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Spectroscopy of Hydrothermal Reactions. 12. Acid-Assisted Hydrothermolysis of Aliphatic
Nitriles at 150—260 °C and 275 bar

A. J. Belsky and T. B. Brill*
Department of Chemistry and Biochemistry, ubisity of Delaware, Newark, Delaware 19716

Receied: Nawember 9, 1998; In Final Form: February 12, 1999

The conversion of four alkyl nitrile compounds, RCN, to the corresponding carboxylic acids and ammonia
in fluid H,O at 156-260 °C under 275 bar is described. The reaction rate was increased by the addition of
0.3—1.0 N HCI. The kinetics and pathways of the reactions were determined in real time by IR spectroscopy
with a sapphire-titanium flow cell. Ex situ IR and Raman spectral data following batch reaction aided in
establishing the reaction pathways. When=RCH;—, CH;CH,—, and (CH),CH—, the relatively simple
conversion to RCgH and NH; occurred and was modeled by two protonation equilibria and two forward
reactions. When RHOC(O)CH—, a more complex pH-dependent reaction took place because of the presence
of two functional groups. The carboxylate group reacted at high pH, whereas the nitrile group reacted at low
pH. The kinetics of these reactions were determined in real time, and the Arrhenius parameters were obtained.
The activation energy for the hydrothermolysis of the nitriles qualitatively correlates@iN), indicating

that the electron-donating power of R is a factor in the rate of reaction. Consistent with this observation is the
fact that a Taft plot is linear when the electronic effect of R is weighed more heavily than the steric contribution.
This was not the case wher=slRIOC(O)CH—, where a different transition state is proposed.

Introduction On the other hand, a high concentration of acid (ex®,N
. . ) i HCI) can be used to accelerate this conversion. The consecutive

The reactions of the nitrile functional group in aqueous qedo-second-order reactions 1 afdazcur in acid solution
solution have potentially important ramifications in nature. One i, \which the protonated nitrile RENH* and protonated amide
popular hypothesis is that Strecker synthesis, or a closely related, .o pelieved to be the reactive species.
reaction, provided easy accessot@mino- anda-hydroxycar-
boxylic acids and were essential to the early life-forming K
process:* Aldehydes and/or ketones react with Nehd HCN RCN+ H,O o RC(O)NH, Q)
in this reaction to formw-amino- andx-hydroxynitriles, which,
in turn, react with HO to liberate the corresponding substituted K,
carboxylic acids. In this manner the hydrolysis of aliphatic nitrile RC(O)NH, + H,0 —>RCQOH + NH;, 2)
groups potentially has a role in the origins of life, although
questions have been raised about the role of Strecker synthesige alye ofk, is about 15 times larger thda in 4 N HCI 917

in @ major source of these essential carboxylic acids, which is protonation of the nitrile apparently enhances the susceptibility
in the submarine hydrothermal vexifypical intrinsic conditions of the electrophilic carbon atom to nucleophilic attack byOH

In these vents .ar§ ~ 200_3.00 °C andP = 200-300 bar®”? and thereby shortens the reaction time at%00 °C to a few
Thermodynamic considerations suggest that the aldehyde and, g rs.

ketone reactants may have insufficient concentrations in this
hostile environment for amino and hydroxy acids to form
abundantly by this pathway. Carboxylic acids containing the

