If the variance is constant at each point C, a fit of In C versus time
would require weighting each point proportional to the reciprocal of the
variance, approximately C2 in the case of constant CV. With constant
variance, a zero-order plot would require no weighting.

From similar considerations, an estimate of 2 (equal to C V2 in the case
of constant CV and a first-order reaction) can be obtained from replicate
determinations of the rate constant using the formula:

Swlk ~ k)?/(n—1)

Where k,, is the weighted mean, n is the number of replications and
w is Z(¢t — t)2 (Term w is equal to k2Z(t — t)2 in the case of In k). A
shortcut formula for Zw(k — k)2 is Swk? — Sw(kw)2.

An example of some calculations for the combination ab follows. The
duplicate determinations of the rate constants were 5.86 and 8.22, and
2(t — t)2 was 0.0125 for each determination:

(1) The weighted average, k,,, = [(0.0125)5.86 + (0.0125)8.22]/(0.025
+ 0.025) = 7.04 (since the weights are equal, the weighted average equals
the ordinary arithmetic average).

(2) o2 (One degree of freedom) from the duplicates = [Zwk? —

Ew(;w)z]/(n — 1) = [(0.0125)(5.86)% + (0.0125)(8.22)% — 0.025 (7.04)?]/1
= 0.0348

(3) The weighted average of In £ = In k,, = [(5.86)2(0.0125) In 5.86
+ (8.22)2(0.0125)In 8.22]/[(5.86)2(0.0125) + (8.22)2(0.0125)] = 1.99

The approximations inherent in the method should be kept in mind,
namely the transformation to logs and the fact that observed values are
used rather than true values in the weighting. However, if the CV is not
large, the reliability of any conclusions from this analysis should not be
in doubt.
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Abstract O The kinetics of reaction of the acylating agents trans-cin-
namic anhydride and trans-cinnamoy! chloride with the hydroxy com-
pounds n-propy! alcohol and water in the presence of N-methylimidazole
and 4-dimethylaminopyridine were studied spectrophotometrically in
acetonitrile solution at 25°. The acid chloride reacted via the intermediate
formation of the N-acyl catalyst, which underwent general base-catalyzed
reaction with the hydroxy compound. The anhydride did not form the
N-acyl intermediate, but instead underwent direct general base catalysis.
In the presence of water, all systems formed the N-acyl intermediate. The
mechanistic route followed by the system was determined by the nucle-
ophilicity of the catalyst, the ability of the leaving group, and the polarity
of the solvent.

Keyphrases O Cinnamoylation—hydroxy compounds in acetonitrile,
catalyzed by N-methylimidazole and 4-dimethylaminopyridine, kinetics
0O Kinetics—cinnamoylation of hydroxy compounds in acetonitrile O
4-Dimethylaminopyridine catalysis—cinnamoylation of hydroxy com-
pounds, kinetics 00 N-Methylimidazole catalysis—cinnamoylation of
hydroxy compounds, kinetics

Acylation is an important synthetic and analytical re-
action. Pyridine is the classical acylation catalyst, but
during the past decade more powerful catalysts have been
introduced, most notably 4-dimethylaminopyridine, which
has been used in synthesis (1-4) and analysis (5-8). More
recently this laboratory introduced N-methylimidazole
as an analytical acylation catalyst (9-13).

Acylation reactions are usually carried out in non-
aqueous solvents. Although the mechanisms of acyl
transfer in aqueous systems have been well studied (14—
16), the nature of these reactions in nonhydroxylic solvents
is not yet understood. Among the features that have been
suggested as important in determining the kinetics and
mechanisms of these reactions are the balance between
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nucleophilic and general base catalysis, the complex nature
of rate equations (17-19), the possibility of kinetically
significant ion-pair formation (3, 20, 21), competing re-
actions (22), and formation of molecular complexes (23).
Some of these factors were addressed in a recent study on
the kinetics of acetylation of alcohols by acetic anhydride
and acetyl chloride, catalyzed by N-methylimidazole and
4-dimethylaminopyridine, in acetonitrile solution (24).

Since the cinnamoyl group, C¢gH;CH=CHCO, is a
powerful UV chromophore, it is an interesting analytical
acyl group (25, 26). An earlier study (27) reported the ki-
netics of hydrolysis of trans-cinnamic anhydride and of
its reactions with some alcohols, catalyzed by pyridine,
4-dimethylaminopyridine, and N-methylimidazole, but
the study was not designed to explore the detailed nature
of the mechanism. In the present paper the reactions of
trans-cinnamic anhydride and trans-cinnamoyl chloride
with n-propyl alcohol and water, in acetonitrile solution,
are described. The catalysts were N-methylimidazole and
4-dimethylaminopyridine; the reactions were studied by
UV spectrophotometry.

