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I. INTRODUCTION = .

The wide distribution of.amines in nature, their
importanoe in industry as raw materials, intermediates,
and finished products, their use in the laboratory, and
the pharmaceutical significance of many biologically
active amines lead to continued interest in their analysis.
Owing to tho presence of a basic amino group (or groups),
nearly all amines can potentlally be analyzed through this
functional group. However, functional group methods of |
organic analysis tend to be:relatively non-specific and ._ -
 insensitive, and these diea&vantagee have led many |
analysts to discount the wet chemical functional group
- approach as a viable contributor to organio analysis. We
believe that these disadvantages can be overcome by :
suitable experimental design, and that the advantages of ’p'
this approach, namely'eioplioity and economy, make 1t an‘
important area for analytical development. Huoh can be
- gained, even with conventional functional group methods,
'-by chooeins optimal reaction conditions on the basis or_-
a firm knowledge of the chemistry of the reactions,
- rather than by empirical "cut-and-try" methods. The
great body of reactions that can generally be classed as
L acylation reactions provides opportunities for the '
development of improved, and new, runotional sroup !
methods of analysis. 3 '



A. Spectrophotometric Methods for Amines ; ~

Methods of amine determination have been reviewed by
many authors (1-5). Spectrophotometric methods are |
widely used, simply because they usually offer certain
advantages for quantitative analysis such as speed,
accuracy, sensitivity and often preservation of the
sample. Direct spectrophotometric determinatidn of amines
in the ultraviolet and infrared regions of the spectrum
is sometimes possible (6-8). However, many indirect light
absorption methods have been'introduced to achieve greater
gensitivity and apecificity. The most widely applicable
of these methods are based upon the reaction types
summarized in Table I, Further discussion on the
sensitivity, specificity and reproducibllity of the
analytical methods can be found in the references. In he
general, most of these methods are fairly sen31tive,i 5 {

being suitable for microanalysis.__,-_ i TR Ay

B. Acylation Methods for Anmines

Acylation methods are applied widely for the
determination of both alcoholic and phenolic hyﬁroxyl
_groups as well as amino groups. Mahlenbacher (42) has.
reviewed acylation methods to 1952, and Mathur (43), in
1966, reviewed methods that have appeared since 1955.
Recent books by Siggia (3) and Critchfield (2) have .
included many methods that have appeared since 1952.

Clearly, all types of priﬁary and secondary amines,
inecluding aliphatic, aromatic, and alicyclic,.are subject



amines

Table I |
Methods for the Spectrophotometric Determination °
k of Amines -
' PR _ Anine
Reaction type Reagent analyzed Reference
Imine formation Salicylaldehyde Primary amines 9
~ CuClp, Salicyl= Primary 10
aldehyde, bis-  aliphatic '
- (2-hydroxyethyl--amines
- dithiocarbamic -~ =
acid '
2-Ethylhexanal Primary 11
aliphatic
amines
Vanillin Primary 12,13
aromatic
amines
Salt and com= - Methylene blue, Quaternary 14
~ ~  plex formation pinacyanol, ammonium C
: o... ... bromophenol salts
~ blue, etc. :
W Bromophenol Long chain 15
-~ blue amines
. Salicylaldehyde, Secondary 16
.’ bromeresol aliphatic
.~ green amines
e e Methyl orange Primary, - 17
3 _ secondary, and .
¥ tertiary fatty
o bio amines '
T 07 cuCl, in Primary, 18
e secondary, and
x{i: “-»5;9“hﬂn°1 ;- tertiary éli-
b LT phatic amines
. ©8sp, Cu (II) , Secondary . - 19
: e e - aliphatic =~




_'*57f1 fluoborated’

| 4
Table I - Cont, _
Amine
Reaction type Reagent analyzed Reference
Salt and com= = Copper-EDTA Primary amines 20
plex formation
B Acetic anhydride, Tertiary . 21
- tetracyano=- aromatic -
" ethylene amines
Aconitic Tertiary and 22
anhydride quaternary
amines
Pinacolyl All amines - 25
pyridipium )
| bromided
Acylation Acetic anhydride Primary and 24
secondary :
aromatic amines
Alkylation or - 1l-Fluoro-2,4- Primary and 25,26
arylation .~ dinitrobenzene secondary amines '
L ' 9-Chloroacridine Primary 27
' aromatic amines
—Nitrobenzyl . Primary and ., 28
alldea : secondary : ol
amines '
: 1,2—Naphtho- Primary emines 29,30,31 =
- quinone-i- . R
 'sulfonate
- Ethanolic Hexylamine . 32
p-quinone '
Diazo dy¢e = = N=(l-naphthyl)- Primary 33,54,
formation - /- ethylene diamine aromatic amines 35,%6
7 l-Naphthylamine @ Primary 37
GV s et . aromatic amines o
. Chicago acid  Primary 38
: : ' - aromatic amines B
 T¥*, Azobenzene-4- Primary 39
.- diazonium aromatic amines




N R
Table I - Cont. '

' Amine
Reaction type Reagent analyzed Reference
Diazo dye 3=Methyl=2- Primary, 40 TN
formation " Ybenzothiazolone secondary, and RO
hydrazone . tertiary =
aromatic amines

Miscellaneous Chloranil - Tertiary’ 22
reactions amines

Diphenylpicryl-  Aromatic 41
hydrazyl .~ amines

8For qualitative analysis only.




to analysis by the_acylation method. Tertiary amines,
which possess no replaceablé hydrogen, obviously do not -
| interfere in the analysis, but they do form 1:1 complexeéin;  ;j
with some acylating agents, for example, triethylamine JI  ﬁi;
forms a complex with benzoyl chloride. The stability of
| these complexes is not large due to the stefic inter- i
ference of the branched alkyl groups (44). N
Carboxylic acid anhydrides are the usual acylating fiV .
agents, having moderate reactivity with few side |
reactions. The usual methods involve reaction of the
corresponding anhydrides with the amine (or hydroxyl
compound). The unreacted anhydride is hydrolyzed to the
 corresponding carboxylic acid which is then titrated .
" with standard alcobolic sodium hydroxide. A blank is f" '.
run in the same manner, omitting only the sample. The: RN
difference between the blank and sample titrations is é‘ rf i
equivalent to the amount of sample present. Mitchell,
._ Hawkins, and Smith (45) devised an acylation method using _f- Q
acetié anhydride whereby the excess anhydride is e
determined by adding excess water and titrating fhe ' | |
unreacted water with Karl Fisher reagent. Angelescu and Aol
Burbulescu (46) determined methylaniline by measuring -
the heat generated when the sample ﬁas'acylated. Olson
and Feldman (47) used acetyl chloride for the determina-
‘tion of amines. The results show that simple aromatic-'.
and secondary amines are acy;ated to the extent of from

80 to 100%, while halogen or nitro substituted and G
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éliphatic amiﬁes.are acetylated to a much smaller extent.
Perez (48) reported the first acid-catalyzed method for
hydroxyl and amine groups. His reagent was Q.15 M
p-toluenesulfonic acid éatalyst and 1 M propionic
anhydride in glacial acetic acid solvent. Elving and

 Warshowsky (49) studied the phthalation of simple alcohols,

phenols, and amines. These authors found that phthalic
anhydride does not react atoichiomstrically with przmary
amines. It gives high results with aniline and
ethylenediamine, prob&bly because of phthalimide

formation. ~Siggia, Hanna and Culmo reported (50,51)

that pyromellitic dianhydride (PMDA) offers definite :
advantages over acetic snhydride end phthalic snhydride

as a reagent for the determination of alcohols and amines.

It is more reactive and it reacts stoichiometrically with

both primary and secondary amines. Schenk, Wines, and ':5';_j

Mojzis (52) found that triethylenediamine [1,4-diaza-

bicyclo(2.2. 2)octanej is a better catalyst than pyridine ___  }

for the acetylation of hydroxyl and amino groups. Thé
bridgehead nitrogens of this amine are almost as free

from Bteric hindrance in their reactions as the nitrogen = 3 :"

of pyridine.' Most amines react at room temperature
within 15 mlnutea if this catalyst is employed. Schenk
and Fritz (53) have also extended the perchloric acid=-
catalyzed acefylation methods to the deterﬁination of |
phenola, thiola, and amines. Qnantitative reaction was -

achieved in 5 minutes at room temperature., Tha "flnish“

.

N
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of these methods mentioned above is usually titrimetf;c, s
and so these methods are mainly applicable on the i
semi-micro and macro scales, though Belcher (54) has 4
extended the titrimetric method to the submicro range
for many classes of compounds. |
Greater sensitivity in routine analyseé, however,
can be expected when the final measurement is spectro-
photometric, and recently some acylation procedures for
' hydroxyl compounds have been reported, in which |
~ spectrophotometric finishes were employed. For example,
- alcohols can be quantitgtively acetylated, the esters
converted to the hydroxamic acids, and a color developed
with ferric ion (55), Scoggins (56) reacted alcohols
- with anitrobenzoyl chloride and measured the esters
spectrOphotometrically. Reynolds, et al. (24), have
described thb photometric titration of aromatic amines

the ultraviolet region of the Spectrum is measured as a -
. function of the volume of standard acylating agent.

i

L. Ac lation Mechanisms Carbo lic Acid Anhydrides

. Primary and secondary amines react with many
the normal order of carbonyl reactivity is: acid

Tertiary amines are generally non-reactive, although
salt-like addition products have been isolated from

g b

- with acetic anhydride;.' The dbsorbance of the amine in

carboxylic compounds to form amides. In these reactions'f )

halides > acid anhydrides ) esters ) acids and amides. B



reaction with acid chloridea.
Acylation of amines by acid anhydrides has not been 4
subjected to extensive mechanistic investigation.

However, it seems probable that the mechanism is similar

in line with the mechanism of.amine acylation by other

reagents. Substituents thap increase the péaitive charge
| on the carbonyl carbon incéease the rate of reaction.

The reaction is also assisfed by increasing the
 pucleophilic character of the nitrogen atom in the amine,
 and electron donating substituentélin the amine increase

the rate of acylation. |

Following oxygen-18 studies, Denney and Greenbaum .

(58) have suggested the following scheme for the reaction .

between amines and benzoic anhydride. The tetrehedral

intermediate (I) is expected, the second equilibrium is

CgHg-C-0-C-CeHs  + RNE, e |CgH 5-0-0-0-06 5

Rt 3 RNHz

=]

(I

not, but is necésaitatéd by tho.experimental results. 1t -
a single carbonyl oxygen in the anhydride is labelled

S S e T T T

to that of anhydride hydrolysis. which brings the reaction 'f-
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with oxygen-18, then, on reaction with aniline in ether,

the products give benzanilide containing 33% of the
label and benzoic acid containing 67%, a result which
can only arise if all of the oxygens in the anhydride

become equivalent during the reaction. In this case,

reversion to starting material from (II) could lead to ,

equilibration of the oxygens. With ammonia (in the )
absence of ether as the solvent), the produots,
benzamide and benzoic acid, each contain 50% of the g
" label, indicating that decomposition of (II) %o |
products is much faster than return to'otarting

7

materials. /

Loucheux and Banderet (59) found that the reaction °

of various amines with acid anhydrides in benzene was
catalyzed by the monomeric forn® of the acid produced.

| The catalytic activity of carboxylic aoids and their |
sulfur containing analogs-in the acylation of aromatic |
amines was also studied by Litvinenko, et al. (60-63).

| Litvenenko,'gﬁ al. (60) have aﬁggested that the

catalyfic effect is due to complex formation (III or IV) f:_ﬁ""
and the catalytic power of the carboxylic acid increases “fvff

with acid strength until protonation of the amrne ;

occurs. The evidence in fiwor of the formation of the

complexes of this type is tenuous and without any
: s 0 b /. . ot i e i

8Tn benzene solution carboxylic acids exist in a
monomer —s dimer equilibrium and thlB situation '
1eads to‘oomplax kinetics. e, .
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significant precedent. Recent studies by Bruckenstein
 and Saito (64) indicate extensive formation of ion pairs
and other ionic aggregates between carboxylic acids and
amines in benzene, which may be a factor influencing the
rate of acylation. s _

. Fritz and Schenk (53,65) introduced an acylation
.procedure utilizing perchloric acid as the catalyst._.g'”'
The mechanism is believed to involve the formation of

the acylium ion, which possesses great reactivity.;:- 
b S o o i N
“yt e (4c) 0 + HCLO, s (Ac)-zoﬂ; + ._01.04 |

(Ae) 0B = Ao’ + HOAc

y
4

o i + .
Ac + Rlazlm — ;cﬂRlRa + H

Pyridine has also been applied as a catalyst for the f
determination of amines by the acylation method (1).
In this case, pyridine has two rolea. it reacts with
the acidic product ot the acylation, thua displacing the=




«' ; ot T
SR R ! 12
equilibrium in favor of the product, and it acts as a
catalyst. Its catalytic erféct probably is exerted

according to the following mechanism (a2s) =
s : sl 8 . i
| \ =\ -
~ (RC0),0 _+ | N\ ,} .g _R.c-Nj: /> +. RCOO

: | =
_ R-(I}-N; > + R RaNﬂ .-;:g R-C-N; >-———"
-0 2 L -'
] + '.
\R-CNRle + N > + H Ry,

In mixtures of acetic anhydride and-acetic acid,'

) acylatioﬁ of various nitroanilineé reaches a maximum
value of rate constant at 45% anhydride (67) which is
also the mixture with maximum electrolytic conductivity |
(68). This suggests that ions participate in the reaction.”.
Since nitroanilines are unprotonated in this solvent; the

~ion must be tﬁe acylium ion. Because the rate of

" reaction depends on the structure of the amine,
ionlzatlon cannot be the rate-determining step, which  -
mst be attack of amine by the acylium ion. Ty

The reaction of amines with mixed anhydrides has i;
been investigated by Emery and Gold (69). In the '
acylation of aniline and 2,4-dinitroaniline by acetic i 
chloroacetic anhydride in benzene, ch;oroacefylation.'_:'_
predominates (86%), as expected on electronic grounds. a."”
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However, the product contsins progressively larger amounts

of the acetyl derivative es more polar solvents are :
employed; in 50% acetone-water 72% of the product is the ta5'h
acetsnilide. The effect of further substitution in the
anhydride moiety upon tho rate of amine acylation is

complicated by steric factors. .