nltrllg group are algo "'?OW” to form in natural waters after organonitriles. These studies have been conducted by heating
chIo.r|r.1at|0n of.h.um|c acid. ) ) of the nitrile in water in a batch-mode tube reactor, cooling
Nitrile-containing compounds are extensively used in the afier g prescribed reaction time, and determining the products
manufacture of industrial and commercial products. As such, ff-jine by various analytical techniques, such as GC and GC/
the hydrothermolysis of organonitrile compounds is important \js.An attempt has been made in the work described herein to
if waste streams containing these compounds are to be remeygyance the understanding of the kinetics and mechanisms of
diated by hydrothermal methods, including wet-air oxidation 4cjg-assisted hydrothermolysis of aliphatic nitrile compounds
and supercritical water oxidation. by using real-time IR spectroscopy in a flow cell at reaction
A flourish of studies appeared in the mid-century on the acid- conditions. Temperatures of 15@60 °C at a pressure of 275
accelerated kinetics and mechanism of hydrolysis of organo- bar were used. The results for acid-assisted hydrothermolysis
nitriles, RCN?~16 These studies showed that nitriles only slowly  of several simple aliphatic nitriles RCN €CHz—, CHsCH,—,
hydrolyze to form amides in the neutral solution. For example, and (CH),CH—) were used to validate this method for use in
the half-life of acetonitrile in HO at 65°C is about 300 day5.  the study of the more complex hydrothermolysis scheme of
cyanoacetic acid, NCCILO,H. In contrast to previous flow
* Author for correspondence. E-mail: brill@udel.edu. reactor spectroscopic studi®¥s3! this is the first study in which
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Interest in nitrile hydrolysis was rekindled recently by the
potential use of hydrothermal methods to remediate waste
stream&-20 and to convert biomass matefalcontaining
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an acid catalyst has been deliberately added to the reaction afTABLE 1: Taft Electronic and Steric Parameters for the

hydrothermal conditions. Nitrile Substituents
. . R o* a EP
Experimental Section
Cyanoacetic acid (HOC(O)CEN), acetonitrile (CHCN), SHZCHZ— _8.1 _8_07
propionitrile (CHCH,CN), isobutyronitrile ((CH),CHCN), (CHs),CH— —0.19 —0.47
isobutyramide, isobutyric acid, acetamide, acetic acid, propyl- HOC(O)CH— 1.08 -0.7%

amide, and propionic acid were all obtained from Aldrich
Chemical Co. Each hatt98% purity and was used as received,

except for acetonitrile, which was dried over molecular sieves. havin :
. . g an internal volume of 12 émilThese tube reactors were
Malonamic acid (HNC(O)CHCO.H) was prepared by the  hon heated in a fluidized sand bath for selected time periods

) . - _
tmhe:hr? d doLGaIa’t’. Solut:jong \r/]ve':Are then made from M'lrl]' Q.zﬂ) of 5 min or more¥” IR and/or Raman spectroscopy of the cooled
at had been sparged with Ar to remove atmospheric gasesq|,tion was used to determine the products. These IR spectra

Corjc_(lantratripr;]s were 1'2 egcept for the Iess-sc|>luble iIsobuty- \yere collected on a Nicolet S60ESP spectrometer equipped with
ron:jtrl €, W ch \k/)vas sth Ile atom Ad,dﬁd HClwas 0.30 N 5 jiquid-N,-cooled MCT-A detector. Raman spectra were
zs Oﬁerrr;n:g y multiple titrations with a KHP-standardized qjjected using a Kaiser Optical Systems dispersive spectrometer
a}I'h IS'%U lon. le i 2agH with a thermoelectrically cooled CCD detector. A 50 mW,
ela c:jrat?ry-sga ez ow reactor spe(r::rc;lscopy V‘r’]"?‘s diode-pumped, frequency-doubled, Nd:YAG laser was used for
constructed of grade 2 titanium into which twé 8apphire g citation at 532 nm. Five scans (10 s each) were recorded and
windows were seated. Gold-foil washers were compressed ataveraged to give each spectrum

each interface to form the seals. The solution flowed in a flat The Taft ploté® required the use of Sigma Plot (Jandel
duct that was created between the two sapphire windows by aScientific) to solve for the steri@dj and electronicd) weighting

slot cut into the gold washer that separated the windows. The ; .