EXPERIMENTAL

Materials—trans-Cinnamoyl chloride! was distilled under reduced
pressure to give colorless crystals, mp 34-35° [lit. mp 35-36° (28)]. The
molar absorptivity at 298 nm, in acetonitrile, was 2.42 X 104 liter/mole
cm. trans-Cinnamic anhydride was synthesized as previously described
(27), mp 136-137° [lit. mp 136° (29)]. Its molar absorptivity at 2904 nm
was 4.26 X 10 liter/mole cm. N-Methylimidazole! was distilled under

! Aldrich Chemical Co.
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Figure 1—Plot of Eq. 1 for the cinnamoyl chloride-dimethylaminopy-
ridine-n-propyl alcohol system. Initial cinnamoyl chloride concen-
tration was 2.71 X 10~5M and the alcohol concentrations ranged from
0.08t0 0.61 M.

reduced pressure, bp 55° at 14-16 mm Hg. 4-Dimethylaminopyridine!
was recrystallized from n-hexane, mp 113.5° [lit. 112-113° (3)]. Aceto-
nitrileZ was spectrophotometric grade.

Procedures—A typical kinetic run was carried out as follows. Solu-
tions of the acylating agent, the catalyst, and the hydroxy compound were
prepared in acetonitrile. Appropriate portions of the catalyst and hydroxy
compound were mixed to give a volume of 4.8 ml; this solution was
equilibrated at 25°. Reaction was initiated by adding 0.2 ml of the acyl-
ating agent solution. The progress of the reaction was followed by re-
cording the absorbance, at a wavelength suitable for the particular system,
as a function of time3. The absorbance at the completion of the reaction
was measured after the lapse of at least 10 half-lives. In all cases the
catalyst and hydroxy compound were in large excess to establish pseudo
first-order conditions with respect to the acylating agent.

For the measurement of the rate of intermediate formation in the
cinnamic anhydride-dimethylaminopyridine system in aqueous aceto-
nitrile, 3.5 ml of a mixture of catalyst, water, and acetonitrile was equil-
ibrated in a 1-cm spectrophotometer cell in the thermostated cell com-
partment. Fifty microliters of a solution of cinnamic anhydride in ace-
tonitrile was added to the cell and the mixture was stirred. The absorb-
ance was monitored at 350 nm; recording of the absorbance began <10
sec after adding the acylating agent. All data reported are at 25.0 +
0.1°,

RESULTS AND DISCUSSION

Kinetic Scheme—The reactions of acetic anhydride and acetyl
chloride in acetonitrile, in the presence of N-methylimidazole or 4-
dimethylaminopyridine, were previously described (24). This same ki-
netic scheme {Scheme I) was used in the present study to analyze the
kinetic data.

k1
AX +N I'+ X~
k.y
kA[ROH] Ry [ROH]
kANINI[ROH] RININ1[ROH]
Products Products
Scheme I

In Scheme I, AX represents the acylating agent (cinnamic anhydride or
cinnamoy! chloride), N is the catalyst (N-methylimidazole or 4-di-
methylaminopyridine), ROH is the hydroxy compound (r-propyl alcohol
or water), X~ is the leaving group (cinnamate or chloride ion), and I+ is
the N-cinnamoylated catalyst, i.e., I or II, where R is C¢HsCH=—CH.

0 0
R—Q—K/\N—CHa R—g—fi ) N(CH)),
\——/ \
I I

Scheme 1 includes several possible kinds of kinetic behavior, dependent
on the relative values of the rate constants (especially the ratio ki/k-1,

2 Burdick and Jackson.
3 Cary Model 14 spectrophotometer equipped with a thermostated cell com-
partment.

kobs/[H201, X 10°
L)

Il 1 L A

8

4
[H,0]

Figure 2—Plot of Eq. 2 for the hydrolysis of cinnamoyl chloride in ac-
etonitrile with 4-dimethylaminopyridine as catalyst. Initial cinnamoy!
chloride concentration: 8.05 X 103 M. Catalyst concentrations: (O)
781 X 1073 M, (@) 13.02 X 1073 M.

which largely determines the level of intermediate I* in the system). The
rate constants for product formation can be described as: (k) the un-
catalyzed reaction, (kAn) general base catalysis, (k1) nucleophilic reaction,
and (k1n) general base catalysis of the nucleophilic reaction.