D. Research Plan

~ Im determining amines spectrophotometrically after
-acylation, both sensitivity‘aod selectivity can be
influenced by selecting the acyl group .for its spectral
properties. A series of acyl groups, with their
wavelengths of maximal absorption extending throughout
the range of electronic absorption, would be-desiraole
as a source from which the analyst could select the |
group suitable toohle sample. The trans-cinnamoyl
groupy 6HBCH-CH-G- y which possesses powerful 1ight
- absorption in the ultraviolet region (Egaxr~»2 2 x 104
‘for most compounds containing this function) does meet
- this requirement. Table'II shows a variety of acylating
agents with this function, which were chosen for this
investigation. All of them represent some alteration e
either in'the acyl group or in the "leaving group",
through which it was hoped that some selectivity could
be achieved. . ' _ .

| Anng, et al. (70) introduced a kinetic approach to
the identification of aliphatlo smines by measuring the
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Table II

Acylating Agents Related to trans-Cinnamic Acid

H-CH.&.I :

p:
06H5-CH =CHCOO -
p-GH3

p-CH3

! p-01—06

0104

o-chymotrypsin

it

H,CH=CHCOO= -

0

I

..(.

Name2

~ +cinnamic anhydride '
 p,p'-dimethylcinnamic

anhydride

- p,p'-dimethoxyl-
"~ cinnamic anhydride

1 .l f;': p,p?-dichlorocinnamic'~-”

 3 anhydride
' 'f“N-ciﬁnamoylimidazole

:7 cinnamoyl chloride - |
cinnamoyl perchlorate  *"
cinnamoyl chymotrypsin'-" 

aAll.have the trans geometry about the double bond. .
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first-order dissociation in acidic solﬁtion of the
complex between iron (II) and the Schiff base
RN:CHG5 5 , formed by the test amine with 2-pyridine-
carboxaldehyde. Recently, Robinson and his coworker:

described the ideﬁtification of alcohols from rates of |

(71) and of sugars from their rates of oxime formation
(72). Apparently, kiﬁetic studies provide a powerful
approach to the characterization of organic compounds
because of marked sensitivity of the reaction rate to
. structure of the reactants. Because of its potential
for distinguishing between closely related compounds,'
and its advantages of sensitivity, simplicity and speed,
rate measurement (actually rate COnstant meaaurement)
cast a light on the feasibility of identifying aliphatic
amines from the rate of cinnamoylatioﬁ. In the meanﬁime,'

such studies could also provide information to n
elucidate the reaction mechanism of cinnamoylation. g

alkaline hydrolysis of their 3,5-dinitrobenzoate esters - - 2



II, EXPERIMENTAL
A. Materlals 1'
trans-Cznnamic anhydride (J. T. Baker Chemical Co.) -
was recrystallized three times from benzene; mp 134-6°
- (1it. 136°((73)). The molar absorptivity at 294 mu
(the band maximum) was 4.32 x 10* in acetonitrile.
p,p'~Dimethoxy-, p,p'-dimethyl-, and p,p'-dichloro-
cinnamic anhydrides were synthesized as follows (74):
" 5x 10™2 moles of p-substituted cinnamic acid and 10 g
of thionyl chloride were mixed in a 50 ml glass-jointed
round bottom flask which was fitted with a reflux -
condenser carrying a Drierite guard tube. The flask was
heated on a water bath with occasional shaking for one
hour., The excess of thionyl chloride was distilled off
(bp 77°) slowly and the distillation continued until the .
temperature rose rapidly to about 120°; this ensured that 4
all the thionyl chloride was removed. Then the residual_"
acid chloride was distilled under reduced pressure. |

p-Methoxycinnamoyl chloride, pale jellow crystals;

B-Methylcinnamoyl chloride, yellow crystals- b4 147° '
mp 67-8° (76); yield, 7.6 g. ‘g-Chlorocinnamoyl chloride,_"'

79-79.5° (70), 79-81° (7).

16-

by W3-4° (1it. by_g 158-9°, mp 49-50° (75); yield,'7.6 €

pale yellow crystals; bg 1&5’- mp 78-9° (lit. 77-9° (75). S



p-substituted cinnamoyl chloride (&4 x 10 -2

moles)
obtained from above was added to 20 ml 4ry pyr:dlne in
a loosely stoppered 125 ml flask and was warmed on & '
steam bath for about 5 minutes. The reaction mixture

was poured on 50 g of crushed ice and 20 ml of

- concentrated hydrochloric acid. The anhydride separated 3

ouﬁ at once. When the ice had melted sufficiently, the

pixture was filtered by suction. The solid was washed ;

with cold methanol and then with dry benzene. The crude

anhydride was further recrystallized from benzene=-

cyolohexane, using Norit as a decolorizing adsorbent.
pfg'-Dimothoxyolnnamic anhydride, white needles;

ap 101-2°C; yield, 1.3 g. Anal. galed. for Coofl1605:

¢, 70. 99; H, 5.36. Found: C, ?70.92; H, 5 4,

PR -Dimethylcinnamio anhydride, colorless noedles,
mp 116-7° C; yield , 3.2 g. Anal. calcd. for CpogHig03:
¢, 78.41; H, 5.92. Found: C, 78.053 H, 5.96. : _'4:

2,2 t.Dichlorocinnamic anhydrlde, pale brownish
scale; mp 182-3°; yield, 1.0 g&. Anal, calcd. for | 7
C,gl120501 C, 62.27; H, 3. 48; Cl, 20.43. Found: C, 61. 94
H, 3.48; Cl, 20.38./ ‘ e | f'

_p_x;g_lg-'Cinnamic acid (Eastman Organic Chemicals) was
reorystollioed from 1% HCl using Norit as a decolorizing
adsorbant; mp 132-3% (1lit. 134—5° (79)).  E-Hethoxyh;
p-methyl-, and g—chlorooinnamic acids (Aldtioh and |
Eastman produots) were used without further purification. o
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. trans-Cinnamoyl chloride (Eastman Organic Chemicals)
waé'distilléd under reduced pressure, colorless crystals;
'b15 135%; mp 34.5-35. 8° (lit. 35-6° (80)). The molar ,
absorptivity at 299 mp (the band maximum) was 2.43 x 10*
in acetonitrile. N-Egggg-cinnamoylimidazo16 was
prepared from trans-cinnamoyl chloride and imidazole by
the method_of.Schonbaum; et al. (81). The crude product
was further recrystallized from benzene-cyclohexane
mixture, giving shin& colorless needles; mp 133-134.5°
(1it. 133-133.5° (81)); €309 2445 x 10% in acetonitrile
(1it.. €570 238 x 10*, solvent, 0.1 M (total) acetate
 puffer containing 3.2% CH5CN pH = 5.05 (81)). 4
Imidazole (Aldrich Chemical Co.) was recrystallized twice y
from benzene using Norit, mp 89-90° (1it. 89-90° (82)).
Silver perchlorate, anhydrous (The G. Frederick Smith _
Chemical Co.) was dried at 110° for at least three hours -
and then dried under vacuuﬁ oﬁernight. K~Chymotrypsin, '
three-time recrystallized,'waé a Woxrthington product.
N-aubstituted cinnamamidea and N—substltuted

cinnamanilides were prepared as follows* 0 Ol mole of
trans-cinnamoyl chloride i; 20 ml of dry benzene was
added dropwzse "to 0.016 mole of amine dissolved in

20 ml of benzena.' After two hours at room temperatﬁre,

‘the solution was‘washed successively with water, 5% HC1,
0.1 N NaOH¢ and water. The solvent was evaporated
under reduced pressure and the residue was recrystallized

either rrom acetone-petroleum ethar or acatone-
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: . 1
.cyclohexane mixture. Norit was used whenever necessary. 9'
The melting points and elemental analysés are listed in
Tables III and IV, o
Acetonitrile (Fisher Scientific Co., Catalog
'No. A-21) was refluxed over phosphorus pentoxide and
then distille&)from P205 through a packed column (83);
bp 81-81.5°. Methanol, chloroform, pyridine, perchloric B
Eoid, glacial acetic acid, ethyl acetate, sodium
hydroxide, were of reagent grade and were used without | _
further purification. Isooctane (2,2,4-trimethylpentane) L A
(Matheson Golemaﬁ and Bell practical grade) was purified i
 as described by Mollica and Connors (84). Cyclohexane
was redistilled, bp 81° (1lit. 80.7° (85)). Amines |
(Aldrich end Eastman products) were purified by
~ distillation to constaﬁt boiliné point.. |
Cinnamic anhydride reagent solution: 5 mg per ml

in acetonitrile, freshly prepared. EA _ f

| Cinnamoyl chloride reagent solution:.3-4 mg per nl
in acetonitrile, freshly prepared. e F
| 0.02 M cinnamic anhydride titrant was freshly
prepared by dissolving 55.66 mg of trans-cinnamic SR
anhydride in enough acetonitrile to make 10 ml. e Pt
Buffer chemicala were of reagent grade. Water was
_ redistilled from alkaline permanganate in an all-glass ;“'.
system. Standard buffers were prepared according to
 Bates (86) using freshly boiled redistilled water.

Topue v oy e o



"_ N-Substituﬁed Cinnamamides

Table III

Cinnamamide

mp(°C)

mp(°C)

N-Propyl
N-Butyl
N-t-Butyl
N-Hexyl
N-Octyl
N-Dodecyl
N-Allyl
N-Benzyl

N-f-phenethyl
N-Piperidyl
N,N-Diethyl
N,N-Dibenzyl
‘N-Morpholyl
N-X- N.aphthyl
N-p-Naphthyl

N-Butyl-p-methoxy
N-Butyl-p-methyl
N-Butyl-p=-chloro

88.5-89.5
80-80.5

148-149
43ledy
79-80
75=76
91-92

111-111.5

127-128
118-119
69.5-71
131.5-132.5
92-93
220-221
181-182
83-84
94-95
120.5-121.5

85 (89)
145 (90), 152-4 (91)

it

74-74.5 (92)
90-2 (93)

1034 Egug 111-
111.5 (95), 94-6 (95)

|

122 (97)
72 (97), 65-66 (98)

9% (97)
217 (99)

®Elemental analyses by Spang Hicroanalytical Laboratory,
Ann Arbor, Michigan 48 .



Table IV

_‘H

 Substituted Cinnemanilides

——

cinnamanilide'

lit..gp(°0)

Cinnamenilide p P

N-Methyl
N-Ethyl

p'-Chloro : _'_' Ao, 5

p'-Bromo

p'~Iodo

=~

2'-netnoxy'7;*

n' -Methoxy e

o' =Methoxy

_amaifc)
15
;,lfwj'23“'5/14 mafig”
'7f;3 238-9/15 mufig”
1oo 5-101

194=5
204- 5—206
j 1153-154.5
£ 1234

- 117-118

136-8 (109), 116 (111):

,'g 1524 (100), 150 (101)
o 231/15 mug (102)°
.__  254/15 mmﬁg (102)b %;,,

185-6' 10%

185.5 %1043'
191 (105)
190 (106)

149 (107), 1523 (108)
115 (108) 121-2 (109),

4 (110)

abora'b orY,



Other buffers were prepared according to publishad i
formulas (87,88).

5

Tables V and VI 1i3t useful SPGCtrOPhotometric data S

for some of the materials described in this section,

B. Apparatus B :
Spectral measurements were made with either a Cary

Model 14 or Model 15 recording spectrophotometer fitted
" with a thermostated cell compértment-that maintained
~ temperature constant to 20.1°. _
Spectr0photometric titrationa were done in a 50-m1
photometric titration flask (112), a flow-through
cylindrical l-cm cuvette being connected to the _
‘eirculation flask with glass tubing and short 1engths of
rubber tubing. Titrant was delivered from a 2-ml

micrometer buret (Roger Gilmont Instruments)y the tip of 33

titration flask. ,' T 15
pH was measured with a Sargent pH meter model DR -
" equipped with a Sargent-pﬂ Combination Electrode (either i
§-30070-10 or §-30072-15). The meter-electrode system S
 was standardized against the basic standard buffers
‘recommended by Bates (86). _ _
‘Water bath temperatures were maintained to =0.1° _':
with Brownwill Scientific: Thermoregulator. Thermometera ﬁ
were checked against a thermometer carrying a Hational |

Bureau of Standards certificate. f.?”f,V[ipjf L

which passed through a rubber stopper in the mouth of the A



Q

8Beer's law is Iollowed by all oinnamamides in chloroform fﬂ;;?f

Table V

Cinnamamide
N—Propyl';?f""

Ultraviolet Speotrophotometrio Data for N—Substituted
| trans-01nnamamides i

Anax

In Ghloroform
a
107 € o

In Methanol

A max

10~

b
€ max

N-Butyl

N-t-Butyl .

N-Allyl
N-Benzyl

N,N—Dibenzyliff 
 N-Morpholyl

N-«-Naphthyl
N-p-Naphthyl

N-Butyl-p-methoxy
N-Butyl-p-methyl
N-Butyl-p-chloro

o
o m
Sovem
N-Hexyl = o . 27
ﬁ-Oofyl :
N-Dodecyl..'r

'*=i;?fﬁ 2
E
oo
N-F-phenethyliffgo
- N-Piperidyl i
N,N-Diethyl '

274

e
o283
f‘aao e
iless Bl

292
285

28Q

235
2.51

2,27
2,220
2.18
ERy
Eﬁl2-27}355fﬂ
ffﬁ'a.z?i?fffﬂ
2,294
C 275

273
273

27
275
Cas
27
le‘la’fiiik
EXTRE
237 0
{ a'lllhfif:
. 5.182;%;f;;;
221

. 2.45
2.54

2725
s

2.54

2,54

_  __2.50 o
2,57

2785
}?¥_279””;”
7281 i
283
285.5”{ﬂ-

-
- 2.85

277

2.68
2.62 -_I' . _..I.I. ..... I. .-_ : !