path length of the cell (the thickness of the flat duct) was{(30 Eagarl(r)rllje‘;[gr; :[I;]hee r?itt(rei?eésg)aa;gdliglggtrizn_:_(;cél)é%%r;igants forthe
35) £ 1 um as determined by the absorbance of a known '
concentration of aqueous G@owing through the celf® The
temperature was controllee-( °C) by using PID controllers,
the pressure was controllee:{ bar) by a pneumatic bleed- Choice of the Catalyst.As noted in the Introduction, the
and-lock system, and the constant flow rate maintained with addition of a strong acid has long been known to accelerate the
an Isco syringe pumf A single liquid phase was maintained decomposition of organonitrile compounds. Since isl con-

aReference 3% Reference 40 Reference 31.

Results and Discussion

at all times. sumed by the eventual products (e.g., INHt is potentially
To investigate the kinetics of reactions, flow rates were used confusing to refer to the overall reaction as acid-catalyzed, even
such that plugr-flow conditions could be assumed to exig though H" is conserved in the initial step. With this in mind,

The flow rates used resulted in residence times-063 s and the convention of referring to the reaction as “acid-catalyzed”
degrees of conversion of about 50% or less. The true residencewill be retained here. The counterion and concentration of the
time was obtained by dividing the internal volume of the cell acid catalyst are important factors in nitrile hydrolysis on the
(entrance tube and flat duct), which was 0.081%,chy the basis of past studies of the acid#0s, HNOs, HBr, and HCI)
expression [volume flow rate p,sc/pr]. The density correction ~ and concentration (0-322.2 N)?~1113 The identity of the
is needed because the density ofOH pr, depends on the  counterion affects the overall reaction pathway, and large
temperature (e.gpisec = 0.93 g/cnd, p2src = 0.81 g/cnd at changes in the acid concentration affect the ratio of the
a constant pressure of 275 bar). consecutive ratels andk, (egs 1 and 2). For examplie, > k;

A Nicolet 60SX FTIR spectrometer equipped with a liquid- at less tha 4 N HCI, whereas the reverse is true at much larger
Nx-cooled MCT-A detector was used for real-time IR spectral acid concentration®:11 Thus, exploratory work was conducted
measurements in the flow reactor. Thirty-two spectra were to choose the appropriate acid and concentration for this work.
summed at 4 cmt resolution (10 s collection time) at each  In turn, this choice dictated the cell type.
flow rate and temperature. The IR spectra were normalized with  Of the four commonly used acid catalysts listed above, HINO
background spectra of pure® recorded at the same conditions. is known to oxidize and hydrolyze aliphatic nitriles to €&hd
The carbonyl stretching modes of the carboxylic acid and amide other productd! H,SO, has been shown to be a less effective
were partially visible but could not be quantified reliably because nitrile hydrolysis catalyst than HEland also to act as a
of the interference from the ©H bending mode of KD and nucleophile when its concentration is hitthTherefore, HCI
the sapphire cutoff in the vicinity of 1700 cth The IR-active was chosen as the catalyst. HCI corrodes stainless steel,
CN stretch of the nitriles~2250 cnt?t) and the CQ product however, necessitating the use of spectroscopy cells constructed
(2343 cnt1)28 in the case of NCCKCOH were resolved at  of titanium and gold, which are relatively unreactive toward
each reaction condition using Peakfit software (Jandel Scientific) the chloride iorf2 A relatively low HCI concentration (0.3 N)
and a Matlab program. Four-parameter Voigt functions were provides nearly equal rates throughout the nitrile and amide
employed to fit these bands. Three or more sets of data werehydrolysis reactions, but the carboxylic acid and ammonia
recorded for each nitrile to establish the average concentrationproducts buffer the system and Blidonsumes the catalyst in
and the standard deviation. Kinetic models requiring a running the later stages.
tally of [H*] during the reaction were solved in small time Spectral Determination of the Reaction PathwaysRaman
increments with Euler's method in Lotus 1-2-3. A weighted spectroscopy helps identify the products from batch reaction
least-squares regression was used to determine the value andf the alkyl nitriles after 20 min in 0.3 N HCI (Figures-B).
error of each rate constant and the Arrhenius parameters, withThe formation of the corresponding carboxylic acid is revealed
care taken when converting the error into log sp&cé. along with the presence of unreacted parent nitrile. The absence

