the nitrogen heteroatom of the
carbamate appearing as a distinct singlet at 6.95 ppm. The methylene protons and methyl
protons rightly occurred as a quartet and triplet and at 4.27 ppm and 1.34 ppm, respectively.
Conjugation with the N —acyl group makes the phenyl protons more shielded, hence their
upfield movement from 8.37 ppm and 8.31 ppm for the chloride to 8.20 ppm and 7.55 ppm for

the carbamate.

0 p-NBSA, CH,CN 0
~"SOH H
DBU N 0
Cl > Ny [—— \n/ ~
R.T. Reflux 0
O;N O,N O,N
3 4 9

not isolated

Equation 14: Conversion of 4-nitrobenzoyl chloride (3) to ethyl (4-nitrophenyl)carbamate (9).

This procedure was then adapted for the “one-pot” synthesis of other carbamates by

varying the alcohols. Isopropanol, propanol, butanol were the other alcohols used.
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Conversion of 4-nitrobenzoyl chloride to isopropyl (4-nitrophenyl) carbamate

Upon confirmation of the presence of the 4-nitrobenzoyl azide via TLC, isopropanol was
added and reflux condenser attached. The solution was heated to 80-82 °C for three days. IR
confirmed the completion of the rearrangement and TLC confirmed an impure crude product
with two very distinct spots of R; 0.70 and 0.63, respectively. Aqueous work-up and purification
by flash column chromatography (5:1 hexane: ethyl acetate) afforded 10 as the carbamate as

well as an alkyl ester.

BC NMR analysis of the white solid (product 10, isolated in 40 % yield) showed the
carbonyl group signal in 10 further upfield from 167.00 ppm to 152.52 ppm. The aryl ring
carbons are seen at 117.66 ppm, 125.18 ppm, 142.87 ppm, and 144.26 ppm. The aliphatic
carbon signals are seen downfield 69.84 ppm and upfield at 21.94 ppm, with the signal at 69.84
ppm being that of the secondary carbon, which is closest to the electronegative oxygen and

21.94 ppm being that of the methyl carbons.

'H NMR analysis of the product shows the secondary carbon proton and the two sets of
equivalent methyl protons occurring as a septet and doublet and at 5.05 ppm and 1.32 ppm,
respectively. The proton on the nitrogen heteroatom of the carbamate appears as a distinct
singlet at 7.08 ppm. The phenyl protons are shielded as a result of conjugation with the N-acyl
group moved downfield from 8.37 ppm and 8.31 ppm for the chloride to 8.19 ppm and 7.57

ppm for the carbamate.
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O p-NBSA, CH,CN Q )\ H
N_ _O
cl DBU N; OH /©/ hid j/
> —_— O
O,N R.T. O,N Reflux ~ O,N

3 4 10

not isolated

Equation 15: Conversion of 4-nitrobenzoyl chloride (3) to isopropyl (4-nitrophenyl)carbamate
(10).

Conversion of 4-nitrobenzoyl chloride to propyl (4-nitrophenyl) carbamate

Propanol was added as the nucleophilic solvent after the confirmation of the presence
of the 4-nitrobenzoyl azide by TLC. Reflux condenser was then attached and the mixture was
heated to 95-97 °C for three days. IR confirmed the completion of the rearrangement and TLC
confirmed an impure crude product with two very distinct spots of R; 0.85 and 0.72,
respectively. Aqueous work-up and purification by flash column chromatography (5:1 hexane:

ethyl acetate) afforded 11 as the carbamate as well as an alkyl ester.

3C NMR analysis of the white solid (product 11, isolated in 31 % yield) also showed the
aryl ring carbons at 117.68 ppm, 125.26 ppm, 143.97 ppm, and 144.93 ppm. The carbonyl group
signal in 11 moved further upfield from 167.00 ppm to 152.90 ppm which is within the range for
a carbonyl carbon of an aliphatic or an aromatic carbamate. The aliphatic carbon signals are the

downfield signal at 67.64 ppm symptomatic of the methylene carbon closest to the
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electronegative O, and upfield signals at 22.18 ppm and 10.29 ppm which shows the methylene

carbon further away from the O and the methyl carbon, respectively.

Conjugation with the N-acyl group also made the phenyl protons more shielded, hence
the 'H NMR analysis showed an upfield movement from 8.37 ppm and 8.31 ppm for the chloride
to 8.20 ppm and 7.55 ppm for the carbamate. The proton on the nitrogen heteroatom of the
carbamate appeared as a singlet at 6.89 ppm. The methylene protons and methyl protons
rightly occurred as a triplet, sextet, and triplet at 4.17 ppm, 1.73 ppm and 0.99 ppm,

respectively.

9 p-NBSA, CH;CN Q OH H o
cl DBU N, P N 7]/ ~
_— _— O
O,N R.T. O,N Reflux  O,N
3 L 4 i 11
not isolated

Equation 16: Conversion of 4-nitrobenzoylchloride (3) to propyl (4-nitrophenyl)carbamate (11).