The general experimental approach was to examine the reaction
mixture spectrophotometrically for evidence of the presence of I*. The
kinetics were followed by observing the decrease in concentration of either
AX or I'* on reaction with ROH. Rate constants were evaluated from
semi-logarithmic pseudo first-order plots. Derivations for those systems
that can be described by the same rate equations developed for the
acetylation kinetics (24) are not presented in this paper.

Cinnamoyl Chloride-Dimethylaminopyridine-n-Propyl Alco-
hol—A mixture of cinnamoyl chloride and dimethylaminopyridine ex-
hibited UV absorption at longer wavelengths than either of the solution
components. The new spectrum is ascribed to N-cinnamoyl dimethyl
aminopyridinium chloride. In the presence of excess catalyst, the inter-
mediate was formed very rapidly; in the presence of excess cinnamoyl
chloride, up to several minutes was required. Quantitative conversion
to the intermediate was demonstrated by using various amounts of cat-
alyst and cinnamoy] chloride. The intermediate shows Apax 350 nm, log
€max 4.6. This system belongs to the special case k; >>> k_, in Scheme
I; so, as shown previously (24), the kinetics may be described by:

kobs
[ROH] ki + kin[N]
In Eq. 1, kohs is the observed first-order rate constant and [N] is the free
catalyst concentration. Since the intermediate is quantitatively formed,
[N] = [N} — [AX]o, where the subscripted quantities are initial con-
centrations.

Pseudo first-order behavior was observed for >3 half-lives, with re-
actions monitored at 350 nm. The ks values were linearly dependent
on the n-propyl alcohol concentration at constant [N],. Figure 1 shows
the plot according to Eq. 1. The estimates ky = 0.14 X 10-3 M~ 1sec™! (SD

(Eq. 1)

1.0

kobs/[N]

0 0.2 0.4 0.6
[ROH]

Figure 3—Plot of Eq. 3 for the cinnamic anhydride~dimethylamino-
pyridine-n-propyl alcohol system. Catalyst concentration: 0.0125 M,
initial anhydride concentration: 3.50 X 10~* M.
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Figure 4—Plot of Eq. 4 for the cinnamic anhydride-dimethylamino-
pyridine-n-propyl alcohol system. Alcohol concentration: 0.426 M.

2.6 X 1073) and k1n = 2.18 M~2sec™1 (SD 0.10) were obtained from this
plot, thus k; is not significantly different from zero.

Cinnamoyl Chloride- N-Methylimidazole-n-Propyl Alcohol—
This system also gave quantitative intermediate formation, with Apax
340 nm. The data were analyzed using Eq. 1, yielding by = 5.3 X 103 M~!
sec™1 (SD 1.6 X 10-3) and kN = 0.229 M~2sec™! (SD 0.007).

Cinnamoyl Chloride-Dimethylaminopyridine-Water—Since the
intermediate was formed quantitatively in this system, the loss of in-
termediate on reaction with water was followed at 350 nm. The water
concentration ranged from 2.8 to 8.8 M. First-order kinetics were ob-
served for the higher water concentrations, but significant deviations were
seen at low water concentrations. The pseudo first-order rate constants
were linearly dependent on the catalyst concentration, but did not vary
linearly with the water concentration. The dependence suggested a rate
equation both first- and second-order in water:

= (k1 + kin[N])[H20] + (k¥ + RIIND[H02  (Eq.2)

1f Eq. 2 describes the system, a plot of kops/[H20] versus [HyO] should
be linear and, from the dependence of the intercept and slope on [N], the
individual constants can be estimated (Fig. 2). The rate constants found
were ky = —2.8 X 10~3 M~1sec™1 (SD 3.2 X 1073), kN = 0.045 M~2sec™!
(SD 0.012), kY = 7.2 X 10-5 M~2sec~1 (SD 8.1 X 10~5), and kf§; = 0.010
M~3sec™! (SD 0.001). Thus k; and k}¥ are not significantly different from
zero. Scheme I requires modiﬁcation for this system to include catalysis
of the “IN” route by a molecule of water.

The cinnamoyl chloride—N-methylimidazole-water system was also
examined. At low water concentrations the kinetic behavior was similar
to that described for dimethylaminopyridine, but at high water concen-
trations serious deviations from first-order kinetics were seen. This may
be a consequence of the formation of cinnamic anhydride in situ, as
postulated for the analogous acetyl system (24).