Several batch reaction mode experiments were conducted withof Raman modes for the amide supports the earlier firldiHg
the reactant (1.0 or 0.50) and 0.3 N HCI in titanium tubes  that hydrolysis of the amide is faster than the nitrile (ke >
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Figure 1. Raman spectra of (a) GBN in 0.3 N HCI at 25°C; (b) Figure 3. Raman spectra of (a) (GCHCN in 0.3 N HCl at 25°C;

1.0m CH,CN in 0.3 N HCI after heating in a tube reactor at 2% (b) 0.5m (CH3),CHCN in 0.3 N HClI after heating in a tube reactor at
for 20 min; (c) acetic acid in 0.3 N HCI. The heated solution shows 230°C for 20 min; (c) isobutyric acid in 0.3 N HCI. Partial conversion
the presence of unreacted nitrile and acetic acid (reaction 3). The peakof reaction 3 is indicated in (b).
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HCI in the flow cell at 210°C under 275 bar. The spectra show an
increase in C@(2343 cnt!) with a decrease in the nitrile stretch (2265
Figure 2. Raman spectra of (a) GBH,CN in 0.3 N HCI at 25°C; cmY); (a) in the insert shows the position of the nitrile in EHN if

(b) 1.0m CHsCH,CN in 0.3 N HCI after heating in a tube reactor at  step A had occurred. Since the nitrile does not shift, step A cannot be
230°C for 20 min; (c) propionic acid in 0.3 N HCI. Partial conversion  occurring.

by reaction 3 is indicated in (b).
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On the other hand, the addition of a strong acid favors the
k). The global reaction 3, which is the net reaction of reactions occurrence of reaction 3 at a lower temperature and has been
1 and 2, describes the hydrolysis of simple alkyl nitrilessR ~ used to produce malonic acid from cyanoacetic &ithe more
CHs—, CHsCH,—, and (CH),CH—) because the amide formed ~ extensive reaction pathway shown in Scheme 1 thereby becomes

has a low steady-state concentration. possible depending on the reaction conditions.
The IR spectroscopic data from the flow cell at $560°C
RCN + 2H,0 — RCQH + NH; €) help refine the conditions for Scheme 1. Step A has been proven

by IR spectroscopy to occur in neutrap® solution3! On the
) o other hand, Figure 4 shows that in 0.3 N HCI, the CN stretch
In contrast to the simple alkyl nitriles, the hydrothermal ot NCCH,CO,H at 2265 cmit does not shift to 2256 cr,
reaction of cyanoacetic acid is potentially more complicated \yhich would have indicated the formation of GEN 3! but CO,
because both the cyano and carboxylate functional groups carorms. This seeming contradiction is explained by the fact that
react (reactions 3 and 4) depending on the experimentalpq CQ may also be formed by the combination of steps B
conditions used. Previous kinetic and mechanistic studies of 3nq ¢ in which no CHCN forms. Three results support steps

cyanoacetic aciéf; malonamic acid! and malonic aci in B and C. First, the intensity of the CN stretch decreased with
neutral HO at high temperature and pressure have confirmed ime without a shift in the frequency, which indicates that step
the occurrence of reaction 4. B, rather than step A, took place in 0.3 N HCI solution (Figure

4). Second, the rate of formation of {3 observed to be slower
RCOH—RH+ CO, (4) by a factor of 2 after 30 s than is predicted by the kinetics of
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SCHEME 1
B i1 -«
N=—C—CH,~C—OH —™ H;N—C—CH,~C—OH —#® HO—C—CH,—C—OH +NH;
H3;0" H;0"
AlHZO Cleo G leo
F D
CH,—C=N —  CH;—C—NH, — CH;—C—OH +NH3
H;0" . H;0*
+ +
co, CO, Co,
SCHEME 2

i ?
B ﬁ [ c e D
N=C—CH,—C—OH — H,N—C—CH,—C—0H —* CH;y=C—NH, + CO; — CH;—C—OH + NH;