Conversion of 4-nitrobenzoyl chloride to butyl (4-nitrophenyl) carbamate

Refluxing in butanol as the solvent for three days was done after confirmation of the
presence of the 4-nitrobenzoyl azide via TLC. Butanol was added and a reflux condenser
attached. The mixture was then heated to 115-117 °C. IR confirmed the completion of the
rearrangement and TLC confirmed an impure crude product with two distinct spots of R; 0.70
and 0.55, respectively. Aqueous work-up and purification by flash column chromatography (5:1
hexane: ethyl acetate) afforded 12 as the carbamate, as a white solid isolated in 34% vyield along

with an alkyl ester.
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BC NMR again showed the movement of the carbonyl group signal in 12 further upfield
from 167.00 ppm to 152.90 ppm. The signals for the aromatic carbons appear at 117.65 ppm,
125.23 ppm, 143.97 ppm, and 144.97 ppm. The aliphatic carbon signals downfield at 65.89
ppm, 30.82 ppm, 19.02 ppm, and upfield at 13.65 ppm are representative of the methylene
carbon directly bonded to electronegative oxygen, the secondary methylene carbons, and the

methyl carbon, respectively.

The proton on the nitrogen heteroatom of the carbamate was shown by 'H NMR to
appear as a clear singlet at 6.90 ppm. The phenyl protons as expected were more shielded
hence appeared upfield from 8.37 ppm and 8.31 ppm for the chloride to 8.20 ppm and 7.55 ppm
for the carbamate. The methylene protons and methyl protons rightly occurred as a triplet,

quintet, sextet, and triplet at 4.22 ppm, 1.68 ppm, 1.43 ppm, and 0.97 ppm, respectively.

0 p-NBSA, CH;CN (o] H
P 0
al DBU N, OH /©/N7]/ N
0]
O,N R.T. O,N Reflux O,N
3 4 12
not isolated

Equation 17: Conversion of 4-nitrobenzoyl chloride (3) to butyl (4-nitrophenyl)carbamate (12).

The one-pot procedure was then used to synthesize other carbamates from a different acyl

chloride.
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Conversion of 3, 5- dinitrobenzoyl chloride to ethyl (3, 5- dinitrophenyl) carbamate

The reaction process was done as that of the synthesis of the acyl azide. Upon the
addition of the 3, 5- dinitrobenzoyl chloride the reaction was allowed to sit overnight and
monitored for completion using TLC (hexane: ethyl acetate 1:1). Upon confirmation of the
presence of the 4-nitrobenzoyl azide, ethanol was added and a reflux condenser was attached.
The reaction mixture was then heated to 75-78 °C. The progress of the reaction was monitored
by TLC and IR. IR was used to check for the disappearance of the covalently bonded azide peak
at 2138 cm " which s indicative of a successful Curtius rearrangement. This happened on the
third day of reflux. However, TLC confirmed an impure crude product with two very distinct
spots of R; 0.71 and 0.64, respectively. Aqueous work-up on the product gave a dark yellow
syrupy solid. Although "H NMR and *C NMR of the crude product indicated the absence of the
acyl azide product, they also showed the presence of a by-product. Subsequent purification by
silica gel flash column chromatography (5:1 hexane: ethyl acetate) afforded 13 as the carbamate
product and an alkyl ester as the by-product. Carbamate 13 was isolated as a pale yellow solid in

38 % yield.

'H NMR analysis showed the proton on the nitrogen heteroatom appearing as a singlet at 7.10
ppm. The quartet and triplet at 4.32 ppm and 1.36 ppm represent the methylene and methyl
protons, respectively. The phenyl protons shielded due to conjugation with N-acyl group were

also seen downfield at 8.70 ppm and 8.65 ppm.

3C NMR showed the movement of the carbonyl group signal to 152.76 ppm. The aromatic
carbons are seen at 112.77 ppm, 129.42 ppm, 140.66 ppm, and 149.03 ppm. The aliphatic
carbon signals of the methylene carbon which is closest to the electronegative oxygen and the

methyl carbon appeared downfield at 63.03 ppm and upfield at 14.40 ppm, respectively.
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0
0
-NBSA, CH,CN H
O,N p ) -3 O-N O,N N.__O
- — 0
RT. Reflux
NO, NO, NO,
5 6 13
not isolated

Equation 18: Conversion of 3,5-dinitrobenzoyl chloride (5) to ethyl (3,5-dinitrophenyl)carbamate (13).

Conversion of 3, 5- dinitrobenzoyl chloride to butyl (3, 5- dinitrophenyl) carbamate

Butanol was added upon confirmation of the presence of the 4-nitrobenzoyl azide via
TLC, and a reflux condenser was attached. The reaction mixture was then heated to 115-117 °C
for three days. IR confirmed the completion of the rearrangement and TLC confirmed an impure
crude product with two very distinct spots of Ry's 0.71 and 0.64, respectively. Aqueous work-up
and subsequent purification by flash column chromatography (5:1 hexane: ethyl acetate)

afforded 14 and an alkyl ester by product. 14 was isolated as a white solid and in 40 % yield.

3C NMR showed the carbonyl carbon signal at 152.93 ppm. The aliphatic carbon signals
downfield at 66.46 ppm, 30.78 ppm, 19.03 ppm and upfield at 13.66 ppm indicates the
methylene carbons which are closest to the electronegative oxygen, the secondary methylene

groups, and the methyl carbon, respectively.