2.42

h 2‘48 .r" E
- 2.,60

2.40

: 2.45 o e

3.55
2.62
2.72

aolution.

bBaaod on one oonoentrationQ f,};




5 - Dable VI e
' Ultraviolet Spectrophotometric Data for trans-Cinnamenilides =

In Chlorofornm In lMethanol
=L} b
10" " € pax

Elgl&a_l&aniﬂudel Gk Apax 10 fm;q_::f Anax
Cinnamenilide ;fiffﬁ_295 5 2-53-'l:@f:3294 .T  2.82
' N-Methyl- fo4i;*;;j; 285 ;{f 2,09 . 286 fh 2.29
N-Bthyl- 285 2.2 286 2.3
N-Isopropyl=- vifffii'285'ifi_2.18li;iﬁ;i:285 i{ 2.41
2'-Ghloro- :f:f;ﬁ5ffi298 g;i.a.sa.;{iii? 297.5'oi-5.16 f'
p'-Bromo- . 300 . 2,95 302 3.26
. p'-Todo- . 304 3.03  303.5  3.37
| p'-Methoxy- 205 2.23  292.5 2.3
n'-Methoxy- £ 295 2,48 s : 291 ', - 2.68
~ o'-Methoxy- 307 2,09 285 2.28

8Beer's law is followed by all oinnamanllides in
- chloroform solution. o T T T

\*_-'

Ppased on one ooncentration.'
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with the aid of 15 ml of chloroform, to a 125-ml.

" g -

Melting points were determined on a Thomas-Hoover

Capillary Melting-Point apparatus.

C. Spectrophotometric Determination of Aliphatic Amines

Transfer 1.0 ml of sample solution containing
0.7-4.2 pmole of amine (dissolved in acetonitrile) to a
50-ml volumetric flask. Add 1.0 ml of cinnamic anhydride
solution (or p,p'-disubstituted anhydride solution) and
one drop of 0.1 M tri-n-butylamine (in acetonitrile). - _ ..
Mix the solution ﬁell and allow it to stand at room |
Itemperatuie until acylation is complete (see Results
section). Add 2 ml of 0.1 N aqueous sodium hydroxide,
mix well, and then add 0.1 N NaOH approximately to G
volume. Allow o stand 10 minutes to hydrolyze the

excess reagent. Quantitatively transfer the solution, - e

separatory funnel fitt@d with a stopcock made of Teflon
(Dupont). (If a glass-stopcock separatory funnel is
employed, a dry-film lubricant, e.g., Fluo-Kem, should
be used instead of a.stopcoqk gréase.) Extract with

~ three portions of chloroform (15, 15, and 10 ml, the first
' two portions having been used in the transfer). Combine = '

the chloroform extra®ts in a separatory funnel and wash : ff7

with 20 ml of water; filter the extract through filter
paper into a 50-ml volumetric flask. Rinse the filter |
paper with chloroform, adding the rinsings to the rlask.-'; _
Dilute to volume with chloroform;fiﬂsasure the '.  '];“ s




-

absorbance of this solution against chloroform in a l-cm .

S /
- cell at the wavelength of maximum absorption for the
{

amide. Prepare a blank solution by omitting the amine,

carrying it through the entire procedure, and measure its

absorbance. ' | ' '
Calculate the number of.micromoles of aminé

contained in the 1 ml of initial sample as shdwn:

pmoles of 5x 10* (A "Ab)
amine b e

—_

where A, and Ab'are the absorbances of the sample and
blank final solutions, b is the cell path length, and

€ ox 18 the molar absorptivity of the amide. Beer's law

shown in Figuré 1.

Some other acylating agents, namely a saturated

solution of N-trans-cinﬁamoylimidazolo in acetonitrile

and cinnamoyl perchlorate solution, were also used in the

analysis by the ﬁrocedure described above.

A modified procedure was used when trans-cinnamoyl-

X-chymotrypsin was studied as an acylating agents

Transfer 4,0 ml of phosphate buffer (pH 8.02) into a

25-ml volumetric flask containing about 45 mg of

X-chymotrypsin. Shake until solution is complete and = -

add 0.1 ml cinnamoylimidazole solution (3 mg per

LI

is followed by all cinnamamides in chloroform solution as ; 

milliliter in acetonitrile).’ Mix the solution well, and . .



N

allow to stand at room temperature -for one minute. Add |
1 ml of sample solution containing approximately 1 pmole
of amine (in water). Mix well and ailow to stand for .
another 10 minutes, then quantitatively transfer the
solution, with the aid of 20 ml of chloroform, to a
125-ml separatory funnel fitted with a stopcock made of

Teflon (Dupont). Extract with two portions of chloroform

(20 and 20 ml all having been used in the transfer).

Then follow the same procedure as described in C.

D. Spectrophotometric Determination of Aromatic Amines

Transfer 1.0 ml of sample solution containing
0.5-2.0 pmoles of aromatic amine (dissolved in
acetonitrile) to a 50-ml volumetric flask, Add 1.0 ml
of cinnamoyl chloride solution and one drop of 0.1 M '
tri-n-butylamine (in acetonitrile). Mix the solution

well and allow it to stand at room temperature for about

15 minutes."kdd 2 ml of 0,01 N aqueous sodium hydroxide,
mix well, and then add 0.01 N NaOH approximately to =
volume. Follow the same procedure thereafter as

described in C. RS
. . . f/

E. Spectg_photometrlc Tltration of Al;phatlc Amlnes

Acetonitrile (24 ml) was delivered into the tltratlon
flask and the cuvette was firmly poaitloned in the light
path., A 1,0 ml aliquot of an amine sample solution, kS
containing dbaut 20 Pmolea or amine per ml (in

iy

et



' _ 28
acetonitrile) ﬁas added to the flask. Titrant was added

' and the solution was stirred magnetically; stirring
ensures homogeneity,‘ﬁut is also necessary to circulate EY
 the solution to the cuvette. Absorbance was monitored,

at a fixed wavelength, until it assumed a constant value;
when a reading was taken. Further titrant was then

added. Usually three absorbance readings were taken |
before the end-point and three after the end-point. A.
titration plot was made of absorbance against titrant
volume; the end-point is marked by the intersection of

~ the two straight line segments.

7
"

F. Amine Acylatioﬁ Kinetics{f : - _ f

The kinetics of the acylation reéctions were

studied by following the diéappearance of absorption of

ﬁany of the reactions werélvery fast for conventional
measurements, and the rates were decreased to accessible
values by working at low reactant concentrations. All

reactions were studied at 25°30.1°C.\-The reaction between'

follow1ng the rate of formation of amide with the
extraction method. _ | .

a) Kinetics between cinnamic anhydrlde (also its
P,p'-disubstituted anhydrides) and amines."

Acetonitrile solutions of’cinnamic anpydride.
(approximately 4 x 10'6 M)'éndJof an amine (5.0 x 10™2 to

acylating agent at a suitable wavelength when acetonitrile [[';3}

o

solutions of the acylating agent and amine were mixéd. fre £33

N—trans-cinnamoylimidazole and amine was also studied by - . .



at 25.030.1°. Fifteen milliliters of each solution was
mixed in a 50-ml beaker and rapidly transferred to a |
lo-cﬁ.cylindfical cell. The absorbance of the reaction |
mixture at 305 mi, 320 mp and 330 m, for cinnamic
anhydride, p,p'=-dimethylcinnamic anhydride and
p,p'-dimethoxycinnamic anhydride, respectively, was

followed with time as a continuous trace on the recorder

charts.

amines., .

1) Direct spectrophotometric method.

Reactions were initiated by mixing 2 ml of amine

solution (0.1 to 2.5 M, depending upon reactivity) and '},;f {f

2 ml of N-trans-cinnamoylimidazole solution
(9.0 x 10~2 M) and quickly transferring to a.l-cm
- cuvette., The change in absorbance was followed at
510 mp. . - . ; o
2) Extraction method. ,
15 ml offamine solution, containing 1.5-3.0 pmoles

to a 50-ml volumetric flask. 15 ml of saturated

Nﬁﬁggggéﬁinnamoylimidazole solution (in acetonitrile)

was added. The mixture was shaken and allowed to stand |

in a constant temperature bath_(25ﬁ0.l°0). _At suitable
~ time intervals, two ml of the reaction mixture were o

EhE | 29
2.5 x 10~2 M, depending upon reactivity) were equilibrated fjff

b) Kinetics between N—trans-cinnamoylimidazole'and__;”ﬁ:i'{Q

ISR

of amine per milliliter in acetonitrile, was transferred' ;ff'

withdrawn and transferred to a 50-ml volumetric flask. o



. ' 30
0.1 N aqueous'sodium hydroxide is added to volume. The

- amount of amidé formed was determined as described in C.

i,

In the studies of acid—catalyzedEgcylation, the
acid, such as‘ﬁgggg-éinnamic acid, benzoic acid, and
acetic acid,"waa incorporated ;nto the solution of
acylating Agent. | R

G. Anhydride Hydrolysis Kinetics

Two ml of 1.2 x 10~% M cinnemic enhydride solution
in acetonitrile was poured into 50 ml of aqueous borate '
buffer;' The mixed solution was transferred to a 1l0-cm
cylindrical cuvette and its absorbance was monitored at
305 mp. i3 AT

H., Anilide Hydrolysis Kinetics |

25 ml of water (borate buffer or aqueous sodium
hydroxide solution) and 1 ﬁl of cinnamanilide solution |
(approximately 1.6 x 10_4,M in acetonitrile) were mixed
in a 50-ml beaker and.rapidly transferred to a 5-cnm
cylindrical cuvette. The rate of disappearancé of
anilide was then followed at the wavélengtﬁ corresponding
to the maximnﬁ absqrétion.3 3<;r;¢_a;;.a.w%‘ t,.; ity

i
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P [N-Buty! cinnamamide] (MxIO)

Figure i._ Beer's law ];Slot of N-butyl cinnamamide in . -
- chloroform. - ; e A AR - '




IIT. RESULDS

~

A. trans-Cinnamic Anhydride and p,p'-Disubstituted -

Cinnamic Anhydrides

The analytical results by the trans—clnnamic anhydride
method are presented in Tables VII to X. |
| Table VII 1isté the analytical data for twelve :
typical aliphatic amines, with the mean and standard
deviation expressed in terms of per cent purity. As a
comparison analysis, the perchloric acid-catalyzed 228
acetylation method of Fritz and Schenk (65) ﬁas applied to ;_:'
the same samples, and these results are included in Table
VII. The results by the two methods agree well, especially ..
S0 considerlng that the cinnamoylation mathod is carried
out on the micromole scale while the acetylatlon
procedure used millimole samples. The standard devzation
" of the new procedure is approxlmately 0.5-1.0% (relative).
The initial ratio of trans-cimnamic enhydride to
amine was varied from 1.2 to 24,3 (five different amines - -
being studied) without significantly altering the extent -
of.convefsion to amide (Tablé VIII). - _ |
The effect of water and methanol on the analysis was
investigated with the results shown in Table IX. Even
when the amine sample solution contains as much as 60% :
water, no interference‘is observed. No interference is ’?AI
observed too from methanol in the sample, if the | |
hydrolyais tima in tha alkali is increased to permit

-32- -



Table VII

35:'ffff.

Analysis of Amines by the trans-Cinnamic Anhydride Method .

‘Cinnamic anhydride Comparison methodb
_method, % purity % purity

Amine ____mean® std, dev. mean® std. dev.

p-Propyl 94,7 Q.14 - 96,3 . 0.64
p-Butyl  97.2 113 . 97.4  0.22
sButyl 9.1 0.5 953 = 116
pHexyl  96.4 0.6l 98.5 0.6
n-Octyl 98.3 = 0.8% 9%6.4 145
pDodecyl  97.5 019 - 9.3 = 046
M1yl - 971 - 058 97.2 ¢ 0.6l - |
Benzyl . 95.7  0.28  97.7 .. 0.17
P-Phenethyl  97.9 0.23 "_7_.98.1 1.20
Piperidine  95.3 0.67 _' 9.0 . o.81

' Diethyl  96.4 1,08 96.4 1.43 -

S%pean of & to 16 determinations,
._bref, (65), 25
®nean of 3 determinationé.23~Jh;-.ag“ i

aamf ey



Table VIII

Determinatioﬁ of Aliphatic Amines at Various Ratios of -
trans-Cinnamic Anhydride to Amine

% Recovery

' - [Annhydridel]
Amine o !Amin;_]e _ mean®  std. dev..
 p-Butyl - A7 ~97.0 -~ 0.20
' ' | 7.45 e 98.6 - - 0.93
9.14 97.7° -
n-Hexyl Lo a4 9.5 0.32
| o 55  96.8  0.21
7.3 0 %.5 0.2
10.9  95.5 0.61
pPhemethyl L2 979 0.7
LR g0 T . 97.9  0.23
‘Diethyl . ‘. - 49 . 9%.0 .0
Co R I 8L . 95.8 77.0.07
3 %5 LM77
Dibenzyl . =~ 6.1 . 954 0.7
Tl Beb i M 001
L 12,2 95.7  0.52
on,3 '95.1 0.4

®pean of 3 to 6 determinations unless otherwise noted,

b

-

mesn of 2 determinations,

L S S S



Table IX

Determination of Amines in the Presence of Water '

and Methanol T

T _ % Recov

ery

A Interference, I  (I)/(A) mean®sP

std.dev.

Amine,
ALyl  vater (60)% 9,300 - 96.3_
| - 7 (97.D)

PPhenethyl Water (60%) s 13,000  97.8
. - o (97.9)

p-Butyl®  * Methanol (20%)% 1,500  97.0
| o : (97.2)

0.08

pean of 4 determinationa-

z

bThe value in parentheses is that obtained in the  - .

absence of I.
hydrolysis time, 20 minutes

dvolume per cent of I in the initial amine sample-
solution, ; :




preferential hydrolysis of the ester. _
A series of p,p'-disubstituted cinnamic anhydrides

has also been studied for the analysis of'gpbutylamine;.
and the results are shown in Table X, which shows
satisfactory recoveries except with p,p'-dichloro _
cinnamic anhydride, which gave low results. This may be
| due to its low solubility in acetonitrile. |

Table X

Analys;a of n-Butylamine by p,p' —Disubstltutad Cinnamic
' ' Anhydrides :
_ % Recovery

Acylating agent | mean®  std. dev.