H,0* H;0*
SCHEME 3
K, ki 9 K2 QH+ k;
R-CN === R.CNH* —® R-C—NH; = R-C™NH 7™ R-C—OH + NH3
H30* H20 H30" H20

step A31 Third, the rate of decarboxylation of malonamic acid strong acid shuts down the decarboxylation process. In summary,
(step C) is faster at the conditions used in this work than the the main point is that step A is stopped by the presence of strong
alternative hydrolysis pathway to malonic acid (step®E). acid in favor of steps B and C.
Discussion of step E is deferred until the following paragraph ~ The malonamic acid product of step B and has two possible
in order to complete the discussion of steps@bhere. As noted decomposition pathways, decarboxylation to acetamide (step C)
above, step A occurs in neutrab® solution. Indeed, when the  or hydrolysis to malonic acid (step E). Previous studies @@
reaction had progressed sufficiently to consume the acid catalyst’C showed that malonamic acid only converts to malonic acid
and the pH had increased toward neutral, the decarboxylation(step E) in concentrated H¢L.At lower HCI concentrations,
of cyanoacetic acid (step A) occurred. This switch from step A however, Hall showed that the rate of decarboxylation of
to steps B and C is demonstrated by progressively increasingmalonamic acid (step C) was essentially independent of the HCI
the HCI concentration from 0.01 to 1.0 N as shown in Figure concentratiorf® a finding that was also confirmed at hydro-
5. The explanation at the low [H{ is that the catalyst was thermal conditiong! Therefore, the decarboxylation step C is
quickly consumed by NEformed in Scheme 1, causing the the only pathway that occurs at the temperatures and HCI
pH to increase, which, in turn, favors step A. At a highetTH concentrations used in this work. Since the acetamide product
ample acid was present at all times so that steps B and Cof step C has only one pathway to hydrolyze to acetic acid (step
exclusively occur. This later observation is consistent with the D), the acid-catalyzed decomposition pathway of NGC&H
results of Darensbourg et &f.,who used metal catalysts to is complete. Scheme 2 is the simpified version of Scheme 1,
decarboxylate NCCHYCO,H and noted that the presence of a which applies in 0.3 N HCI at hydrothermal conditions. Acetic
acid is refractory at these conditio#¥s’ The other product, Nk

Filled Symbols = GO, . is also refractory at these conditions except that it consumes
1.00 Empty Symbols =-CN .~ the H" catalyst, which causes step A of Scheme 1 to become
o /,«" o increasingly important as the pH approaches neutral.
P Kinetic Determinations. Scheme 3 is the proposed acid-
0.75 - T catalyzed hydrothermolysis mechanism of the simple alkyl
g s t/" \\e nitriles, RCN (R=CHs3—, CH3;CH,—, and (CH),CH-). It is
5 % % $ \ﬁ generally agreed that protonation of the nitrile and amide
B 050 | @ INHCI &,& TR e facilitates nucleophilic attack by and that this is the function
8 TR OSNHC e ] e of the acid catalyst Equilibria K; andK; both favor the neutral
5 —&— 0.0INHCI |# % \\,//’ (left-hand) form because the nitrile group is only weakly
© 025 ] P N basic?24° The rate expression for the disappearance of RCN
’ ,/zAA o - (eq 5) is considered to be pseudo-second-order with respect to
b [H*] and [RCN]1318-20
0.00 - —d[RCNJ/dt = k,K,[H,O][H][RCN] = k,/[H"][RCN] (5)
T T T T T T T
0 5 10 15 20 25 30 35 40 —d[RC(O)NH,)/dt = kK,[H,O][H][RC(O)NH,] =
fme. sec ky[H TIRC(O)NH,] (6)