'H NMR again showed the proton on the nitrogen heteroatom of the carbamate
appearing as a singlet at 7.16 ppm. The triplet, quintet, sextet, and triplet at 4.26 ppm, 1.70
ppm, 1.44 ppm, and 0.98 ppm represent the methylene protons and methyl protons,

respectively. The shielded phenyl protons appeared upfield at 8.70 ppm and 8.66 ppm.
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0
p-NBSA, CH,CN H
OoN O,N O,N N (0]
2 Cl DBU 2 N, NS0l 2 \[( NN
. - 0
R.T. Reflux

NO, NO, NO,

5 6 14
not isolated

Equation 19: Conversion of 3,5-dinitrobenzoyl chloride (5) to butyl (3,5-dinitrophenyl)carbamate (14).

23



PROPOSED MECHANISM FOR CARBAMATE FORMATION

N
{J o 6
N3 \Y N\N

0,
X DBU !
0 0 ©
—— + N3
O,N O,N
0
cl N

G

al ( (o'
O
33— _ 3
O,N O,N O,N

% R 0
N%OV N,/C/’O heat (’:@_ 2\
0 EE— &,
OaN N O,N
O,N

- Isocyanate . L Acyl azide

H® (not isolated)
transfer /_OH

O 6]

carbamate

Scheme 2: Proposed mechanism for "one-pot" synthesis of carbamate via curtius rearrangement.
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SYNTHESIS OF THE ALKYL ESTERS

As indicated above, the TLC for the crude products after the addition of the acyl
chlorides showed the presence of a by-product. This means that aside the Curtius
rearrangement another reaction took place. Isolation and characterization showed the product
to be alkyl ester. This, in essence, means that there were still unreacted acid chloride which led
to the formation of the ester by-product upon reaction with the alcohol nucleophile. We

synthesized these alkyl esters to confirm these.

Conversion of 4-nitrobenzoyl chloride to ethyl 4-nitrobenzoate

Using ethanol as the nucleophile, 4-nitrobenzoyl chloride was converted to ethyl 4-

nitrobenzoate (15).

'H NMR analysis of the white solid (product 15, isolated in 29% yield) showed that the
methylene protons and methyl protons rightly occurred as quartet and triplet at 4.41 ppm and
1.37 ppm, respectively. It also shows the absence of any carbamate group which would have

influence the downfield movement of signals from the aromatic protons.

3C NMR showed the movement of the carbonyl group signal in 15 further upfield from
167.00 ppm to 164.66 ppm which is rightly within the range for a carbonyl carbon of an ester.
The aromatic carbons are seen at 123.47 ppm, 130.64 ppm, 135.88 ppm, and 150.51 ppm. The
aliphatic carbon signals are the downfield signal at 61.92 ppm and upfield signal at 14.21 ppm
indicative of the methylene carbon closest to the electronegative O and the methyl carbon,

respectively.
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N
al OH N o/\

O,N Reflux O,N

3 15

Equation 20: Conversion of 4-nitrobenzoyl chloride (3) to ethyl 4-nitrobenzoate (15).

Conversion of 4-nitrobenzoyl chloride to propyl 4-nitrobenzoate

When propanol was added as the nucleophile, 4-nitrobenzoyl chloride led to the

formation of propyl 4-nitrobenzoate (16) which was isolated in 17% yield as a white solid.

3C NMR analysis shows the carbonyl carbon signal downfield at 164.76 ppm. The
aromatic carbons appeared at 123.53 ppm, 130.68 ppm, 135.94 ppm, 150.57 ppm, and 164.76
ppm. The aliphatic carbon signals are the downfield signal at 67.51 ppm indicative of the
methylene carbon closest to the electronegative O, and upfield signals at 22.05 ppm and 10.46
ppm which shows the methylene carbon further away from the O and the methyl carbon,

respectively.

'H NMR analysis of the product shows that the methylene protons and methyl protons
correctly occurred as a triplet, sextet, and triplet at 4.34 ppm, 1.83 ppm, and 1.05 ppm,
respectively. It also shows the absence of any electronegative N which would have influenced

the downfield movement of signals.

OH
cl SN - 0

O,N Reflux O,N
3 16

Equation 21: Conversion of 4-nitrobenzoyl chloride (3) to propyl 4-nitrobenzoate (16).
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Conversion of 4-nitrobenzoyl chloride to isopropyl 4-nitrobenzoate.

The product formed when 4-nitrobenzoyl chloride reacted with isopropanol is 17. It was

isolated as a white solid in 19% vyield.

The *C NMR carbonyl group signal occurred at 164.50 ppm. The secondary carbon
signal was seen downfield at 69.70 ppm, and the methyl carbons appeared upfield at 21.85

ppm. The aromatic carbons are seen at 123.43 ppm, 130.61 ppm, and 136.31 ppm.

Protons of the secondary carbon and the two sets of methyl protons occurred as a

septet and doublet at 5.29 ppm and 1.40 ppm, respectively, on the *H NMR spectrum.

0 OH

/K i /k
cl . ﬁo
O,N Reflux O,N
17

3

Equation 22: Conversion of 4-nitrobenzoyl chloride (3) to isopropyl 4-nitrobenzoate (17).

Conversion of 3,5- dinitrobenzoyl chloride to ethyl 3,5- dinitrobenzoate.