Cinnamic anhydride 97,20 1,13 _

R aipethoxy clmanle g - 101

DD -Digeghyl cinnamic | _93.9 '”' 1 .0.63

2,2 —Digﬁ%oro cinnamic 59.6 . l1 0;15

%mean of 3 to 16 determinations,

Thé'difrerence in spectral properties between

trans-cinnamic anhydride and cinnamamides suggested that_   5
the aeparation step of the enalysis might be eliminated = <
by carrying out a direct titration of the amine with the .

anhydride, tha progress of the titration being rollowed

7 ) L




39 0

spectrophotometrically. Figure 2 shows the absorbance

tracing in a typical titration. Although the second-order Iz:f;;i

rate constants for the reaction between amines and
trans-cinnamic anhydride are quite large (Table XII),

the reaction rates are not high because the reactant

-concentrations are quite low in these systems. The deday B

in absorbance after each titrant éddition-is clearly
 visible in the figure. After the fourth addition of

. LR

titrant, the reaction is at its slowest, because with the .

slight excess of anhydride the amine concentration is
driven to a very low value. The approach %o a conatént
absorbance after the fifth and sixth additions is
controlled by the circulation rate in the titration

. assembly. The appearance of the titration plot is
determined by the wavelength at which measurements are'{ i:r

cobagi by !

made. Figure 3 shows a titration plot of data taken at  '¢j3f fff

320 m}l.
Table XI lists analytical results for the
spectrophotometric titration of seven amines with

. trans-cinnamic anhydride. The slow-reacting amines ‘;f {f;_1f af:

tended_to give slightly higher results in the _
photometric titration method as compared with those
obtaine& from the previous extraction method. 5
‘The rates of acylation of amines by trans-cinnamic
anhydride in acetonitrile solution were studied
8pectr0phot0metrically. The amine concentration was in
| ""”?;7-/ S e e B -
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Table XI

SpectroPhotometric Titration of Amines with
trang-Cinnamic Anhydride®

T 7% Purity

. Amine mean®  std. dev.
- n-Butylamine 96.7 © 0.56
_-.E-Hexylamine s 97.9 *  _ 0.10

L'f -£-0cty1amine_ ; 99.1 {1{.  0 . i

' Benzylamine . . 99.8  1.90 .

' P-Phenethylamine 99.6 %_\' 0.10

'.  Diethylamine®  101.0  1.91 SR
- Piperidine® 98.8  0.35

%at 320 mp unless otherwise noted,
Prean of 4-6 determinatlons o

Cat 325 mp

'f

excess, and the change in absorbance as the anhydride SE

was converted to products was followed at'505 mp. The
data gave linear first-order plots (Figure 4), showing
that the reaction is first-order with respect to the

anhydride. From the slopes of

firat—order rate constants were evaluated. Variation in 1;;:5;19'

these plota the apparent

amlne concentration 1ed to a change in the first-order

constant that was directly proportional to the change in

the amine concentration- tha reaction is therefore'fhfj

»
i
!




first-order with respect to the amine. The second-order

rate constants are gi#en in Table XII.._The reaction
kinetics of a series of p,p'-disubstituted cinnamic
anhydrides with n-butylamine, sec~butylamine, ggg-.
butylamine and tert-butylamine have also been studied,
with the results shown in Table XIII, L o

There is, however, a significant difference in the p_ '_I _
acylation of imidazole by trans-~cinnamic anhydride. In.f ”""

this reaction, the rate expression has two terms, one
being first-order in imidazole and the other being .
second-order in imidazole. It is probable that the term.
that is second-order in imidazole is due to the general
base-catalysis of the addition of imidazole to the ;f
carbonyl carbon (113). e L e

0

1% ,OCH;CH-%-X e

H*-'N/\NH

_Thq mechaﬁism for the reaction between trans-_

cinnamic anhydride .and imidazole can be shown as rollows:ff_fjf¢f

. //_ i S : .
WSRO e

ka

. Cin '+ 2In —2— _' p + o -r In L oo

e s _“'."ﬁ :\.' Bt

v
i
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Table XIT — =

Acylation Rate Constants for Aliphatic Amines by
trans-Cinnamic Anhydride in Acetonitrile at 25°C

Amine

bp, °c?

k (Mt sec~HHP

Mean®

Av.dev.

d

PKa

Isopropyl- =
tert—Butyl-_ ”

n-Propyl- .
Diethyl- -
Allyl-

sec-Butyl-

Isobutyl- =~ =

n-Butyl-
Iscamyl-
n-Amyl-

Cyclopentyl—_i; 

Piperidine

Di-p-propyl- = -
n-Hexyl- Sy

Morpholine
Cyclohexyl-
Diisobutyl-.

N-Methyleyclo=
hexyl- R,y

H-Ethyi-cyclo-;?’ilem (163-164)

hexyl-

N-Isopropyl- fjf ' '*;
CYclohexyl-:!ﬁi_174 (171-172)

B~Octyl-' =

Benzyl-

g G C TS

33 (32-33)
zf;_ 46 (44-45)
89 (47)
55 (54)
. 56 (53)
. 63 (62)
69 (66-66.3)
. 77 (76)

95 (94-95)

130 (130-131)

147.5)

180 (178-180)
184 (181-183)

Diisoamyl- , - 187 (186-189)

e 30.5

o . 156.8
104 (103-105) -
105 (104-106)
109 (104-105)
. 110 (109)

128 (129-130)

. 21.&2 =R
0.436

53-8 ;
16.95 f‘

 115.3

158.3

160.8
46,0

- 23.8
'168.8
151.6

134 (131-131.2) 25,9
-0 139 (137-139)
146 (146.5-

6.7

f;r_17.57 if.

1 0.629

0.107

1644 i
389

0,001
. 3.6
0.6
0.5

04
"ﬁ 5-9 ST
i? 4.5
1139 - 17

3f|5-7 4

0.09

0.07
000 ’

0.8
0.1

4,1
0.27 .
0.01 -

0.006

0'004.;J{

3.0

0.02
0.05

~10.63
10,82

10.53

10098
.. 9-69 o
{ 10.56

10,72

© 10,60
. 10.6
- 10.64 Ty
o 9.95 ';:i;;
- 11.22 }) ;;
11,00
- 10.64
et B PO A
. 10.64
10.68 =
109
; 11.5.? ?L?.;
11.3'5;;;f_“
10,65
10,984

R e R i )




Table XII - Cont.

: : _ k (1t sec~1)P
Amine ____bp, °c® Mean®  Av.dev.,® Pa

p-Phenethyl- -198 (197-198) 58.3 0.5 9.8 -

Diisooctyl- - (276) 83% = 0.03 @ e=
Dibenzyl=- - 300 (285) 1.08  0.02 -

87alues in parentheses are the author's values. :
byt 25° in acetonitrile solution. = '
CMean of 2 to 5 determinations. .

dpverage deviation _'-E_[Xii-")-( 1/ - 1. ik L '. i

MPRREL WNELPI S
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Table XIII

Acyiation Rate Constants for Aliphatic Amines
by p,p'-Disubstituted Cinnamic Anhydride
L in Acetonitrile at 25°C

” _x (17 gech®
%@ r_l-Bui\THg I-BulH, g_gg-BuNHa_ -BulH,

- CHz0 . 39.6  30.9 S 4,60 - 0.127
CH; ~  80.0  60.8  9.54  0.262
H 158.3 115.3 16.95 0.436

8In the following reaction:

_Ebmean of 3 to 4 determinationsQ ¢f**?::_g

| | g | R
. (3‘0‘03'0}100_)20_* RiE, — x—O-cgncncomﬁg i




Here, CAn represents the trans-cinnamic anhydride and

Im, the imidazole; p is the product, trans-cinnamoyl-
imidazole, and ¢, trans-cinnamic acid. Since the |

" reaction was rollowed by the disappearance of CAn,

therefore, _;
cafom) L o few 10Im]2
L = {mim vgrmi® ) foamn -
: //, 'I ._ A | = ko.bSECAnl :
where;' _ : _ o
‘ L e 2
kg = ky[Iml + E,[Im]<

Figure 5 shows a plot of k divided by imidazole

concentration, k , /[In] vs. 1m1dazole concentration, [Im]

1 and a_'

with an intercept (k ) of 9.27 x 10'2 -l g
slope (k,) of 5.18 x 107+ M2 gec™t,
The alkaline hydrolysis of trans-cinnamic anhydride

is first-order in anhydride and in hydroxide (Figure 6).

The apparent first-order rate constants are listed in i ST

Table XIV. A plot of log k.. . against pH is slightly

obs

curved at the lower pH end (Figure 7), indicating marked

incursion of the uncatalyzed "water" reaction, so that

the apparent first-order rate constant can be related to .
hwdroxidq ggtivity by: \kobs - ngO *rkOHaOH (though it  } ;
is possible that the buffer components may be involved -

i




ol .

*9TTI3TUO03808 UT [9TOZBPTWT] PUB OPTIPAUUE OFWEUUTO-SUBIY it
3o UOT30PaI oU3 I0F [STOZEPTUT] pmﬂmwm Hoﬂouauazxmpom Jo poﬁ v _.m eandyy

e

« OIEZQONUEEG

oS

g2 WeRa T e

Go



(A,- Aw)/(Ao- Aw)

0.2 . - . . s
0 50 100 I50 200 250

] Time(sec)

Figure 6., First-order plots for the alkaline hydrolysis of . ]
.+ Yrans-cinnamic anhydride in borate buffer (total - = |

- borate concentration 0.0125 M).-- From top to . .- . -

~ Dovtom: pH 8.72; pH 9.16; PH 9.64; pE 9.84;




8 s o 9 S 10

Figure 7. pH rate profile of alkaline hydrolysis of

- Yrans-cinnamic anhydride in borate buffer

(total borate concentration 0.0125 M),



in the rate equation). kOH has the value 155 Mt sec™t, =

Table XIV  —

Kinetics of Hydrolysis of trans-Cinnamic Anhydride at 25°C ..

ey oH 107 kohg (Boc"l)a
8.72 . lu4
936 - 3,09
94 6.87
R 10.49
1 9.95 . 13.87

- 8In aqueous borate buffers containing . . .
4% (v/v) acetonitrile. Total borate
concentration 0.0125 M; ionic
strength ranged from 0.042 to 0.025,

- B. trans-Cinnamoyl Chloride

Generally, the acid chlorides are more reactive

acylating agents than the corresponding anhydrides, which

usually do not reaot ~quantitatively with aromatic amines..élf,o-fé

trans-Cinnamoyl chloride has been satisfactorily applied
to the analysis of some aromatic amines with the results
shown in Table XV, For comparison, the pyridine-

catalyzed acetylation method of Ogg, Porter and Willits

(114) was applied to the same samples,: and these results ;'
are also included in Table XV. The results indicate that



Analysis of Aromatic Amines by the trans-Cinnamoyl
Chloride ‘Method

~ Table XV

Amine

Cinnamoyl chloride Comparison method
method, % purity

% purity

Mean?

Std.dev.

Mean

c

Std.dev.

Aniline
N-Methylaniline
N-Ethylaniline

N-Isopropylaniline
p-Chloroaniline

p~-Bromoaniline
p-Iodoaniline

p-Methoxysniline
93.5

n-Methoxyaniline
o-Methoxyaniline
&-Naphthylamine®
p-Naphthylamine®

98.4

%.3 - -
0,34
L 0.45
o 0.64
I':}'0.45 o
- 0.48
S 0.71
0.45

O o4
67.5%
96.0

958
'95§5_  ;

4.3

1 96.5
96.3

97.7

-g 0. 25 ;-
1,89

0.09

 0.33
0.21

99.8 : '--.
101.6 -

39.2

- 100.7
102,7
S 103.2 -
©101.2

98.9
100.4
100.8

- 101.2

0.06 -
1.30 -
0.46
0.50 -

0.13

0.34
0.61 -

0.19

0.78

0.18
0.48

- 0.86

%nean of 3 to 9 determinations,

PRes. (114),
C

®used without further purlfication zif1i _;

R g
Ao v
MRy

mean of 3 determinations

drne per cent recovery could be increased to 89% if tha
Teaction time was extended to about 19 hours.
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the cinnamoylation method gives lower per cent recovery

of the amine than the pyridine-catalyzed acetylation.'

Analysis of sterically hindered aromatic amine,
N-isopropylaniline, failed by both methods.

The acylation time employed for all amines studied
was fifteen minutes at room temperature. The
p-iodoaniline and m-anisidine gave essentially the same

results for ten minutes acylation as for fifteen minutes

reaction time, but N-isopropylaniline did not. Although

the reaction time could be shortened by increasing‘the
concentration of trans-cinnamoyl chloride, it would |
result in a slower separation of chloroform layer from
aqueous layer during the extraction. Eventually, it :
might extend the total time required for the analysis.,

Table XVI shows the extractability of cinnamanilide

under experimental conditions of the analysis, indicating

that the anilide can be quantitatively extracted into

chloroform if it is formed in the system., Figure 8 shows

the relationship between the absorbance of the final

solution of 2'-ioddcinnamanilide and the amount of

D-iodoaniline (originally used for the analysis) with the =

Same dilution.

The kinetics of alkaline hydrolysis of a series of _f[ﬂ-f;¢

D-substituted acetanilides was investigated by Bender and

Thomas (115) who repérted the first-order hydrolytic rate f'  _ff_

OOnstant for'p-chloroacetanilide at Oi2§97M hydroxide

.
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Figure 8. Beer's law plot for the acylation of .
, - p-iodoaniline by frans-cinnamoyl chloride.
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Extractability of Cinnamanilide under Experimental L

Teble XVI

COndltions of the Analysls

i

Anilide taken

" Found (nmole)

(pmole) in 0,01 N NaOH* Cin C1 + 0.01 N NaOH
0.6 = 1 0.63  0.63
1.26 126 . 1.8
1.89 1.88 1.87
2.52 2.49 . 2.52

8 ithout cinnamoyl chloride in the system,

concentration was 0.00‘729_11::-""1 (this corresponds to

by = 95 hrs).

Apparently,.greater stability would be

expected for the cinnamanilides because the carbonyl

group is able to conjugate with the ring through a

&,p-unsaturated linkage and attack by nucleophilic

reageﬁts is thereby greatly reduced.

- study was carried out at much lower hydroxide ion

concentrations, the loss of cinnamanilides due to

hydrolysis is not a .serious problem.

However, some interesting phenomena were observed - :
during the study of the hydrolysis of gfsubstituted~ti-"
cinnamanilides and these are summarized as follows: = -

Since the present  . fi 7
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a) Cinnamanilide and N-isopropyl cinnamanilide aré
relatively stable in 0.01 N aqueous sodium hydroxide,
ila., no spectral change was observed in one hour.

b) p-Chloro-, p-bromo-, and p-iodocinnamanilides
show an initial fast reaction, followed by a second slow
reaction, o | QAR

c) The!rate of the initiﬁl fast reaction is not
markedly pH dependent in the qhae of p-bromo- and
p-iodocinnamanilides; but the rate increases as hydrqxide.
| ion concentration increases for prchlorocinﬁamanilide.

d) The rate of the second slow reactioﬁ is also not
markedly pH dependent. | o

e) Neither the initiél fast reaction nor the second

slow reaction corr93ponda'completely to the acyl nitrogen'

fission.