Figure 5. Plot of the concentration of the nitrile and €@easured in . . . . .
the IR spectroscopy flow cell of NCGBOH at 230°C and 275 bar ~ Likewise, the disappearance of the amide (eq 6) is pseudo-

showing that the reaction slows due to the shift from step A to step B Second-order, but these expressions disguise the subtle com-
as the [H] concentration is increased. plexities of the reaction.
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05 4 TABLE 2: Pseudo-Second-Order Rate Constants for the
’ ® Nitiile Hydrothermolysis of RCN at 275 bar in the IR Flow Reactor
—— Nitrile - calculated K kg/(mol S)>< 100
044 R=CHs— R= CHyCHy— R = (CHs):CH— R=HOC(O)CH—
Acid/NH, - calculated T,°C (1.0m) (1.0m) (0.5m) (1.0m)
E. — 150 0.224+ 0.06 0.051+ 0.008
S %37 160 0.39+ 0.03 0.12+ 0.02
£ \ 170 0.72+ 0.05 1.4+ 0.3 0.27+0.03
8 \ 180 1.3+0.1 1.8+0.1 0.66+ 0.08
S 02+ 190 1.8+ 05 2.54+0.10 1.5+ 0.2
o 200 0.79£0.19 3.5£0.7 3.5+ 0.5 3.4+ 05
g ) 210 1.6+04 4.7+ 1.4 7.3+4.2 75+1.4
14 / ~ 220 3.0+£1.0 10+4 1443 16+ 3
/ ~— 230 6.5+1.7 14+6 18+ 4 38+7
\\\\\\ 240 12+3 20+ 7 2445
Amide - calculated 250 18+ 2 20+ 9 31+ 6
Wt 260 31+ 4 43+ 11 40+ 8
0 10 20 30 40
Time, s TABLE 3: v(CN) and Arrhenius Parameters for
Figure 6. Calculated and actual concentrations for @ &obutyroni- Decomposition of RCN
trile in 0.3 N HCI (eq 5) at 240C under 275 bar. AS
Ea In(A, kg/ cal/(Kmol)  »(CN)
As the reaction progresses, the acid catalyst is gradually R kcal/mol ~ (mols)  (T=200°C) cm™
consumed by the association of the #ith NH3 (reaction 7). CHs— 30.4+ 0.7 27.7+£0.7 -6.4 2254
26.3 23.8 —14
+ K i CH3CH,— 215+ 03 19.7+£04 —22 2247
NH; + H;O" = NH," + H,0 (7) 25.6 23.2 —-15
(CHs),CH— 19.7+£09 178+1 —26 2241
K, HOC(O)CH— 34.7+£05 33.7£05 54 2265
RC(O)OH+ H,O0=RC(0)O + H30Jr (8) 26.3 22.8 —-16
a Calculated from ref 112 Calculated from ref 10.
K —
HCl + H,0=CI™ + H,0" 9) The time derivative of [H] (eq 12) based on the charge

balance provides [H throughout the reaction. The rate
constants at each temperature were determined by assuming the
steady-state condition for the amide concentration.

The acid-base equilibrium involving the carboxylic acid,
ammonia, and [H] buffers the solution from the initial pH of

about 0.5 to about pH= 3 in the later stage. For comparison

0.5 m NCCH,CO,H has a pH of 1.5 at 200C. As part of  d[H] _:d[BT][ Ka [H] ]/
establishing the running pH value during the reaction, the gt ~ | dt + +
equilibrium constant¥,, Ky, andK. (egs 7, 8, and 9) at the I-Ka+ R K+ [H]
reaction temperature were determined from literature values at B; B/ H] Kw
lower temperatuf®5! by the iso-Coulombic extrapolation 1+ K, + [H'] N K +HD? HT
method?? This method takes into account the effect of changing b b