3,5- dinitrobenzoyl chloride led to the formation of ethyl 3,5- dinitrobenzoate (18) as
the side product when ethanol was used as the nucleophile. 18 was isolated a pale yellow solid

in 16% yield.
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BC NMR analysis showed the carbonyl group signal at 162.57 ppm. The aromatic
carbons are seen at 122.29 ppm, 129.42 ppm, 134.22 ppm, and 148.74 ppm, and the methylene

and methyl carbons found upfield and downfield at 63.03 ppm and 14.24 ppm, respectively.

'"H NMR shows that the methylene protons and methyl protons rightly occurring as a

quartet and triplet at 4.52 ppm and 1.48 ppm, respectively.

O,N A
2 c oH 0N

Reflux

NO, NO,
5 18

Equation 22: Conversion of 3,5-dinitrobenzoyl chloride (5) to ethyl 3,5-dinitrobenzoate (18).

Conversion of 3, 5- dinitrobenzoyl chloride to butyl 3,5- dinitrobenzoate

3C NMR and 'H NMR show 3,5- dinitrobenzoate (19) as the alkyl ester formed from 3,5-

dintrobenzoyl chloride when butanol was used. 19 appeared as a white solid in 24% yield.

3C NMR showed the aromatic carbons at 122.28 ppm, 129.39 ppm, 134.24 ppm, and
148.74 ppm, and the carbonyl group carbon at 162.57. The aliphatic carbon signals downfield at
66.87 ppm, 30.61 ppm, 19.18 ppm and upfield at 13.69 ppm are indicative of the methylene

carbons which are closest to the electronegative oxygen and the methyl carbon, respectively.

'"H NMR shows that the methylene protons and methyl protons rightly occurred as a

triplet, quintet, sextet, and triplet at 4.47 ppm, 1.83 ppm, 1.50 ppm and 1.01 ppm, respectively.
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C

\J

Reflux
NO, NO,
5 19
Equation 23: Conversion of 3,5-dinitrobenzoyl chloride (5) to butyl 3,5-dinitrobenzoate (19).

PROPOSED MECHANISM FOR ALKYL ESTER BY-PRODUCT FORMATION

1. Nucleophilic attack on carbonyl carbon by the alcohol nucleophile.

2. Removal of leaving group and reformation of the carbon-oxygen double bond.

g

0]
@ D
o e
OoN O,N "

3. Abstraction of the proton to form the ester product.
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Scheme 3: Proposed mechanism for alkyl ester formation.

As proven, various alcohol nucleophiles have been successfully used to effect Curtius
rearrangement to obtain carbamates from their corresponding acyl chlorides via a “one-pot”
procedure. For each carbamate synthesized, an associated by-product was also produced. As
shown above, the by-products are alkyl esters which occurred as a result of an esterification

reaction between the acyl chlorides and the alcohols.
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EXPERIMENTAL

General Experimental Procedure for Synthesis

Reactions were analyzed by Thin Layer Chromatography on Whatman aluminum-backed
plates with varying eluent systems. Purifications via flash column chromatography were
performed using 32-60 A silica gel with varying eluent systems. Nuclear Magnetic Resonance
spectra were recorded on samples dissolved in CDCl; using Bruker Avance Il and Avance lll
systems, at a frequency of 400 MHz for 'H spectra and 100 MHz for *C spectra. All chemical
shifts were recorded in parts per million (ppm). Signals are labeled as follows: s (singlet), d
(doublet), dd (doublet of doublets), ddd (doublet of doublet of doublets), m (multiplet) and
coupling constants (J) are measured in Hertz (Hz). Infrared spectra were taken on a Thermo

Electron Corporation IR 200 spectrophotometer and analyzed using EZ-OMNIC software.

Conversion of para-nitrobenzenesulfonyl chloride to para-nitrobenzenesulfonyl azide

O,N

2

In a 250 mL oven-dried round bottom flask fitted with a septum and magnetic stir bar,
p-nitrobenzensulfonyl chloride (5.002 g, 22.6 mmol) was dissolved in methanol (100 mL).
Sodium azide (2.93 g, 45.12 mmol) was then added. The reaction was left to stir overnight. TLC
(1:1 hexane: ethyl acetate) R; = 0.29 showed complete consumption of starting material. The
excess NaN; was filtered off and the organic mixture was concentrated under vacuum. The
crystals were dissolved in deionized water (50 mL) and then the organic material was extracted

with ethyl acetate (3 x 50 mL). The combined organic extract was dried over anhydrous MgSQ,,
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filtered, and the solvent was removed under vacuum. The product was recrystallized from hot

ethyl alcohol to afford p-NBSA as pale yellow crystals (3.65 g, 70.6 %).

'H NMR (400 MHz, CDCl5): & 8.18 (d, 2H, J = 9.08 Hz, 2H), 8.48 (d, 2H, J = 4.66 Hz).

3C NMR (100 MHz, CDCl5): & 151.2, 143.7, 128.9 (double intensity), 124.9 (double intensity).
IR absorption: 2141 cm™ for the azide functional group.

Melting Point: 95-98 °C

Conversion of 4-Nitrobenzoyl chloride to 4-Nitrobenzoyl azide

O,N

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.456 g, 2.00 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.372 g 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) R; = 0.79 showed the appearance of 4, by showing a yellow spot when stained in
p-anisaldehyde upon heating. Upon completion, the reaction mixture was diluted with 20 mL
distilled water, and then the mixture was extracted with ethyl acetate (3 x 20 mL). The

combined organic extracts were dried over anhydrous MgSQ,, filtered, and the solvent removed
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by rotary evaporation at 40 °C. The crude product was then purified by flash column
chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure 4-nitrobenzoyl azide

(0.200 g, 52%) was collected as a white solid.