These observations.imply thgt more than one'é' |
intermediate might exist in the hydrolysis of
P-halogenocinnamsnilides. 5 |

C. N-trans-Cinnamoylimidazole®

N-trans-cinnahoylimidazole is a mild hoylating agent

which was first introduced for the determinmatiom of " :
~chymotrypsin by Bender and his coworkers (8l).” In this

study, this reagent was utilized for -the analyses of:-' -f
Various amines, and the analytical results are givehfin mf5aﬁ j7*

Tables XVII and XVIII.

.

8The author would like to thank Dr. Jurgen von Bredow ror

his help in preliminary experiments._
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Table XVII

Determination of Amines with N-trans-Cinnamoylimidazole

Sample '?
Amine _ (;;gge). % Recovery>  Std.dev. _ﬁ;g;;i;ﬁ E
p-Hexyl 0.5-2.7 851 . 0.83 . 19
p-Octyl  0.5-2,1 72.6 450 12
P-Phenethyl 0.5-2.7 . 90.5 © 148 15 E
Piperidine 0.6-3.0  68.4 ¢ 6.80 16 Ij
8pased on 12 to 15 hours reaction time,
The data of Table.XVII indicate that the formation - .
of cinnamamide is not quantitative and the reproducibility .
of the results is relatively poor. i o ' et
Tables XIX snd XX demonstrate the relationship of % = |
Yield of amide to the concentratién of imidazole added aﬁd fIH 
%o the concentration of NﬁEEQQQ-cinnamoylimidazole added. . .
'Clearlyi an increase in imidazole concentration or a |

decrease in N-trans-cinnamoylimidazole concentration

results in a lower per cent recovery of the cinnamamide, . . . . -

-Buggésting that the reaction is an equilibrium limiting

process as follows: -

HoCHCONTSN. ¢, RNH, <K= H=CHCONER + HN"SN -



Table XVIII

Analysis of Some Aliphatic Amines with N-trans-

Cinnamoylimidazole in the Pre

sence of Other

Substances® :
Sample o Interfering (1)/(8) % Recovgry |
amine (S) substance (I) of S ;
p-Hexylamine = ~.'. = == ' 0 5 84.7
. e ~ Di-n-hexylamine 4.7 x 10_2 84.3
" / " . 9.4 x 10 21 85.0
" [ 2.34 x 107 - 86.5
" " 4,7 x 10 89.0
n-Hexylamine - : - L 0 -2 77.6
" : t-Butylamine = 4,36 x 10_2 78.7
" " S 8.72x 1007 78.9
" " 2.18 x 10 1 78.6
" n 4,36 x 107 80.0 .
P-Phenethylamine = Aniline 4,19 x 1075 89.2
: o : 8.38 x 1077 89.9
" ) 2,09 x 1077 90.7
" n 4,18 x 10 91.9
a-Hexylamine - -0 86.0
"o - n=-Propanol - 0,95 - 86.7
" " - 1.90 86.5
"o .- 4,76 86.2
" " 9.50 85.3
f-Phenethylamine —-— T TGRS 84.5 -
wo " ., P-Phenethylalcohol 1.04 84,0 .
H . i n . 2.08 83.8
" " 5.20 86.6
" 125.4

" , 10.40

%based on 12 to 15 hours reaction time,

bsample size was 1.,5-2.0 ;moléa, 3

c

each value is the average of two deferminations_

T )
£
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i

However, if this reaction condition is reversed, i.e.,
the amine is taken in large excess, only 35% of
cinnamamide was formed® based on N-trang-cinnamoyl-

imidazole) instead of about 86% for the reaction between -

N—trans-éinnamoylimidazble and n~-butylamine seen in
 Tgble XIX., This implies that Bome reaction other than
the one mentioned above is involved. It is conceivable

that a side reaction, addition of amine across the double

" bond (116,117), might occur, resulting in a significant s

decrease in absorption due to the loss of the conjugated
- system. . : 'E‘ '

The acylation reaction is very slow. The reaction"
time employed for this analysis wés 12 to 15 hours at
room temperature. In spite of these disadvantages,

however, some selectivity is obtained, which enables us    ; T

to analyze amine mixtures or amines in the presence of
other substances by taking advantage of differences in
the rates of reaction of the components (Table XVIII),
Egzﬁ-Butylamiﬁé'does not react with N-trans-cinnamoyl-

imidazole, probably because of its high degree of steric . = -

hindrance, which depresses its nucleophilicity (118).

Aromatic amines are much weaker bases than aliphatic

amines,” Therefore, no interference would be expected in  _f1fﬁf;w

[re—

8The reaction essentially gave ths same results for 5
houra reaction as ror 24 hours reaction tima. .

i i e S T R LY




these analyses. The high per cent recoﬁery of

P-phenethylamine when the ratio of @-phenethylalcohol to s

amine is increased up to 10.4 can be ascribed to the
insufficient hydrolysis of the corresponding ester
formed in the'aystem;: Hence, the increase in time for
hydrolysis after acylﬁtiqn is recommended when the ratio
is very high.2 ' —

' MDable XXI shows the extractability of N-butyl-
cinnamamide under the experimental conditions of analysis,
showing that the amide can be quantitatively extracted

~ into chloroform., Figure 9 shows the relationship between
the absorbance of the final solution of N-hexylcinnamamide
and the amount of n-hexylamine (originally used for the o

analysis) with the same dilution. The relationship has
been examined for other amines as well-—namely;_
n-octylamine and (@ -phenethylamine. In every case, a

linear relationship was observed. As would be expected,

the slope of the line differed slightly from one amine to

another.

The rates of acylation of amine by N-trans—cinnamoyl_";‘;L; _;

imidazole in acetonitrile were studied by either _
following the rate of formation of the corresponding

cinnamamide (By extraqtion) or following the disappearance 3

of N-trans-cinnamoylimidazole at a suitable, fixed

—— } g

%The amide did not show any significant loss after being :n_f  7'-

%nh;ontact with 0.1 N aqueous sodium hydroxide for

L g
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Figure 9. Beer's law plot for the acylation of R
. p-hexylamine by N-trans-cinnamoylimidazole.
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Table XXI

Extractability of N-Butylcinnamamide under Experimental
.. Conditions of the Analysis '

Cinnamamide . Foun —(&13)
WN NaOH® Cin Im + 0,1 N NaOH
- 0.64 ___4ﬁ 0.64 = . 0,65 -
.28 -/ . 130 129 f
.92 1.9 C 192
2.5 2,59 = 2,58

8without N-trans-cinnamoylimidazole,

wavelength: _ a) In the former, the N-trans-cinnamoyl-
imidazole concantration was :ln excess, and after

~ acylation, the excess N-trans-cin.namoylimidazole was

hydrolyzed. The amide was then extracted into chloroform
and the ultraviolet absorption of this solution was g S

measured at a suitable wavelength (usually at maximum
absorption). The reaction kinetics followed a pseudo-
- first-order equation in all cases for the first two or

three half-life periods, the data yielding a straight line ' - *

~when plotted as log (Io-ry)/ o Vvs. time, where [, is the

the iner cent recovery of cinnamamide at time t. Some

typical plots for g—propylamine, allylamine, diothyla.mine,'

and dibenzylamine are shown in Figure 10.
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Figure 10.-

~ Time(hr)

- First-order plots for the formation of - '
~ N-substituted c¢innamamides in acetonitrile.

From top to bottom: N,N-dibenzyl cinnamamidej;

¢ N,N-diethyl cinnamamide; N-p-phenethyl
.. cinnamamide; N-allyl cinnamamide; N-propyl
" oilnnamamide. . .. oo
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In the presence of added trans-cinnamic acid, a

non-linear first-order plot was obtained as shown in

Figure 11, trans-Cinnamic acid appears to catalyze the st

acylation. Similar effects were observed with benzoic
acid and acetic acid (Figure 12).
b) In the second method, the amine was in excess,
- and the disappearance of NeEQQQQQcinnamoylimidazole was
followed at 310 mp spectrophotometrically. The results
| ijndicate that the acylation kinetics depend on the

attacking nucleophile. For example, Figure 13 shows that

the reaction is first-order with respect to the N-trans-

cinnamoylimidazole. Variation in amine concentration led o2

to a change in the first-order rate constant that was not .

directly proportional to the change in the amine .

concentration. However, a linear relationship was

~ obtained if the apparent first-order rate constant divided s

by the amine concentration, k_, /[n-BuNH,], was plotted

obs

against the amine concentration, [n-BuNH,l, as shown in

Figure 14, indicating that a term second-order in amine

was included. It is possible that this second-order term =
in n-butylamine is due to the general base-catalysis of Rl

the addition of n-butylamine to the carbonyl carbon.
Fiéurea 15 and 16 show the first:brdéf plots of
acylation of sec-butylamine.and piperidine by N-trans-
cinnamoylimidazole in acetonitrile, resPectively.
.Apparently, an initial fast reaction occurred, rollowed
by a slow pseudo-first-order reaction in both cases,

.



o010 20 30 40
ot Time(min)

Figure 11, First-order plots of N-butyl cinnamamide

formation catalyzed by trans-cinnamic acid. _:_".

From £0p to bottom: trans-cinnamic acid added; none; -
0.53 umoles; 1.06 umoles; 2.24 umoles; 3.17 umoles.

-
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suggesting that an intermediate is formed. However,

ijsobutylamine behaves in a different fashion as shown in

Figure 17. The rate increases as the reaction proceeds,
then approaches pseudo-first-order kinetics when the

| amine concentration is high. |

_ Since pseudo-rirst-order kinetics could be achieved
for the acylation of n-butylamine by N-trans-cinnamoyl-

' imidazole in acetonitrile, its reaction mechanism was |

further studied. Figure 18 shows the first-order plots I? ]'r

for the acylation of n-butylamine by N-trans-cinnamoyl-

imidazole in the presence of various amounts of trans-

cinnamic acid. The kinetic data are given in Table XXII.

D. irans-Cinnamoyl Perchlorate

-

In view of the hazards associated with many Organic'”.*'“°‘

perchlorates (119), no attempt has been made to isolate

trans-cinnamoyl perchlorate. However, the reagent can

easily be prepared by the addition of trans-cinnamoyl ;_: '"

chloride to a solution of silver perchlorate in
acetonitrile.
Ethanol was the only alcohol subjected to the

analysis by using this reagent and the per cent purity _-_ ."

of ethanol turns out to be 98.2% (standard deviation

0.97%) with a sample size of approxiﬁately'zlpmoles. Jaussptin s ot

Since the analysis involved a tedious chromatographié

Separation, an extraction technique was applied for the

analysis of n-butylamine. Nevertheless, satisfactory

results were not obtained, and the reagent was sbandoned.

i
|
;'_l
.4
i

|
-
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E. trans-Cinnamoyl-§-chymotrypsin

The reagent was freshly prepared by mixing equimolar ff_”¢"

quantity of N-trans-cinnamoylimidazole (in acetonitrile)'ﬂ.ﬁ.

and a-chymotrypsin (in phosphate buffer, pH 8.02); then

an aqueous solution of amine sample (p-butylamine or

‘morpholine), containing approximately 1 pmole per ml, was

added. No amide was formed in any case studied (even
though the amine sample was'increased to about 320

pmoles), indicating that the competing water hydrolysis 2t

is dominant, <. -

F




IV, DISCUSSION

A, Validity of the Analytical Methods
(1) trans-Cinnamic anhydride method.

tfans-Cinnamic anhydride has been successfully
used as an acylating agent for the determination of

primary and secondary aliphatic amines. The method is

simple and sensitive, being suitable for the determination f_=;.b“

of amine samples.in the 1-5 pmole range. Larger samples
can be easily handléd by dilution. Someﬁhat émaller i
samples could be analyzed by incréasing the cell patﬁ
length, but of course, this results also in an increased e
blank absorption. With the procedure as described, the _:
blank absorbance Ab should fall in the range of |
0.02-0.04, | s iy

The acylatioﬁ feaction is extfemely rapid for most
amines. A reaction time of about tﬁo minutes should
suffice for complete acylation unless the amine is
‘stericaliy hindered. Prolongation of the reaction time -

appears to be without deleterious effect, and times of

15-60 minutes have been used successfully. The time A,» 1;;”wu:

required for hydrolysis of excess reagent'is-very short, S

and the ten minutes allotted in the detailed procedure

may seem excessive. It normally is so, but occasionally Y F

it happens that upoﬁ addition of the aqueous alkali some
of the reagent comes out of solutionj; thbn-its hydrolysia

..'f.-85--}




rate is controlled by its rate of dissolution. The

. prolonged hydrolysis time is therefore recommended for..
safety, but it may not usually be necessary. The

maximum acylation reaction time is readily calculated ff”V'“*ﬂf'

with data in Table XII and the rate equation, which is
rate = szanhydride][amine]; The initial anhydride
concentration in the analytical procedure is about

0.009 M, While this is not always & large excess over

the amine concentration, it often will be, and it will be

assumed that pseudo-first-order conditions applied. Then, '

roughly, taking n-butylamine as an example,

Kypg = (158.3 M1gec~1)(0.009 M) = 1.42 sec™>, 80

tﬁ = 0, 693/1:obs = 0.5 sec. Reaction is essentially
complete—=i.e., 99.9%--in ten half-lives, or about five

seconds. A considerable latitude is then granted to allow f;;f7
~ for thorough mixing of the solutions, as well as for the

expected rate decrease 1if the anhydride concentration
. decreases significantly during reaction. A tertiary
aliphatic amineg‘tri-gpbutylamine;'is included in the

reaction mixture primarily because it seems to result in

more reproducible blank values; the original reason for ~E e

including it had been to ensure that the reaction
equilibbium'ié completely displaced in favor of the
products. </ |

No interferende is observed from water and methanol.'_-"

Evzdently, the amine is 80 much more powerful a “
nncleophile than ia water that its.rate of acylatian |

)

CRRY: i -
T




87 1

permits the amide to be.quantitatively formed before the
reagent is hydrolyzed. Alcohols might be expected to
interfere in two ways: they cén consume reagent, and
they produce cinnamate esters, which are extractable into
chloroform. No interference is observed, however, if the
hydrolysis time in the alkali is increased to permit
preferential hydrolysis of the ester. This is possible
because of the much greater susceptibility of esters,
compared with amides, to alkaline hydrolysis. Thus the
second-order rate constant for alkaline hydrolysis of
methylcinnamate (84) is 0.0618 H”lsec'l, while for
N-butylcinnamamide this constant is approximately
2 x 107 Mlgect. | |
Predetermined molar.absorptivities,‘rather than
concurrently established working curves, are.employed in
the calculation. This can be done because the reaction

system is sufficiently well understood and controlled

that empirlcal corrections do ‘not have to be applied to i

'compensate for systematlc errors. This may be considered N

an unusual and important fegture of the method.

p,p'~Disubstituted ciﬁnamic anhydrides also gave f€f f gf'”

satisfactory results, exnept for p,p'~dichlorocinnamic

anhydride, which gave low recoveries. This may be due to k=

its low solubility in acetonitrile. Some selectivity
could be'obtained, however, by choosing a suitable .
~acylating agent. For example, with p,p'-dimethoxycinnamic

anhydride, the ultraviolet absorption measurement could be <

l: 1
i
-
= |
!
{
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made at 305 mu instead of 274 m1, :
The direct spectrophotomebric titration of aliphatic

amine with trans—cinhamic anhydride is a simple technique

applicable to small samples. Titration of * 20 pmole
samples (corresponding to 8 x 10°% M in the-titration
solution) gives standard deviations usually in the range
of 0.5-2,0%. Reduction of the sample size td 5 pmole
(2 x 1074 M) is feasible, with some loss in precision.