Cinnamic Anhydride-Dimethylaminopyridine-n-Propyl Alco-
hol—The mixture of cinnamic anhydride and dimethylaminopyridine
in acetonitrile exhibited an absorption spectrum that nearly could be
accounted for as the sum of the spectra of the two solutes. But at high
concentrations (~0.2 M for each solute), some absorption at longer
wavelength was seen, presumably a consequence of the formation of a
small amount of the intermediate. In this system, therefore, k) «< k_;.
Reaction may take place via AX, I*, or both. This kinetic system was
described previously and (24) leads to:

kobs
and
Robs  _ k

If [N] is held constant and [ROH] is varied, Eq. 3 is plotted; if [ROH] is
constant and [N] varies, Eq. 4 is used. From the slopes and intercepts the
rate constants can be evaluated.

The reaction was followed at 320 nm, and good first-order kinetics were
followed for >3 half-lives. Figures 3 and 4 show the plots according to Eqgs.
3 and 4, respectively. The values found were: k; = 0.096 M~1sec™! (SD
0.039); ka = 0.33 X 1072 M~1sec™! (SD 0.16 X 10~2); and kan = 2.18 M2
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Table [—Mechanisms of Cinnamoylation Reactions in
Acetonitrile #

Leaving Group
Catalyst Chloride Cinnamate
N-Methylimidazole Via I+ Via AX
4-Dimethylaminopyridine Via I+ Mainly via AX

2 Symbols as defined in Scheme 1.

sec™! (SD 0.09). Evidently this reaction occurs mainly by the general base
(kaN) route; k4 is essentially zero, as verified in the corresponding N-
methylimidazole system.

Cinnamic Anhydride- N-Methylimidazole-n-Propyl Alcohol—
This system displayed the same kinetic behavior as the preceding system
and Eqs. 3 and 4 were applied. The kinetics were first-order for >3
half-lives. The rate constants were k1 = 0.029 X 102 M~1sec™! (SD 0.037
X 1072), ka = 0.69 X 10~4 M~ sec™! (SD 0.96 X 1074), and kan = 2.16
X 102 M~2sec™! (SD 0.12 X 10~2). Clearly k; and k a are not significantly
different from zero.

Cinnamic Anhydride-N-Methylimidazole-Water—On the addi-
tion of cinnamic anhydride to a solution of N-methylimidazole in aqueous
methanol, light absorption was observed at wavelengths longer than the
spectra of the added solutes, implying that the increased polarity of the
medium (relative to dry acetonitrile) promotes formation of the inter-
mediate. This behavior was seen also in the corresponding acetic anhy-
dride system (24), which was described by:
ki+ R'ky
kobs [ 1+ R l [H20] (Eq 5)

where k; = ky + kin[N], kx = ka + kan[N], and R’ [X-]/K[N] +
k1[H20]/k 1 {N] with K = k1/k_1. As the water concentration increases,
both K and k; will increase and R’ will decrease. At high water concen-
trations R’ approaches zero and ks approaches ki[H;O): the reaction
proceeds solely via the intermediate. At extremely low water concen-
tration, R’ becomes very large and ks approaches k4 [H20); the reaction
then occurs solely via the anhydride. At intermediate water concentra-
tions where R’ is finite, both routes may be involved. According to Eq.
5, moreover, if R’ is finite and varies during the course of a reaction, de-
viations from first-order kinetics may be observed.

The reaction was monitored at 340 nm. At low water concentrations
(0.56-2.56 M) significant deviations from first-order kinetics were seen.
The ks values estimated from the first half-life were linearly dependent
on [N] and [H20]. At high water concentrations (11.1-27.8 M), the re-
actions were strictly first-order and ks was directly dependent on [N].
The dependence on water concentration in this region, however, was not
linear, suggesting the possible involvement of a second molecule of
water.

Cinnamic Anhydride-Dimethylaminopyridine-Water—This
system showed spectral and kinetic behavior very similar to that observed
with the N-methylimidazole system. During the very early stage after
mixing the components, the absorbance at 350 nm (attributed to the
intermediate) increased on a time scale accessible to measurement. At
time zero, the concentrations [I*] and [X~] are very small, so the back-
reaction (k_; step) and reaction with water (k] step) are negligible. Hence
the initial rate, measured as the absorbance change per sec, is equal to
e1k1[N]o[AX]o, where ¢; is the molar absorptivity of I*. Over the first 20
sec of reaction the absorbance was a linear function of time. Experiments
were carried out at several water concentrations, with these results: [H20]
5.65M, k, 46.5 M~ sec—1; [Hy0] 10.9 M, k1 57.5 M—1 sec™1; [H,0] 16.4
M, k1697 M~'sec™!; [Ho0] 21.9 M, k; 82.0 M~ sec™!; and [H20] 27.3
M,k1106.4 M~ 1gec™?!