'H NMR (400 MHz, CDCl5): 6 8.31 (d, J = 9.0 Hz, 2H), 8.21 (d, J = 9.0 Hz, 2H).
C NMR (100 MHz, CDCl): 6 170.84, 151.27, 135.71, 135.40, 123.80.

IR absorption: 2138 cm™ for azide functional group.

Melting point: 64-65 °C.

Conversion of 3,5-dinitrobenzoyl chloride to 3,5-dinitrobenzoyl azide

O,N

NO,

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 3,5- dinitrobenzoyl chloride (0.461 g, 1.999 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) R; = 0.75 showed the appearance of 6, by showing a yellow spot when stained in

p-anisaldehyde upon heating. Upon completion, the reaction mixture was diluted with 20 mL
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distilled water, and then the mixture was extracted with ethyl acetate (3 x 20 mL). The
combined organic extracts were dried over anhydrous MgSO,, filtered, and the solvent removed
by rotary evaporation at 40 °C. The crude product was then purified by flash column
chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure 3,5-dinitrobenzoyl azide

(0.314 g, 66.2%) was collected as a pale yellow solid.

'H NMR (400 MHz, CDCls): § 9.27 (t, J = 2 Hz, 1H), 9.16 (d, J = 2.3 Hz, 2H).
BC NMR (100 MHz, CDCl5): 6 168.71, 148.89, 134.10, 129.02, 123.27.

IR absorption: 2153 cm™ for azide functional group.

Melting point: 96-99 °C.

Conversion of 4-methoxybenzoyl chloride to 4-methoxybenzoyl azide

H4CO

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.456 g, 1.998 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1 : 1 hexane : ethyl acetate) showed complete consumption of starting
material. 4-methoxybenzoyl chloride (0.28 mL, 2.034 mmol) dissolved in CH3CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:

ethyl acetate) R; = 0.69 showed the appearance of 8, by showing a yellow spot when stained in
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p-anisaldehyde upon heating. Upon completion, the reaction mixture was diluted with 20 mL
distilled water, and then the mixture was extracted with ethyl acetate (3 x 20 mL). The
combined organic extracts were dried over anhydrous MgSO,, filtered, and the solvent removed
by rotary evaporation at 40 °C. The crude product was then purified by flash column
chromatography using a 5 : 1 hexane : ethyl acetate solvent system. Pure 4-methoxybenzoyl

azide (0.2163 g, 60 %) was collected as a white solid.

'H NMR (400 MHz, CDCl5): § 7.99 (d, J = 9.1 Hz, 2H), 6.93 (d, J = 9.1 Hz, 2H), 3.87 (s, 3H).

“C NMR (100 MHz, CDCl3): 6 171.68, 164.65, 131.76, 123.30, 113.98.

IR absorption: 2136 cm™ for azide functional group.

Melting point: 68-70 °C.
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One-pot conversion of 4-nitrobenzoyl chloride to ethyl (4-nitrophenyl carbamate).

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH5CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.47 showed the presence of 9 and that of a an alkyl ester
by-product R; = 0.56. The mixture was then allowed to cool down to room temperature and
diluted with 20 mL distilled water. The mixture was then extracted with ethyl acetate (3 x 20
mL). The combined organic extracts were dried over anhydrous MgSQ,, filtered, and the solvent
removed by rotary evaporation at 40 °C. The crude product was then purified by flash column
chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure ethyl (4-nitrophenyl)

carbamate (0.1518 g, 36%) was collected as a pale yellow solid.

'H NMR (400 MHz, CDCl5): § 8.20 (d, J = 9.1 Hz, 2H), 7.55 (d, J = 9.1 Hz, 2H), 6.95 (s, 1H), 4.27 (q, J

= 7.1 Hz, 2H), 1.34 (t, J = 7.15 Hz, 3H).
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C NMR (100 MHz, CDCls): & 152.80, 143.97, 143.03, 125.22, 117.67, 62.01, 14.41.

IR absorption: 3432 cm™, 1741 cm™.

One-pot conversion of 4-nitrobenzoyl chloride to isopropyl (4-nitrophenyl carbamate).

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH3CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 80-82 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.63 showed the presence of 10 and that of a an alkyl ester
by-product R; = 0.70. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous

MgSO0,, filtered, and the solvent removed by rotary evaporation at 40 °C. The crude product was
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then purified by flash column chromatography using a 5:1 hexane: ethyl acetate solvent system.

Pure ethyl (4-nitrophenyl) carbamate (0.1797 g, 40%) was collected as a white solid.

"H NMR (400 MHz, CDCls): & 8.19 (d, J = 9.3 Hz, 2H), 7.57 (d, J = 9.2 Hz, 2H), 7.08 (s, 1H), 5.05

(septet, J=6.2 Hz, 1H), 1.32 (d, J = 6.3 Hz, 6H).
BCNMR (100 MHz, CDCl5): 6 152.23, 144.26, 142.87, 125.18, 117.66, 69.84, 29.66, 21.94.