Kw of H,0%3 on the ionization constants of the acids and bases. KBt K.Cr

Figure 6 shows the apparent rate of disappearance om0.5 (K. + [H+])2 (K. + [H+])2) (12)
(CH3),CHCN at 230°C in the IR flow reactor. The rate clearly a ¢
decreases as the reaction proceeds as a result of the removal of Figure 6 shows the fitted values for the disappearance of

[H"] by reaction 7. This change is the basis for determining (cp.),CHCN («') and the calculated values for the appearance
the apparent nitrile hydrolysis ratey, in eq 5. [H] is known of the carboxylic acid and ammonia products at 240 The
by paramatrizing eq 10 at all times and temperatures used. el demonstrates that as‘{Hdecreases, reaction 3 slows
+ down and eventually stops. Table 2 gives the rate constants for
BiH] Ky KBy N KCr each nitrile at the temperatures studied. The Arrhenius param-
Kp+[HT [HT K, +MHT K +[HT]

[H']+ (10)

eters are listed in Table 3 and will be discussed further below.

The kinetics of acid-catalyzed hydrothermolysis of cyanoace-
tic acid were solved in the same way as for the alkyl nitriles
with a few exceptions. The concentration of acetamide in
Scheme 2 was assumed to be small and in steady state. Because
the rate of decarboxylation of malonamic acid was found to be
the same with and without added HCI, the uncatalyzed rate
determined previousfy was used.

The charge balance for Scheme 2 is given by eq 13.

Equation 10 is determined from the conservation of charge (eq
11) during the reaction.
[H'1+[NH,"7=[CI"]+[RCO, ] +[OH] (11)
The total carboxylic acid concentration & (=RCOH +
RCQO,), the total concentration of ammonia Bs(=NH3; +
NH,"), and the total of concentration HCI Gr. Because the
carboxylic acid and ammonia are produced simultaneously in
reaction 2,Ar = By. Therefore, onlyBr appears in eq 10.
Equilibration reactions #9 occur much faster than the rate-

determining step of Scheme 1, so aclthse equilibrium was
assumed at all times.

[CI] + [H,NC(O)CH,CO, (MMA)] +
[NCCH,CO, (CAA)] + [CH,CO, ] + [OH] +
[HCO, ] =[H"] + [NH,"] (13)

In arriving at eq 13, it was determined that the contribution of
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o nitrile - calculated -2 1
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£ ® [-CN]
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[~ [H'] 'fcz O CH;- 4 8
0.25 \\\\\\ Coz-calculit_e—d - 24| O CH,CH,- A =.
/\><:_! A HOC(O)CH, 20 o
" m ] 14| ® CH; Ref9 L
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0.00 #f_!-l-_l'_ —_— @ CH,CH,- Ref.8 .
0 10 20 30 40 -16 4| & HOC(O)CH,-, Ref. 9 °
Time, s . © Ref. 20
Figure 7. Calculated and observed concentrations forrht RCCH,- 2'0 2'5 3'0
CO,H in 0.3 N HCI at 190°C under 275 bar. ' ’ ’
1000/K

MMA and CAA anions had to be included even though their Figure 8. Arrhenius plot of the alkyl nitriles and cyanoacetic acid
concentrations were small. G& produced, which necessitates compared to the literature values for the same compounds.
the inclusion of HC@™ in the charge balance, even though the

solution is acidic and the HGO contribution is very small. 10
When the charge balance equation is redefined in termsdf [H 0.9
the time derivative of [H] is given by eq 14 and is slightly 08 4 ® Acetonitrile
more complicated than eq 12. . : Efg’l:‘t’;r'g:i‘fme
diH*] _ [dicAAl[Kena) , dIMMAT K 06 - A
dt dt \[H+] dt \[H+] g 0.5 P
d[COZ](Kc02 +d[BT][ Ka  [H / 8 04 // 1
d \H7) At K, AHT K+ [H] °* P -
0.2 o
Br B,’[H'] Kw KBy /
o 1y 2 12 i 017 //
Kp+[H] (Ky+[H]D® [H]" (Ky+[H']) 0o
[CAAKepn | MMAI Kipgp | KCr ) -
[H*)? [H]? (K. + [H'])? 00 01 02 03 04 05 06 07 08
SE +pox*