The total titration time ranges from 15 minutes (for the -

highly reactive piperidine) to 70 minutes (for the very
 slow benzylamine); for most amines a titration takes
~about 25 minutes. In an_effoét to reduce thia time,

- several substances were tested as catalystsﬁl Perchlorid
acid appears to catalyze thé-reaction, but it seems to
lead to a.reaction beﬁweenjanhydride and the solvent.
Trichloroacetic acid, diphenylphosphate, and pyridine
(Table XXIII) did not give useful é:atalytic effects, and

indeed, diphenylphosphate reduces the reaction rate

 markedly, Reaction in dioxane is much slower than in - S

acetonitrile.

Some selectivity is achieved because of differences 1  Q,ﬂ;,-

in rates of acylation. Thus n-butylamine could be -
titrated’in the presence of an equal quantity of tert-
butylamine without interference. A 10-fold excess of
aniline did not significantly interfere in the titration
of n-butylamine, Similarly, a 4000-fold excess of

methanol caused no interference. Some reaction of these




Table XXIIT

Effect of Pyridine on the Acylation of p-Hexylamine With S

trang-Cinnamic Anhydride in Acetonitrile at 25°C*

[Pyridine] (M) 16§ko‘bsb (sec™)
: o} ' ,’5 _.¢_ _ 1.39 ‘.
465 x 2076 e
233x1000 1
- 9.30 x 107% | 1.44
6.97 x 1070 1,48

- 8The rate of reaction was followed by the

disappearance of trans-cinnamic anhydride S

- at 305 mp.

- PIp oa11 cases, pseudo-first—order kinetics
were obtained. _ .

potential interfering substances with excess of reagent
does of course occur after the end-point, and the proper

absorbance reading was obtained by extrapolating the

absorbance back to the time of titrant addition. Water ii"'”

interferes significantly.

- (2) trang-Cinnamoyl chloride method.
Acid chlorides are commonly used for synthetic
acylatlons, but are less often applied in quantitative

work because their solutions are not very stable.

Although Olson and Feldman (47) used acetyl chloride for e

the deternination-or nmines, it has no advantages over
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acetic anhydride. There is serious interference if water

is present iﬁ the samples,_an@ with primary amines the
acid chlorides may even form the diacyl derivatives
under relatively mild-conditions (121). Generally,
however, the formation of dlacyl derivatives is not a -
 gerious problem since in many cases the conversion of

these compounds to the monoacyl derzvatlves can be

easily accomplished by partial hydrolysis. The analytical e

data show slightly lower results (94-98%) for the
cinnamoyl chloride method developed here (Table XV) than

those obtained from the pyridine-catalyzed acetylation e

method. These low per cent recoveries cannot be
attributed to the hydrolysis of cinnamanilides in
 alkaline medium, because cinnamanilides can be
quantitatively recovered as shown in Table XVI..-The |
. method is about 20 times as sensitive as the écetic |

anhydride method developed by Reynolds, et al. (24)

Nevertheless, it shows lower sensitivity if compared with ;. ;.,

the Bratton-Marshall coupling method (33), which is
 specific for the determination of primary aromatic |

amines, and which has an accuracy of about 2% (3, 38).

The molar absorﬁtivity for the azo djes fall in the range
. of 4.70 x 10% %o 5.50 x 10% (35, 36), while cinnamanilides

have € . 2.10 x 10* to 3.0 x 10% in chloroform,

suggesting that twice the sensitivity could be expected
for the Brattonpnarshall'couplins method. However,.its
applicability can be somewhat reduced by the complexity




of the coupling reaction. Dux, et al. (35) found that the

intensity of the color of the azo dye depends upon the
pH of the solution. Turner (37) found that, although )
4-coupling predominates with O -naphthylamine, some

2-coupling occurs and the reaction mixture often yields

" small amounts of other colored products. If the Bratton- &S

Marshall reagent similarly undergoes coupling to give a

mixture of 4— and 2-coupling products, this might lead to i

variations in reproducibility and sensitivity, depending
upon the reaction conditions. The c¢innamoyl chloride _
method may find application in cases where the Bratton- o
Marshali coupling method cannot be applied, that is, for

p-substituted anilines and some secondary aromatic amines. jjﬁ;.=“

(3) Nfgggggrcinnamoylimidazo1e.method.

The practical usefulness of N-trans-cinnamoyl- i
. imidazole as an acylating agent is reduced by its
slowness and incompleteness of reaction and the poor -
reproducibility (Table XVII). The incomplete reaction
can be accounﬁed for in terms of an equilibrium limiting
process and also the presence of a side reaction, namely,

addition of amine across the double bond of N-trans-

cinnamqylimidazole_(this addition does not occur to - :‘2-3*“

N-alkylcinnamamides, the main product.) Although the

acylation reaction is relatively slow, the conditions for

acylation are rather mild, which contributes a certain
level of selectivity to the method. Thus, gphaxylamine




could be determined in the presence of about 20%% of

di-n-hexylamine or tert-butylamine, where the steric
effect may be responsible for the specificity. About _
50%® of sniline did not cause significant interference in

the analysis of @-phenethylamine, because aromatic amines ]

" are much weaker bases than aliphatic amines. Similarly, - 4

a ten-fold excess of n-propanol and & five-fold excess of

f-phenethylalcohol did no¥ aignzficantly interfere in the T

determination of n-hexylamine and @} -phenethylamine,
respectively. The high per cent recovery of @ -phenethyl-
amine when the ratio of alcohol to amine is increased up - ;
to 10.4 can be ascribed to the insufficient hydrolysis

of the corresponding ester formed in the system. '

Therefore, an increase in hydrolysis time for the analysis s

is recommended when the ratio is high.

B. Structural Effects on React1v1tz

Acylation reactions are polar reactions, in which an  -5

£

electron—pich species attacks an electron~-deficient site.
Obviously, the rate of reaction is strongly influenced by
the structural effects within the reactants. These |
structural effects may be polar (or inductive) effects,
resonance effects, and steric effects; and the manner in .i
which these effects will influence reactivity is dependent
upon the reaction mechanism. In considering the |

8Based on lOQ% of test'amine.:_ 3Q?f

N
e -_.-';'
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structural.effects on reactivity, it is convenient to
divide the discﬁssion into two'parts; namely, structural
effects on the acylating agent and on the nucleophile.
- (1) Acylating agent.
_ An acylating agent, RCOX, acts as an electrophilic
entity, and the site of attack is at the carbonyl carbon '
atom. This is-undoubfedly partly due to the electron |

displacement in the direction indicated as follows (V), .

d-
Qo
R-C=X
it
)

For acylation to occur, the group X must be
displaced. Clearly, one important factor governing the
effectiveness of an acylating agent is the nature and
~ strength of the C-X bond. It will 59 seen that; in
general, the greater the approach of C-X to the structure
c*X~, the more reactive the acylating agent will be, and
~ thus less selective. Another way to view this is in '
terms of the stability of the leaving group, X .
Therefore, the expected order of reactivity of the
acylating agents is trans-cinnamoyl perchlorate >
trans-cinnamoyl chloride ) trans-cinnamic anhydride )
N-trans-cinnamoylimidazole. | _ i

| The problem of a quantitative evaluation of the
effect of various substituents on the reactivity of




molecules has interested chemists for many years. For
simplicity, consider a substituent that only exerts its
influence by donating or withdrawing electrons. This

restriction means that the aubstituent~must not be Bo?

close to the reaction site'that it sterically interferes -

' with the progress of the reaction. Figure 19 shows a
Hammett-type plot, a plot of the logarithm of the
second-order acylation rate constants, log k,, against

Oi_for several p,p'-disubstituted cinnamic anhydrides.

The slopes of these lines are essentially the same, with

P = 2, indicating that the effects of the para-substi-
tuents are due only to the polar effects. The greater
" the electron donating effect of the substituent, the =
~ greater the decrease in the rate of acylation. |

- (2) Nucleophiles.

The ease with which many amines_reéct with.‘ 5
acylating agents ﬁay often be related to the greater !
basicity (really the nucleophilicity) of nitrogen
compounds compared with those of oxygen. Nevertheless,

comparisons of this sort should be made with care,

because the nucleophilicity of the substance that reacts ey

with the acylating’agént is of greater importancé than

its'basicity. In general, when a series of related

nitrogen bases is being compared, it is permissible to i

use basicity as a measure of nucleophilicity, but it is
o A : -
possible that the order in basicity may vary with the

Bolvent.'.;

i 5
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Figure 20 is a plot of the logarithm of the second-

order cinnamoylation rate constants (anhydride), log kz,"'

against the aqueous pKgq valuesfor the conjugate acids of
‘the amines. The primary amines without a ®- or
@-substituent fall on a straight line with a slope of
0.78 and the secondary amines fall on another straight
~line with a aloﬁe of 1.91, (this is formally analogous
to a Brénsted type plot (122,123)), illustrating that
the greater the basicity of the amine, the greater the
rate of acylation. This empirical relationship then
pernits an estimate or k2 to be made for other aliphatic
amines, and thus allows prediction of feasibility of
. analysis. For example, it is apparent that a typical
primary amine with pKa greater than about 8 should be
susceptible to analysis by this method. On the other
hand, aromatic amines are ﬁoo weaklylbasic to be |
quantitatively acylated by trans-cinnamic anhydride; o
thus aniline (pK, 4.63) gave only 7.9% conversion to '
cinnemsnilide with a reaction time of 60 minutes.

The dev;ations from the 1ine in Figure 20 are
interesting.E The amines whosé pointslfall below the
line have bulky substituents on the n;trogen ‘atom, and |

the negatlve deviation in ﬁate (relative to the line)

may be ascribed to steric hindrance. The two secondary -

amines lying above the line, piperidine and morpholine,
‘are alicyclic; their behavior suggests that they are much

more nucléophilic than their basicity constants would
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indicate. TFedor, et al. (124) studied the reactions of

phenylacetate with aziridine (VI) and 3,3-disubstituted
azetidine (VII) in water and rationalized that the . |
enhanced nucleophilicity of the cyclic amines is -
attributed to CLN—C bond angle constraint. _ ”-

R Ra

(vz) : - | (VII)

' C. Cinnamoylation Kinetics and Their Application

Numerous analytical techniques for the identification__-:'
and determination of closely related compounds are based - '

upon the difference of reaction rates of the components - P

with a common reagent, provided that the reactions follow

simple kinetics. Complicated kinetics are undesirabla,' 

because the reactions are usually not easily controlled.'“
As far as the acylation or'aliphatic'ﬁmines with

_ trans-cinnamic anhydride is concerned, the reaction

follows overall second-order kinetics, i.e., rirst-ordei

with respect to the anhydride and first-order with

respéct/to the amine. The kinetic data given in Table

XII show that the cinnamoylation rate constant is a very

discriminating criterion of identity, the maximum range
in relative rate being about 10%. (Aromatic amines are




rate constant alone would permit one to identify most of ,f".

the amines listed. By taking both boiling point and rate

constant, positive identification could be made of every

 amine studied, except perhaps diethylamine and

-allylaminé (and these can be distinguished by their pKa' 3 _-'

values).

The reaction kinetics between N-trans-cinnamoyl-
imidazole and aliphatic amines show much more complicated
behavior than was expected. It is found that the

reaction is catalyzed by trans-cinnamic acida; the amide'_-“

formation is not only faster, but the per cent yield of

the amide is also increased. Two reasonable mechanisms -

may be proposed for this catalytic effect (I). itrans-

Cinnamic acid acts as a general acid to facilitate the

attack of the amine molecule on the carbonyl carbon, :

MY o iE i Ry
BRI H_o-'c':-CH=CHO " pe try
- GH=CH-5—N”§§N "-_ {_ﬂfl . Scheme I

t RNH,

8Fpee carboxylic acids can sometimes be used for making

amides. It is usually necessary to use vigorous conditions =

to promote the amide formation. However, no amide is

' formed from trans-cinnamic acid and n-butylamine under our

experimental conditions. Certain acids and amines form
amides in mild conditions. See the series of papers by
T' Hisuchij ﬂ ﬂ_' (57‘66’120)0 S o e i

¥
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much less reactive than aliphatic amines), In fact, this
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or (II). It reacts with trans-cinnamoylimidazole to form

an intermediate, trans-cinnamic anhydride, which e _:";ff<7j

possesses greater reactivity.

Qa0 e i
SN ( CHCHC0),0 + NZ°NH - i N
2 - ke
cnacnyco-n’q*N - E;:] b= R - Y
B | RNH, " Scheme IT b

2 : .’_ > ; . s

| ]
E::JCH=CHCONHR + E::]CH=CHCOOH R T
| RS : FRESE LR
Since the kinetic studies were carried out in |
acetonitrile, it is believed that the catalysis is mainly
due to the participation of the undissociated trans-

cinnamic acid. It is also found that p-nitrocinnamic

acid (as well as acetic and benzoic acids) catalyze the

reaction between N-trans-clnnamoylimldazo1e and
n—butylamlne. If the anhydride intermediate mechanism
is correct, a mixed anhydride (VIII) should be formed.

v - i

g gt e
N E::JGH_GH-G-O-C-CH=03TfijL- el R W B

R U VEED) e T R e

ol

The attack of an amine molecule on the carbonyl carbon 5
of the g-nltroclnnamoyl group would be much more

favorable due to the electron withdrawing effect of the _fﬁ*"'




g

a/'.' .