IR absorption: 3394 cm™, 1717 cm™.

One-pot conversion of 4-nitrobenzoyl chloride to propyl (4-nitrophenyl carbamate).

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane : ethyl acetate) showed complete consumption of starting
material. 4-nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then heated to 95-97 °C for three days. TLC (1:1

hexane: ethyl acetate) R; = 0.72 showed the presence of 11 and that of a an alkyl ester by-
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product R; = 0.85. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous
MgSO0,, filtered, and the solvent removed by rotary evaporation at 40 °C. The crude product was
then purified by flash column chromatography using a 5:1 hexane: ethyl acetate solvent system.

Pure propyl (4-nitrophenyl) carbamate (0.1394 g, 31%) was collected as a pale yellow solid.

'H NMR (400 MHz, CDCI3): & 8.20 (d, J = 9.3 Hz, 2H), 7.55 (d, J = 9.0 Hz, 2H), 6.89 (s, 1H), 4.17 (t, J

= 6.7 Hz, 2H), 1.73 (sextet, J = 7.12 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H).
13C NMR (100 MHz, CDCl5): & 152.90, 144.93, 143.97, 125.26, 117.68, 67.64, 22.18, 10.29.

IR absorption: 3429 cm?, 1741 cm™.

One-pot conversion of 4-nitrobenzoyl chloride to butyl (4-nitrophenyl carbamate).

12

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.456 g, 1.998 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then

added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
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ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then heated to 115-117 °C for three days. TLC (1: 1
hexane : ethyl acetate) R; = 0.55 showed the presence of 12 and that of a an alkyl ester by-
product R; = 0.70. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous
MgSO0,, filtered, and the solvent removed by rotary evaporation at 40 °C. The crude product was
then purified by flash column chromatography using a 5:1 hexane: ethyl acetate solvent system.

Pure butyl (4-nitrophenyl) carbamate (0.1624 g, 34%) was collected as a white solid.

'H NMR (400 MHz, CDCl5): & 8.20 (d, J = 9.3 Hz, 2H), 7.55 (d, J = 9.2 Hz, 3H), 6.90 (s, 1H), 4.22 (t, J

= 6.7 Hz, 2H), 1.68 (quintet, J = 7.1 Hz, 2H).

C NMR (100 MHz, CDCls): & 152.90, 144.93, 143.96, 125.23, 117.65, 65.89, 30.82, 19.02, 13.65.

IR absorption: 3429 cm™, 1740 cm™.

One-pot conversion of 3,5-dinitrobenzoyl chloride to ethyl (3,5-dinitrophenyl) carbamate.

NO,

13

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,

para-nitrobenzenesulfonyl azide (0.456 g, 1.998 mmol) was dissolved in CH;CN (6 mL) at room
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temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 3, 5 -Dinitrobenzoyl chloride (0.461 g, 1.999 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.64 showed the presence of 13 and that of the carbamate
by-product R; = 0.71. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous
MgSO0,, filtered and the solvent removed by rotary evaporation at 40 °C. The crude product was
then purified by flash column chromatography using a 5 : 1 hexane : ethyl acetate solvent
system. Pure ethyl (3,5-dinitrophenyl) carbamate (0.1824 g, 38%) was collected as a pale yellow

solid.

'H NMR (400 MHz, CDCl5): 6 8.70 (t, J = 2.0 Hz, 1H), 8.65 (d, J = 2.1 Hz, 2H), 7.10 (s, 1H), 4.32 (q, J

= 7.1 Hz, 2H), 1.36 (t, J = 7.2 Hz, 3H).

C NMR (100 MHz, CDCl3): 6 152.76, 149.03, 140.66, 129.42, 112.78, 63.03, 14.40.
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One-pot conversion of 3,5-dinitrobenzoyl chloride to butyl (3,5-Dinitrophenyl) carbamate.

O;N N O~
4

14

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 3,5-Dinitrobenzoyl chloride (0.461 g, 1.999 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then heated to 115-117 °C for three days. TLC (1 : 1
hexane : ethyl acetate) R; = 0.64 showed the presence of 14 and that of a an alkyl ester by-
product, R; = 0.71. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous
MgSO0,, filtered and the solvent removed by rotary evaporation at 40 °C. The crude product was
then purified by flash column chromatography using a 5:1 hexane: ethyl acetate solvent system.

Pure butyl (3,5-dinitrophenyl) carbamate (0.2145 g, 40%) was collected as a pale yellow solid.

'H NMR (400 MHz, CDCl5): & 8.70 (t, J = 2.0 Hz, 1H), 8.65 (d, J = 9.2 Hz, 2H), 7.16 (s, 1H), 4.26 (t, J

=6.7 Hz, 2H), 1.70 (quintet, / = 7.1 Hz, 2H), 1.44 (sextet, J = 7.5 Hz, 2H), 0.98 (t, J = 7.5 Hz, 3H).
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“C NMR (100 MHz, CDCl;): 6 152.93, 149.02, 140.70, 126.69, 117.91, 112.75, 66.46, 30.78,

19.03, 13.66
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Conversion of 4-nitrobenzoyl chloride to ethyl 4-nitrobenzoate.