As beforeBr = Ar. With d[H"]/dt now available, the nitrile  Figure 9. Taft plot for the rate of hydrothermolysis of the alkyl nitriles
hydrolysis rate constants can be determined at each temperature&ompared to CECN at 200°C in whichp = —7.2 andd = 1.4.

Since the reactant nitrile band and £@ere both visible in the

|R2ﬂ°W cell, each temperature was solved minimizing the error | js the rate constant of the reference compound, which in this
(x) on both compounds (Figure 7). The focus was on fitting 55e was chosen to be acetonitrile. The substituent constants
the concentration data for the nitrile with the most accuracy | qaq for the R groups are given in Tabledland p are the

because the rate for the nitrile hydrothermolykisstep B in weighting coefficients that were adjusted to optimize the fit

Scheme 2), is the most important unknown for this work. between the substituent constants and the rate constants. Figure

(BFeicﬁtlesi)Ofﬁttt?rf rj:éee!rrtzli?r\:\;ieibﬁeoggti\é'tgoﬂeﬂ;fol\: if\tiﬁtgré:o 9 shows the plot that results for the simple alkyl nitriles. The
g : g z values ofp = —7.2 andd = 1.4 thus obtained suggest that

concentration. Arrhenius parameters are given in Table 3 along. ing the el d : h fR h
with those calculated from previous rate measurements in the "créasing the electron-donating character of R causes the rate
to increase to a greater extent than increasing its steric bulk.

normal liquid range of KOD.1011 These parameters differ k ay ; ) A X
significantly from the lower temperature regime, but because This observation is consistent with the qualitative correlation

of the kinetic compensation effect betweBnandA, the rates ~ betweenE, and »(CN) in Table 3, which implies that the
are comparable (Figure 8). electronic inductive effect of R dominates in determining the

Structure—Reactivity Relations.A rough correlation exists ~ reaction rate. Figure 9 does not include NGCI®,H because
in Table 3 between the increasirgCN stretching frequency  its hydrolysis rate is much faster at hydrothermal conditions
and the activation energy as a function of R. This observation than would be predicted from the correlation in Figure 9 for
suggests that the Taft eq 15 might provide additional insight simple alkyl nitriles. A possible explanation is that the proto-
into the role of the steridss, and electronicg*, properties of nated nitrile group and ¥ can form a six-membered ring with
R in the nitrile hydrothermolysis rafé.In eq 15, the carboxylate group in NCGEO,H, which facilitates nu-
cleophilic attack by water on the electropositive nitrile carbon
log(k/k,) = OE, + po*

(15) atom. The absence of the carboxylate group in the simple alkyl
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nitriles precludes this type of stable transition state, which results

in a slower rate of hydrolysis.

Conclusions

The mechanism of hydrothermolysis of simple alkyl nitriles
in the presence of HCI is easily modeled with two forward

reactions and one equilibrium step. When two reactive functional
groups are present in the molecule, the method of real-time
spectroscopy makes it possible to define and follow competitive,

pH-sensitive reactions.
The rates of hydrothermolysis of simple alkyl nitriles in water

at the temperature and pressure conditions of a submarine (

hydrothermal vent are probably too slow to be of importance

in the absence of a catalyst. Hydrogen ions accelerate the
reaction. Hence the kinetics, as well as previously discussed

concentration consideratiohgygue against the Strecker reaction
as having a major role in the hydrothermal vent. Likewise, the
destruction of nitriles in waste streams will benefit from the
intentional addition of a strong acid.
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