101 -
' grnitro.group. Therefore, a spectrai difference in the
product would undoubtedly be anticipated because of e ‘Cf
formaﬁion of some p-nitrocinnamamide. Figure 21 shows |
the ultraviolet_épectra of the final solution for the | |
ana;fsis of n-butylamine with N-trans-cinnamoylimidazole nE i-:'“fl
in the praéanqe'or prnitrocinhamic-acid. Apparently, as

increasing absorption is observed in the :egion.from

350-320 mp, which is not observed if the acylation

reaction is carried out in the absence of p-nitrocinnamic

'acid. It is, therefore, reasonable to suspect that this

incre#sing absorption comes from N-butyl-p-nitro- -  'é
cinnamamide, which has a m;ximﬁm absorption at 310 mp |

with a molar absorptivity of 2.2 x 10%
(Figure 22). This spectral change is further verified
by taking the ultraviolet épectra.or N-butylcinnamamide

in chloroform

in the presence of N-butyl-p-nitrocinnamamide in
chloroform as shown in Figure 23. The product ratio can
then be estimatéd from.the ahsarbance in region of
'330-320 ma end 274 mp; from Figure 21, it is found that
approximately 82% of n—butylamine is converted to
N-butylcinnamamide while 6% is converted to N-butyl-p-
nitroclnnamamide. -. | | '
A tentative reaction mechaniam for the acylation of
ndbutylamine by trans-cinnamoylimidazole in acetonitrile

may be written as followa. =

v
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e kq_[GIm] (RNE, 12 + k5[CIm] [RNE,I[C] +  (9)

k6[CIm] [RNH2] [cl + k7[CIm] [Cl -k 7[0.&11] [Im]

It is known thaf the reaction between trans-cinnamic
| anhydride and n-butylamine occurs sufficiently rapidly'_
(Table XII) so that the concentration of CAn is very

: 4

//'. e
OIm + RNH, ——= peln (1
~ CIm + 2 RNH, L__L p+In+BNE, (2
- CIn + RNE, ——kL- pY B s (3) &
. CIm + 2RNH, —_—t s RNHzl'I_ .j'; . @)
CIm + RNH, + C 5. p+Im+C . ”~(_5)_""'
~CIm + RNH, +c'---§-=- p* +C LT (e
CIm + C ==91La- Cin + Im ; | o (7) ' &
CAn + mma"'_"_s_- p+c (®
Here, CIm represents Nﬁgggggéginnamoylimidazole and ;
C, trans-cinnamic acid; CAn is the intermediate, trans- S i
cinnamic anhyﬁride, and Im? imidazole; p represents the by D "Hq
corresponding cinnamamide, and p', the product obtained : 'é
from the addition of amine across the double bond; 'é
kl to kg are the rate constants for the eight processés ﬁ
listed above. _ _ : _ M
| Since the reaction was followed by.the disappearance ;3 ; ; '§’
of CIm,F.' s : : : i  ;{
- aleinl xltczm] (RNE,] + ké[CIm] (RNE,12 + k5[CIm] (RN,
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small, and the steady-state treatment can therefore be

applied. The steady-state expression for [CAn] is

R £ i
.

G5 = kylOTml[0) - k_p(CAn](In] - kg(CAnI(RNE,] = 0

k7[CIm] el

or
| | (CAn] = . e (10)
n ElTul + kglRNET -

Insertion of equation 10 in equation 9 gives, after %
| rearrangement,_" i SR Ry '
-Q@_ = kg lcml - (1)

where
Kops = (ky + ky)[RNH,] > (kz + k4)[R1§1H2] ERE S
S i ' (12)
+ a(ks + k) (RN, k) - 7,[:cmj T Eg[RNE,I }" (el
Here, it is convenient to consider two special cases by i
manipulating the experimental conditions. - : e ! ]
| Case 1. In the absence of added trans-cinnamic g
ec:.d, ECJ = 0 equat:.on 12 therefore becomes- |
. ko-bs - (kl 4_- k§)_£m21 + (1:2 + 1:4) (RVERIT - (%)

-[ﬁ% = Gy v k) ¢+ G+ RPIANE] ()




The apparent rate constant divided by;émine concentration, G

obs/[RNH2] now varies linearly with the concentration

of the substrate, [RNH,), i.e., & plot of k.
against [RNH,] will give ‘& straight line with an |
intercept of (k, + k5) and a slope of (k2 +k,). This
. relationship is demonstrated in Figure 14, giving an
intercept of 1.80 x 10~ 5 M'lsec ; and a slope of

6.35 x 102 M2gec™t, |

Case 2. In the presence of added trans-cinnamic
| 1

scid, Since KglE] » k_gliad (i = 158.5 wlsecl;

k o = 9.27 x 10~ 2 M1lgec™t and [RNH, 7 » [Iml under
. expermental cond.itiona) and if kg (RNE, 1> k,?k .7[ImJ

(actually this is the case under experimental conditions), el

it follows that

g QA
Equatlon 12 thererore approximates to

. :

oba (kl * k3)[mm T+ (ky + k4)[RNH 12

{(k ks)[mm] +k7] [cl

This equation suggests a linear relationship between the ”_  :5:

apparent first-order rate constant, kobs’ and the {- _
concentration of trang~-cinnamic acid, [Cl. As shown in

.Figure 24; the plots are linear. The values of the _*
intercepts and slopes are sﬁmmarized in Table XXIV,

/e

ARSI I
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10

2 4 - 6 8

obs vS. trans-clnnamic acia

' [CoH,CH=CHCOOH] (MxI0°)

Plots of k
 concentration at various concentrations of .
**T n-butylamines From top to bottom:

~ n-butylamine 3. 277 x 107% s 2.751 x 10~ -1 M;

10

. 2,340 x 107 M; 1. 952 x 10 1 M; 1.507 x 107 -1y

1,099 x 1071 n s
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Table XXIV |

IE_BuNHEE_n 10> Intercept® (sec™h) Slope” (lsec™™)

1,09 x10°* . ‘o.815 . l.08%
1.507 x 10-t : _:; ':1.492’ . _¢_'3J’  ' .-1;555 “ 
1952 x 107 244 1515
2,340 x 2071 3.537 o 1.489
ams1x 07l sssl 1M
semx 107t 65 2.232

~ 8The values are obtained by least-square treatment.

Since intercept = (i) + kz)[RNH,) + (i + k) [RNE,IZ

a plot of the intercept divided by amine concentration,

Intercept/[RNH2]5 vs. amine concentration, [BNHal, will be

a straight line with an intercept equal to (k; + k;) and

~ a slope equa17to (k2 + k4) Figure 25 demonstrates this

relatlonship, giving an intercept of 7.77 x 10 sec
and a slope of 6.08 x 10™ H‘esec .

Similarly, from equatian 15, slopa = k7

: (k + k) [RNH, 1, suggesting. that there exists a linear

relationship between the sloPe and the amine concentray _
tion., This plot as shown in Figure 26 gives an intercept
of 5.74 x 10™t Mflsec -1l and a slope of 4.80 M lsec™t. |
‘The kinetic data, obtained from the above treatment
and summarized in Table XXV indicate that the general
acld-catalyzed nucleophilic reactlons (k + k6) general

~# irlsect s

L IS L BTN ORI SEI-NE .
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Pable XXV

? Kinetic Data for the Acylation of p-Butylamine with
' N-trans-Cinnamoylimidazole in Acetonitrile at 25°C

; ky, + k3: 1.8 x 10~2 H'lsec"l 7.77 x 10~ H"lsec'l

k2 + Kyt 56435 X 10° 2 M 2gec™1; 6.08 x 10"2 M2sec™t
| + ksa 4.80 M2gec™t it | |
| k7 5.7 x 107t M tgec™t
Tk 9 & 9.27 x 1072 M1gect
kg™ 158.3%0:4 M tsec™t

8obtained from independent study.

base~-catalyzed nucleophilic reactions (k2 + k4), and the

 anhydride intermediate mechanism (k. and kg) are of

importance. The uncatalyzed nucleophilic reactions,

(kl and k3), can be considered insignificant as compared | s

to all other reactions. k_p and kg were obtained from -
. independent studies of the reactions between trans-

cinnamic anhydride and imidazole, and amines. Although'”:' :
" not all the individual rate constants could be resolved B |

- from the above treatment, some features of the reaction
mechanism appeared to be clear. The kinetiéa of the
reactions between N—trans-cinnamoylimidazole and
i-butylamine, sec-butylamine, and piperidine behave ﬂ'
differently from that of nwbutylamine. In all cases

atudied, 2o pseudo-firat-order kinetics was obtained by e




us -

followiﬁg the disappearance of N-trans-cinnamoyl-
imidazole at 310 mp (Figures 15, 16 and 17), suggesting
 that different mechanisms may be operating. These

systems are not understood.




v. SUHﬁARY
| Several acylating ageﬁts, possessing the trans-‘
cinnamoyl function (€ .~ 2.2 x 10* for most compounds  j

containing this function), namely, trans-clnnamic

anhydride, 2,3}-dlsubstituted—trans-cinnamlc anhydrides, o

trans—cinnamoyl chloride, and N-trans-cinnamoyl- |
imidazole, have been used for the micro-determination of
primary and secondary amines by acylation. The method
is based upon the conversion of amines to the R
corresponding N-substituted cinnamamides. After ;
acylation of the amine in acetonitrile solution, the .
excess reagent is hydrolyzed, the amide is extraoted
'-into chloroform, and the amzde is measured spectro-
photometrically. The method is sensitive, being
applicable to_amine samples in the 1-5 pmoie range. ]  
The validity of the analytical method, including |

sensitivity, selectivity, and interferences, is discussed. i

' trans-Cinnamoyl perchlorate and trans-cinnamoyl-o-

chymotrypsin have also been investigated as potential
acylating agents. The analytical results for these

reagents, however, were unsatisfactory and the feasents‘-fjuiffiT 

were abandoned.

The difference in spectral properties between

trans-cinnamic anhydride end N-substituted cinnamamides .

provides a aimple method or spectrophotomstric titration |

7f 2116= i
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~ of aliphatic amines with u-_a_ng-cimmc anhydride. Its
principal advantagee are its'seneitivity and, in part, S
- its selectivity. | | | | _ 21

| The kinetics of the ecylation'reaction Eetween
trans-cinnamic anhydride (or its p,p'-disubstituted

derivatives) and aliphatic amines follow over-all

second-order kinetics, that is, first-order with respect i

to the anhydride and flrst-order with respect to the
~amine. It is found that thle clnnamoylation rate

. constant is a very discriminating criterion of ~identity,

- the maximum range in relative rate being about 104 for

the twenty-six aliphatic amines studied. This offers an
approach to the characterization of aliphatmc amines

(primary and secondary) because of the marked seneztivzty

of the reaction rate to structure of the reactents. "The ﬂri s

gsecond-order cinnamoylation rate constants were further

correlated with the aqueous pKy values for the conjugate “-!{_31

acids of the amines; in general,'the cinnamoylation rate e'
constants are in parallel with the basicities of the

.. amines. Sterically hindered amines react more slowly

than would be anticipated from their basicity constants
while alieylic amines react much faster. | i
" The kinetics of the acylation reaction between
N-trans-cinnamoylimidazole and aliphatic amlnes, however,
show much more complicated behavior than was expected. '
'It is believed that a side reaction, addition of amine
across the d,P-unsaturated linkage, occurs._ A kinetic

/( i K ARECSRS. B 317 ;;e,ee:?'
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| scheme has been developed for the acylation of =3

n-butylamine with N—trans-cinnamoylimidazo1e, which _’: _'Lf:gﬁ-::. 'fé
- accords well with the experlmental results._ Several S Bl |

other amines, in thia system, give more complicated ;_g'

-kinetica.

. - -




; SRR | | | e
% VI, BIBLIOGRAPHY R )

1. E. F. Hillembrand, Jr., and C. A. Pentz, Opgenic |
7" Analysis, 3, 129 (1956). ’ A

2., F. E., Critchfield, "Organic Functional Group J!u:uatil.ys:l.sx,".-'_‘_'-'.--.-':i
: Macmillan Co.,. New York, 1963. -

' 3..:5- Siggia, "Quantitative Organlc Analysis via _iff f?‘Pj 
R Functional Groups," 3rd ed., Wiley, New York, 1963. FR R

4, N. D. Cheronis and T. S. Ma, "Organic Functional Group :[3? :
L Analysis by Micro and Semlmlcro Methods," Interscience,
New York, 1964,

: 5. M, R, P, Ashworth, "Titrimetric_Organic Ana1y51a
e Part I (1964), Part IT (1965), Interscience, New Yoﬁk._

. 6+ K. Whetsel, W, E, Roberson, and M. W. Krell, Anal.
~ Chem., 29, 1006 (1957). _

9. K. Whetsel, W, E, Roberson, snd M. W, Krell, Anal.
- Chem., 30, 1594 (1958). |

‘8. F. H. Cobmen and V. E. Norteman, Anal. Chem., .
23, 707 (1963) . : : A0

9. A. J. Milun, Anal. Chem., 29, 1502 (1957).

10, F, E. Critchfield and J. B. Johnson, Anal. Chem.,"'   ' ; i§f
T 28, 436 (1956). ) St

11, Y, I, Liu end C. A Reynolds, inal Chen., zg,
T (1962).

" 12. E. N. Deeb, Drug Standards, 22, 194 (1954).
13. E. N. Deeb, Drug Standards, 26, 175 (1958).
14, P. Mukerjee, Anal. Chem., 28, 870 (1956).

© 15. A. Mukerjee and P. Mukerjee Je Agplied Chem. e
- 12, 127 21962) T ? e

16, A. J. Milun and J. P. Nelson, Anal. Chem.,,z_, 1655 A
T (1959). - . S

'17. R. M, Silverstein, Anal, Chem., 25, 154 (1963)

18, H. M. Hershenson and D. N. Hume, Anal. Chem.,
_Ea 16 (1957) i e e




9.

20. -

21,

22.

24,

25.

- 26.