15

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-Nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to heat to 75-78 °C for three days. TLC
(1: 1 hexane: ethyl acetate) R;= 0.47 showed the presence of 15 and that of the alkyl ester by-
product, R; = 0.56. The mixture was then allowed to cool down to room temperature. The
reaction mixture was diluted with 20 mL distilled water, and then the mixture was extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous
MgSO0,, filtered, and the solvent removed by rotary evaporation at 40 °C. The crude product was
then purified by flash column chromatography using a 5: 1 hexane: ethyl acetate solvent system.

Pure ethyl 4-nitrobenzoate (0.1135 g, 29%) was collected as a white solid.

'H NMR (400 MHz, CDCl): & 8.8 (d, J = 9.0 Hz, 2H), 8.21 (d, J = 9.0 Hz, 2H), 4.44 (q, J = 7.2 Hz,

1H), 1.43 (t, /= 7.2 Hz, 3H).
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C NMR (100 MHz, CDCls): 6 164.65, 150.51, 135.88, 130.64, 123.47, 61.92, 14.21.

Conversion of 4-nitrobenzoyl chloride to propyl 4-nitrobenzoate.

16

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R = 0.85 showed the presence of 16 and that of the carbamate
Rt = 0.72. The mixture was then allowed to cool down to room temperature. The reaction
mixture was diluted with 20 mL distilled water, and then the mixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous MgSQ,, filtered,
and the solvent removed by rotary evaporation at 40 °C. The crude product was then purified by
flash column chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure propyl 4-

nitrobenzoate (0.07132 g, 17%) was collected as a white solid.
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'H NMR (400 MHz, CDCl,): & 8.29 (d, J = 9.0 Hz, 2H), 8.21 (d, J = 9.0 Hz, 2H), 4.34 (t, J = 6.7 Hz,

2H), 1.83 (sextet, J = 7.1 Hz, 2H), 1.05 (t, J = 7.2 Hz, 3H).

C NMR (100 MHz, CDCls): & 164.76, 150.56, 135.94, 130.67, 123.53, 67.51, 22.05, 10.46.

Conversion of 4-nitrobenzoyl chloride to isopropyl 4-nitrobenzoate.

O /k
0
O,N

17

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.372 g mL, 2.005 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.70 showed the presence of 17 and that of the carbamate,
Rt = 0.63. The mixture was then allowed to cool down to room temperature. The reaction
mixture was diluted with 20 mL distilled water, and then the mixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous MgSQO,, filtered
and the solvent removed by rotary evaporation at 40 °C. The crude product was then purified by
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flash column chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure isopropyl

4-nitrobenzoate (0.0797 g, 19%) was collected as a white solid.

"H NMR (400 MHz, CDCls): 6 8.28 (d, J = 9.0 Hz, 2H), 8.20 (d, J = 9.0 Hz, 2H), 5.29 (septet, J = 6.2

Hz, 1H), 1.40 (d, J = 6 Hz, 6H).

C NMR (100 MHz, CDCls): & 164.49, 150.56, 136.31, 130.61, 123.43, 69.71, 21.85.

Conversion of 3,5-dinitrobenzoyl chloride to ethyl 3,5-dinitrobenzoate.

O,N
2 o/\

18

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar,
para-nitrobenzenesulfonyl azide (0.456 g, 1.998 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 3,5-Dinitrobenzoyl chloride (0.461 g, 1.999 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-
anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.71 showed the presence of 18 and that of the carbamate
R¢ = 0.64. The mixture was then allowed to cool down to room temperature. The reaction
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mixture was diluted with 20 mL distilled water, and then the mixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous MgSQ,, filtered,
and the solvent removed by rotary evaporation at 40 °C. The crude product was then purified by
flash column chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure ethyl 3,5-

dinitrobenzoate (0.07681 g, 16%) was collected as a white solid.

'H NMR (400 MHz, CDCls): 6 9.22 (t, J = 2.2 Hz, 1H), 9.17 (d, J = 2.3 Hz, 2H), 4.52 (t, J = 7.2 Hz,

2H), 1.831.48 (t, /= 7.2 Hz, 3H).

3C NMR (100 MHz, CDCl5): & 162.50, 148.74, 134.22, 129.42, 122.29, 63.02, 14.24.

Conversion of 3,5-dinitrobenzoyl chloride to butyl 3,5-dinitrobenzoate.

NO,

19

In a 50 mL oven-dried round bottom flask fitted with a septum and a magnetic stir bar, para-
nitrobenzenesulfonyl azide (0.457 g, 2.003 mmol) was dissolved in CH;CN (6 mL) at room
temperature. DBU (0.37 mL, 2.5 mmol) was added drop-wise. The reaction was left to stir
overnight until TLC (1:1 hexane: ethyl acetate) showed complete consumption of starting
material. 4-Nitrobenzoyl chloride (0.461 g, 1.999 mmol) dissolved in CH;CN (6 mL) was then
added drop-wise to the reaction mixture. The reaction was left overnight until TLC (1:1 hexane:
ethyl acetate) showed the appearance of 4, by showing a yellow spot when stained in p-

anisaldehyde upon heating. Upon completion, as shown by TLC, ethanol (6 mL) was added and a
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reflux condenser attached. The mixture was then allowed to reflux at 75-78 °C for three days.
TLC (1:1 hexane: ethyl acetate) R; = 0.70 showed the presence of 19 and that of the carbamate,
Rt = 0.55. The mixture was then allowed to cool down to room temperature. The reaction
mixture was diluted with 20 mL distilled water, and then the mixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic extracts were dried over anhydrous MgSQO,, filtered
and the solvent removed by rotary evaporation at 40 °C. The crude product was then purified by
flash column chromatography using a 5:1 hexane: ethyl acetate solvent system. Pure butyl 3,5-

dinitrobenzoate (0.1287 g, 24%) was collected as a white solid.