Catalytic Mechanisms—Table I summarizes the qualitative obser-
vations of this study. The acid chloride reacts by forming the intermediate

Table II—Comparison of Rate Constants for Some Acylation
Reactions in Acetonitrile at 25°

Acid Chloride® Anhydride®

Catalyst? Alcohol Acyl Group? RIN kAN
NMIM n-Propyl Alcohol  Acetyl 0.50 0.0403
NMIM n-Propyl Alcchol  Cinnamoyl 0.23 0.0216
DMAP n-Propyl Alcohol  Cinnamoyl 2.18 2.18
NMIM Isopropyl Alcohol  Acetyl 0.053 0.0041
DMAP Isopropyl Alcohol Acetyl 1.3 0.5

o NMIM = N-methylimidazole, DMAP = 4-dimethylaminopyridine. ¢ Acetyl
data from Ref. 24. © Units are M~2gec™1.



acylammonium ion (I* in Scheme I), whereas the anhydride does not form
the intermediate unless the catalyst is very powerful. When the solvent
polarity is increased by adding water, intermediate formation is favored
even in the anhydride systems. These conclusions are identical with those
reached in the study of acylations with acetyl chloride and acetic anhy-
dride (24). This insensitivity of mechanistic pathway to the nature of the
acyl group suggests that the mechanism is determined primarily by three
factors: the catalyst nucleophilicity, the leaving group ability, and the
solvent polarity. Increases in any of these factors will promote the for-
mation of intermediate and the possibility of product formation through
the k1 and kin routes. That the acid anhydrides react mainly by the
general base catalyzed (kan) route, even in the presence of strong
nucleophilic catalysts, has been an unexpected finding of these
studies.

Table I lists rate constants for the cinnamoylation reactions reported
here and includes, for comparison, some data (24) on acetylation reac-
tions. Several patterns can be seen. In comparable systems, the general
base catalysis quantities kan and kN are larger for 4-dimethylamino-
pyridine than for N-methylimidazole, reflecting the greater base strength
of the former catalyst. The acetyl substrates are two-fold more reactive
than the corresponding cinnamoyl compounds. For a given acyl group
and alcohol, the chloride—anhydride (kin/kan) ratio is >10 for N-
methylimidazole and close to unity for 4-dimethylaminopyridine. Since
kin describes the reaction of the intermediate, this indicates that N-
methylimidazole is a better leaving group than is a carboxylate, whereas
4-dimethylaminopyridine is about as good a leaving group as a carbox-
ylate. These relationships are not expected on the basis of the leaving
group basicities, but they may reflect a relatively greater resonance sta-
bilization of the N-acyl-4-dimethylaminopyridinium intermediate.
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Abstract 00 The kinetics of reaction of trans-cinnamic anhydride or
trans-cinnamoyl chloride with n-propyl alcohol, catalyzed by N-meth-
ylimidazole or 4-dimethylaminopyridine, were studied spectrophoto-
metrically at 25° in methyl ethyl ketone, ethylene dichloride, methylene
chloride, and toluene. The acid chloride reacted in all solvents via the
intermediate formation of the N-acyl catalyst, which underwent reaction
with the alcohol catalyzed by another molecule of the base. The anhydride
did not form the intermediate in any of the solvents, but underwent direct
general base catalysis. The rate of the anhydride reactions was not sen-

sitive to solvent polarity, whereas the rate of the chloride reactions tended
to increase as the solvent polarity decreased. A kinetic analysis is given
of the effect of ion-pair formation on the kinetics of acyl transfer in sys-
tems where the charged N-acyl catalyst intermediate is formed.

Keyphrases O Cinnamoylation—of n-propyl alcohol, catalysis by N-
methylimidazole and 4-dimethylaminopyridine, solvent effects O 4-
Dimethylaminopyridine——catalyses, cinnamoylation of n-propyl alcohol
O N-methylimidazole—catalyses, cinnamoylation of n-propyl alcohol

Although the kinetics and mechanisms of acyl transfer
reactions in water have been carefully studied (in large part
because such reactions serve as models for enzyme-cata-
lyzed reactions), acyl transfers in nonaqueous media are
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less well understood despite their great importance in
synthesis and analysis. The relatively recent introduction
of powerful acylation catalysts like 4-dimethylaminopyr-
idine (1) and N-methylimidazole (2) has stimulated in-
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