27.

28,

3L,

- 33,

55.

'.36;

' Chem., 27, 1290 (1955)
30,

~ G. R. Umbreit, Anal. Chem., 33, 1572 (1961).

I. M. Citron and A. Mills, Anal. Chem., 36, 208
(1964).

G. H, Schenk, P. warner, and V. Bazzelle, Anal, Chem.,“.f'*
28, 907 (1966).

S. Sass, J. J. Kaufman A. A, Cardenas, and J. J.
Martin, Anal. Chem., jé, 529 (1958). .

A. Wu and W. T. Smith, Jr., Anal. Chem., &g 1578
(1968).

C. A. Reynolds, F. H, Walker, and E, Cochran, Anal.
Chem., 22, 985 (1960)

F. C. Mcintire, L. M. Clements, and IM. Sproull Anal.

Chem., 25, 1757 (1953)..

B. J. Camp and J. A, More, J. Am. Pharm. Assoc., Sci.  f°'*'
Ed., 49, 158 (1960). _ .

T. D. Shaw, and A. B. Ray, Anal. ohem,, et

J. T. Steward
41, 360 (1969).

E, Lyones, dJ. Am. Pharm. Assoc., Sci. Ed., 21, 224

(1932).

D. H. Rosenblatt, P. Hlinka, and J. Epsteln, Anal.

M, E. Auerbach, Drug Standards, 20, 165 (1952).

T, Feigl, "Spot Tests in Organic Analysis," Elsevier,

Amsterdam, 1960, 6th edition, p.314%.

D. E. Johnson, H. B. Nunn, and S. Bruckensteln, Ansl., "

Chem., 40, 368 (1968).

A. C. Bratton and E. K. Marshall, Jr., J. Biol. Chem-’t: iT

128, 537 (1939).

F..J. Bandelin and C. R. Kemp, Ind. Eng. Chem., Anal;;ij_ff'

Ed., 18, 470 (1946).

7 J. P. Dux and C. Rosenblum, Apel. Ghem., 21, 1524

(1949).

R, A. Kaselis, W. Liebman, V. Seanman, J. P. Sickels,

E., I. Stearns, and J. T. woods, Anal. Chem.,
1.746(19515 St e




“?

e e

R TR LT

P e e ey

37
58.
39.
40,

41,

42,

49.
>0.
51.
52.

23,

25

121
H. S. Turner, J. Chem. Soc., (1949), 2282.
F. L. English, Anal. Chem., 19, 457 (1947).

E. Sawicki, T. W. Stanley, and T. R. Hauser,
Chemist-Analyst, 48, 30 {l959).

E. Sawicki, T. W. Stanley, T. R. Hauser, W. Elbert,

and J. L. Noe, Anal. Chem., 33, 722 (1961).

G. P. Papariello and M. A. M. Janish, Anal. Chem.,

V. C. Mehlenbacher, "Organic Analysis," vol. 1,
pp.1-65, Interscience, New York, 1953.

N. K. Mathur, Talsnta, 13, 1601 (1966).

H. C. Brown and G. K. Barbaras, J. ég.;Chem. Soc.,

.25’ 6 (1955)0 /

7. Mitchell, Jr., W. Hawkins, and D. M. Smith,
J. Am. Chem. Soc., 66, 782 (1947).

E. Angelescu and N. Burbulescu, Comun. acad. rep.
populare =Romine, &, 57 (1956); Chem. Abstr.,
51, 9521 (I957).

V. R. Olson and H. B. Feldman, J. Am. Chem. S0C.,
59, 2003 (1937).

M. Pesez, Bull. soc. Chiﬁ. France, 1237 (1954);
307 (1959)7 . |

P. J. Elving and B. Warshowsky, Anal. Chem., 19, 1006
(1947). : o

G. H. Schenk, "Organic Functional Group Analysis,"
1st ed., pp. 36-7, Pergamon Press, 1968.

S. Siggia, J. G. Hanna, and R. Culmo, Anal. Chem.,
3%, 900 (1961). -

G. H. Schenk, P. Wines and C. Mojzis, Anal. Chem.,
36, 914 (1964).

' &. H. Schenk and J. S. Fritz, Anal. Chem., 32, 987

(1960).

R. Belcher, "Submicro Methods of Organic Analysis,"
Elsevier, Amsterdam, 1966.

G. Gutnikov and G. H. Schenk, Anal. Chem., 34, 1316
(1962). o :




57.
58,

59

61,

62,
32, 174 (1966); Chem. Abstr., 64, 15690g (1966).

63,

68.

~ France, 2242 (1961).
60,
Abstr., 55, 10022h (1961).

M., W. Scoggins, Anal. Chem., 36, 1152 (1964).

?. Higuchi, S. O. Eriksson, H. Uno and J, J..
Windheuser, J. Pharm. Sci., 53, 280 (1964).

D. B. Denney and M. A. Greenbaum, J. Am. Chem. §gg.,-

M. H. Loucheux and A. Banderet, Bull. soc. Chim.

L. M. Iitvinenko, D. M. Aleksandrova, and A. A.
Zhilinskaya, Ukr. Khim, Zh., 26, 476 (1960); Chem.

L. M, Litvinenko and D. M. Aleksandrova, Ukrain.

Khin, Zhup. . 20, 212 (1961); Chem. AbstE., 55, 23589

(1961).
L. M. Litvinenko and N, M., Oleinik, Ukr. Khim. Zh.,

L., M. Litvinenko and N, M. Oleinik, Kataliz i

Katalizatory, Akad. Nauk Ukr., SSR Resp. Mezhved. Sb.,

1965, 1203 Chem. Abstr., &%, 4890a 6).

S. Bruckenstein and A, Saito, J. Am. Chem. Soc.,
87, 698 (1965). ‘

J. S. Fritz and G. H. Schenk, Anal, Chem., 31, 1808
(1959)0_ b ‘ : .

T, Higuchi, A. Shah, T. Miki and A. Herd, J. Am.

 Chem. So0c., 85, 3655 (1963).

V. E. Belskii and M. I. Vinnik, Izv. Akad. Nauk,
SSSR, SeI‘. Khim.' ﬂ'_g (1964‘); Chemi-‘AbSt_:_t:o, -6_9’

145454,

V. E. Belskii and M. I. Vinnik, Izv. Akad. Nauk, - *

SSSR, Ser. Khim., 2132 (1963); Chem. Abstr.,

60, 10497v.

69.

20,

71.

1455 (1950). | s T
'?. Aung, E. A. Healy, and R. K, Murmen, Chemist- t,

A. R. Emery and V. Gold, J. Chem. Soc., 1443, 1447,

Analyst, 49, 73 (1960). | N _
J. R. Robinson, Anal. Chem., 39, 1178 (1967). -




T T SR A b Ly e A S £ RS e A e e e

125

2. T. J. Mikkelson and J. R. Robinson, J. Pharm. Sci.,
57, 1180 (1968). E—

73, Io Gazapoulos, Praktika (Akad. Athenon), _6_; 347
. (1931); Che_g. AbStI‘-, z 'Y 3204‘6.

94, A, I. Vogel, "A Textbook of Practical Organic _ s
ghgmistry," Zrd ed., D.792, D.794, Wiley, New York,

- .75, E, Puscaru, V. Zotta, Ana Serper, M. Popescu, LR !
| J. Hociung, A. Gasmet, and R. Spataru, Farmacia GeEiid
3,79, 345 (1961); Chem. Abstr., 56, 7312i.

6. R. F. Silver, K. A, Amnkerr, P, D. Frandsen, S, J. =
Kelley, H. L. Holmer, Csm. d. Chem., 45, 1001 (1967).

(Bucharest

. s
79. C. S. Rondestvedt, Jr,, and C. D. Ver Novy, J. Az. e
Chem. §_9_q. 9 22 3 q'é'?a (1955) . . = . 1

78, E. R. Andvews, M. G, Van Campen, end E. L. Schumemn, =
' J. Am. Chem. Soc., 75, 4003 (1953). | A

99, M. L. Bender, G. R, Schonbaum, and B. Zerner, J. Am.
Chem. Soc., 84, 2540 (1962). |

80. R. Adams and L, H. Ulich, J. Am. Chem. S0C., i,

\ 81. G. R. Schonbaum, B. Zerner, and M. L. Bender, J. Blol. :
|  Chem., 236, 2930 (1961). e

8. ™. C. Bruice and G. L. Schmir, J. Am. Chem. Soc.,
- 79, 1663 (1957). -

 83. G. L, Lewis and C. P. Smyth, J. Chem. Ehys., 7, 1085 fy

- g4, J. A. Mollica, Jr., and K. A. Connors, J. Am. Chem.
Soc., 89, 308 (1967). -

4 85, W. F. Seyer, M. Il Wright, and R. C. Bell; Ind. Eng. X
Chem., 31, 759 (1939). o o » 22 b

Res. Nat. Bur. Stand., 664, 179

86, R. G. Bates, J.

CQee. T T T T TR
87. R. G. Bates and V. E. Bowers, Anal. Chem., 28, 1332 |

Indicators,” The Macmillan Co., N.Y., 1937.

!

88, I. M. Kolthoff and C. Rosenblum, "Acid-Base POk e i
|



89.
90,

91.

!

P RRE s

H, Pacheco, M. Dreux and A. Beauvillain, Bull., soc.
Chim. France, 1379 (19?2)

. H, Plant and J. J. thter, _lI Am. Chem. SOG.’ . '. '—_., i 1
23, 4076 (19515, i |

Laboratoires d'Opochimiotherapie, French atent,

1,405,942 (Cl. BOlf, CO70), July 16 (1965 Chem..f".w S

".Abstr., 63, Pl477la.

.92.

93,

95

- 9.

97.

o8,
9.

100.

101.
102.

103,

104,

105.

B. A. Hunter, Iowa State Coll..Jd. Sci., 13, 225
(1941); Chem. Abstr., 36, 44757

0. K. Behrens, J. Corse, D. E. Huff, R. G, Jones,
¥, Soper d C. W, Whitehead, J Biol. Chem.,
_25, 771 (1

L. Knunyants and N, P, Gambaryan, Izvest. Akad.

Nauk, SSSR, Otdel. Khim. Nauk, 834 (1957); Chem.

-—-—-—u———---—.——-—-—l__

Zbstr., 52, 3817d.

B. Grudzinski, L. Towarz, Nauk, Wydzial, III, Acta
Chim., 8, 105 (1962) Chem. Abstr., 59, 7476&.

S.-Kushnef R. I. Cassell, J. Morton, II and J. H.
Williams, J. Org. Chem., 16, 1283 (1951).

N. H. Cromwell and J. A. Caughlan, J. Am. Chem. Soc.,
67, 903 (1945). .

D, Vérlander, Ann., 320, 66 (1901).

H, Gilman and M. Furry, J. Am. Chem. Soc., 2_, 1214
(1928).

E. ‘A Parkes, J. B. Polya and T. M., Spotswood, Rec.
trav. chim., 71, 684 (1952).

F. Sachs, Ber., 34, 186 (1901).

N. Maxim and N, Ioanid, Bull. soc. chim. Roumaina,
10, 29(1928); Chem. Abstr., 22, 4114%.

H, W. Schultz and G, A, Wiese, J. Am. Pharm. Assoc.,
Sci. Ed., 48, 750 (1959). -

/H. V. George and P. I. Ittyeraha Agra. Univ. g;_.gl

hem. Abstr.,

Research, 4, Pt.2, 551 (1955)
55, 13675e. .

A H. Blatt, Je. Am. Chem.. Soc., 55, 1135 (1951).




N e O

_'#

_ . 107.

108.

109. .

110.

11,
. Soc., 42, 802 (1965).

‘112. C. Rehm, J. I. Bodin, K. A, Connors and T. Higuchi,--
113.

114,

115.

1l1e.

- 117.

118.

119.

121,
122.

. 123.

B. P. Asthena and P.-I. Ittyerah, Agra. Univ. J.
Res., 12, 81 (1963); Chem. Abstr., 60, 7951a.

'E. A. Spirnov, J. Gen.gChem., (USSR), 10, 43 (1940); g,fiff“

Chem. Abstro’ Lg m .

K. von Auwers and M. Syfried, Ann,, 484, 178 (1930)-

Chem. Abstr., 25, 1819
K. von Auwers and H. Brink, Ann., 493, 218 (1952)

0. P. Singhal and P, I. Ittyerah, g. Ind. Chem.
Soc., 44, 448 (1967). |

0. P. Singhal and P, I. Ittyerah, J. Ind. Chem. °

Anal. Chem., 31, 483 (1959).
M. Ca Slow eand W, P. Jencks, Blochemlst s 1, 773

(1962

¢. L. Ogg, W. L. Porter, and C. O, Willits, Ind.
EI].E. chem.’ Anal. Edo’ j’ 39‘4‘ (1945).

M. Ilo Bender and R. Jo. Thomas’ E Am. Chem. soc.’ e

83, 4183 (1961).

F. E. Critchfield, G, L. Funk, and J. B. Johnson,
Anal, Chem., 28, 76 (1956).

C B. Pollard and G. C. Mattson, J. Amk Chem. S0C.,

;_H. K, Hall, Jr., J. An. Chem. Soc., 79, 5441 (1957)

J. C. Schumacher, "Perchlorates," Reinhold Pub.

~ Corp., New York, 1960.
120,

. chi and T. Miki, J. Am. Chem. Soc., 83, 3899
Ci9615e |

P. E. G. Praill, "Acylation Reactions," pp. 55=72, .

- Pergamon Press, 1965.

R. P. Bell, "The Proton in Chemistry," Gornall Univ,

Press, lthaca, N.Y., 1959, p. 155.

J. E. Leffler and E. Grunwald, "Rates and Equilibria h
of Organic Reactlona,"_wlley* New York, 1963, Pe. 243. i

| 125,;5ff*"




126

124, L. R. Fedor, T. L. Bruice, K. L. Kirk and J. Heiavald, A
T 3. Am. Chem. Soc., 88, 108 (1966). | _ sl

.- 125, A. R. Forsht and W. P, J'encks, J. Am. Chem. Soc.. SR o
ey .‘L. 2125 (1969) R I S e S ’

& ]

- e e

AT, T TR

T T T T AT

e

i AT s e o e e —




APPENDIX &

SPECTROPHOTOMETRIC DETERMINATION OF ALIPHATIC AMINES

. BY ACYLATION WITH CINNAMIC ANHYDRIDE