'H NMR (400 MHz, CDCls): 6 9.22 (t, J = 2.2 Hz, 1H), 9.16 (d, J = 2.3 Hz, 2H), 4.47 (t, J = 6.8 Hz,

2H), 1.83 (quintet, J = 7.2 Hz, 2H), 1.50 (sextet, J = 7.5 Hz, 2H), 1.01 (t, J = 7.4 Hz, 3H).

“C NMR (100 MHz, CDCl3): 6 162.57, 148.74, 134.24, 129.39, 122.28, 66.87, 30.61, 19.18, 13.69.
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Figure 3: 'H NMR of para-nitrobenzenesulfonyl azide (2)
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Figure 4: >C NMR of para-nitrobenzenesulfonyl azide (2).
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Figure 5: IR spectrum of para-nitrobenzenesulfonyl azide (2).
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Figure 6: 'H NMR of 4-nitrobenzoyl chloride (3).
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Figure 7: >C NMR of 4-nitrobenzoyl chloride (3).

59




[ppm]

[IER] =18 oL

Figure 8: 'H NMR of 3,5-dinitrobenzoyl chloride (5).
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Figure 9: >C NMR of 3,5-dinitrobenzoyl chloride (5).

61



4 ['E
=
[— o
S
_J — =
[— o
PR
- L
P — oo
oy
T T T T T T T T T T T
Li=4] =) oL [+]

Figure 10: "H NMR of 4-methoxybenzoyl chloride (7).
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Figure 11: >C NMR of 4-methoxybenzoyl chloride (7).
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Figure 12: 'H NMR of 4-nitrobenzoyl azide (4).
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Figure 13: >C NMR of 4-nitrobenzoyl azide (4).
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Figure 14: >C NMR of 4-nitrobenzoyl azide (4).
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Figure 15: "H NMR of 3,5-dinitrobenzoyl azide (6).
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Figure 16: >C NMR of 3,5-dinitrobenzoyl azide (6).
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Figure 17: >C NMR of 3,5-dinitrobenzoyl azide (6).

69

0

10

2500 2000 1500

Wavenumbers (cm-1)

3000

3500



A

N

FEELY

[Ppm]

Figure 18: 'H NMR of 4-methoxybenzoyl azide (8).
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Figure 19: *C NMR of 4-methoxybenzoyl azide (8).

71




EtLAEDL

e lal L
CEECDL

Q-EZEéL-%%ESLLEL

oS SrEFEL

CSOESL
—_— e EO9L
‘?L' Pl o | ‘:'.9 EFEL
BEELLL
9962l
N 55 TGZT
= L gy Sy mi) N | W) )
OS EFEC
| e T R 1 1 1 T 1 e 1
—_ o} [ — [ — [ — - [ — [ [ [ —

SILENILISUEL | %%

Figure 20: IR spectrum of 4-methoxybenzoyl azide (8).
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Figure 20: 'H NMR of ethyl (4-nitrophenyl) carbamate (9).
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Figure 21: >C NMR of ethyl (4-nitrophenyl) carbamate (9).
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Figure 22: "H NMR of isopropy! (4-nitrophenyl) carbamate (10).
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Figure 23: 'H NMR of isopropy! (4-nitrophenyl) carbamate (10).
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Figure 24: 'H NMR of propyl (4-nitrophenyl) carbamate (11).
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Figure 25: >C NMR of propyl (4-nitrophenyl) carbamate (11).
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Figure 26: 'H NMR of butyl (4-nitrophenyl) carbamate (12).
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Figure 27: *C NMR of butyl (4-nitrophenyl) carbamate (12).
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Figure 28: 'H NMR of ethyl (3,5-dinitrophenyl) carbamate (13).
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Figure 29: *C NMR of ethyl (3,5-dinitrophenyl) carbamate (13).
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Figure 30: 'H NMR of butylyl (3,5-dinitrophenyl) carbamate (14).
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Figure 31: *C NMR of butyl (3,5-dinitrophenyl) carbamate (14).
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Figure 32: 'H NMR of ethyl 4-nitrobenzoate (15).
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Figure 33: >C NMR of ethyl 4-nitrobenzoate (15).
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Figure 34: 'H NMR of propyl 4-nitrobenzoate (16).
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Figure 35: 'H NMR of propyl 4-nitrobenzoate (16).
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Figure 36: 'H NMR of isopropyl 4-nitrobenzoate (17).
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Figure 37: 'H NMR of ethyl 3,5-dinitrobenzoate (18).
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Figure 38: >C NMR of ethyl 3,5-dinitrobenzoate (18).
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Figure 39: "H NMR of butyl 3,5-dinitrobenzoate (19).
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Figure 40: >C NMR of butyl 3,5-dinitrobenzoate (20).

93

0 [ppm]

120 100 80 60 40 20

140




		2014-08-28T09:42:28-0400
	ETD Program




