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Abstract: Flash photolysis of diazophenylacetamide in aqueous solution produced phenylcarbamoylcarbene,
whose hydration generated a transient species that was identified as the enol isomer of mandelamide.
This assignment is based on product identification and the shape of the rate profile for decay of the enol
transient, through ketonization to its carbonyl isomer, as well as by the form of acid—base catalysis of and
solvent isotope effects on the decay reaction. Rates of enolization of mandelamide were also determined,
by monitoring hydrogen exchange at its benzylic position, and these, in combination with the ketonization
rate measurements, gave the keto—enol equilibrium constant pKe = 15.88, the acidity constant of the enol
ionizing as an oxygen acid, anE = 8.40, and the acidity constant of the amide ionizing as a carbon acid
pQg = 24.29. (These acidity constants are concentration quotients applicable at ionic strength = 0.10 M.)
These results show the enol content and carbon acid strength of mandelamide, like those of mandelic acid
and methyl mandelate, to be orders of magnitude less than those of simple aldehydes and ketones; this
difference can be attributed to resonance stabilization of the keto isomers of mandelic acid and its ester
and amide derivatives, through electron delocalization into their carbonyl groups from the oxygen and
nitrogen substituents adjacent to these groups. The enol of mandelamide, on the other hand, again like
the enols of mandelic acid and methyl mandelate, is a substantially stronger acid than the enols of simple
aldehydes and ketones. This difference can be attributed to the electronegative nature of the oxygen and
nitrogen substituents geminal to the enol hydroxyl group in the enols of mandelic acid and its derivatives;
in support of this, the acidity constants of these enols correlate well with field substituent constants of
these geminal groups.

The enol isomers and enolate ions of simple carboxylic acids, we have employed such techniques to investigate the enol and
esters, and amides play prominent roles in many important enolate ions of mandelic acid,® and methyl mandelate.*
chemical and biological reactions. Such enols and enolate ions,
however, are also very unstable, both kinetically and thermo- H H H
dynamically! and relatively little directly obtained information /f\ /t i
about these elusive, short-lived substances has consequently ¢
become available. This stands in striking contrast to the
remarkable expansion in the chemistry of enols and enolate ions
of simple aldehydes and ketones that has taken place over thé/Ve now add to that a corresponding study of the mandelamide,
past two decadesThe difference is undoubtedly due to the 3. keto—enol/enolate ion system.
much greater instability of carboxylic acid enols over the already ~We generated the enol of mandelamide by photolysis of
quite unstable enols of simple aldehydes and ketones. diazophenylacetamidd, Irradiation of a diazocarbonyl com-

Flash photolytic fast reaction techniques have proven to be pound such as this generally gives a Wolff rearrangement
especially useful in studying unstable short-lived species, and producing a keteneb, which, in aqueous solution, would
become hydrated to a carboxylic acid, in the present case to

TUniversity of Toronto. phenylglycine 6, eq 1. However, when the migratory aptitude
* University at Buffalo.
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of the potentially migrating group is poor, another process
intervenes, in which loss of nitrogen gives am-carbonylcar-

NH,
2 hv __ HO 2
N j—==0 ——~ )
PH CONH, 72 PH Ph CO,H
4 5 6

bene,7, whose hydration provides an en8|,that in this case
would be the enol of mandelamid8, eq 2. We have found

H H

3 hy . NH, H,0 &N}{z . ,,/T\

Pn/U\com-x2 -N /Y P e Sconn, (2)

0 OH
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that mandelamide is in fact the major product formed by flash
photolysis of diazophenylacetamide; some phenylglycine is
produced as well, but this is made in very minor amounts.

Experimental Section

Materials. Diazophenylacetamide) was prepared by a Bamford
Stevens reactidron benzoylformamideby converting the latter to its
tosyl hydrazone and then cleaving the hydrazone with sodium
hydroxide. The product, a bright yellow solid, rsp129-130°C, was
obtained in 80% yield*H NMR (200 MHz, CDC}): é/ppm= 7.46—
7.24 (m, 5H), 5.41 (bs, 2H}*C NMR (50 MHz, CDC}): d/ppm =
167.3, 129.8, 127.8, 127.4, 126.5, 64.7. HRM&/e = 161.0603
(calcd), 161.0591 (found).

All other materials were best available commercial grades.

Kinetics, Flash PhotolysisFlash photolytic rate measurements were
made using conventional (flash larfpnd laser{ = 248 nmy systems
that have already been descrilfédSubstrate concentrations in the

and mandelate ion; 60 transients were usually collected. The baselines
of the NMR spectra were subjected to a first-order drift correction before
determination of integrated peak areas, and areas were measured relative
to an internal tetramethylammonium ion standard.

The mandelamide hydrolysis reaction consumes hydroxide ion, and,
to minimize the effect of this on hydroxide ion concentrations of the
hydrogen exchange reaction mixtures, mandelamide substrate was
always supplied at initial concentrations at least 10 times less than
hydroxide ion concentrations. For sodium hydroxide concentrations of
0.08 M and greater, this was achieved by using an initial mandelamide
concentration of 0.008 M and performing the NMR analysis directly
on these reaction mixtures. For sodium hydroxide concentrations less
than 0.08 M, reaction mixtures with initial mandelamide concentrations
of 0.0008 M were used, and samples of these mixtures were concen-
trated before NMR spectra were taken. In applying this latter method,
5 mL aliquots of reaction mixture were withdrawn at appropriate
reaction times, their pD was adjusted to ca. 6vdtM CH;CO:D in
D0 solution, and these samples were then concentrated under reduced
pressure to a volume of ca. 0.7 mL. These concentrates were either
subjected to NMR analysis directly or they were kept frozen until NMR
analysis was performed a few days later. Control experiments showed
that such frozen storage had no significant effect on the NMR analysis
and also that the two kinetic methods produced identical results.

Observed first-order rate constants were determined from slopes of
semilogarithmic plots of NMR peak area versus time; such plots were
accurately linear for at least two reaction halftimes.

Product Analysis. Product analyses were conducted by HPLC using
a Varian Vista 5500 instrument with a NovopaksQeverse-phase
column and methanelwater (30/70= v/v) as the eluent. Reaction
solutions, containing diazophenylacetamide substrate at concentrations
similar to those used for the rate measurements, were subjected to a
single flash from our conventional flash photolysis systeamd
products were identified by comparing retention times and UV spectra

solutions upon which the rate measurements were made were on thewith those of authentic samples.

order of 10 M, and the temperature of these solutions during the rate
measurements was controlled at 25:00.05 °C. Reactions were
monitored by following UV light absorbance changes, for the carbo-
nylcarbene hydration reaction at= 340 nm (absorbance decay in
HCIQ4 solutions and in CECO,H and HPO;, buffers; absorbance rise

in NH4" buffers and NaOH solutions) and for the enol ketonization
reaction atA = 300-310 nm (absorbance decay in all solutions
examined). Observed first-order rate constants were obtained by leas
squares fitting of a single exponential function when rates of the

Results

Product Identification. HPLC product analyses were con-
ducted in wholly aqueous ¥ 104 M HCIO4 and 1x 1073
NaOH solutions and also inJRO,™ ([H™] =2 x 1077 M) and
(CH,OH):CNH3z"™ ([H™] = 8 x 107° M) buffers. These analyses

showed that a single pulse from our conventional flash pho-

tolysis apparatus converted an average of 27% of the diazo-

carbonylcarbene hydration and enol ketonization reaction were suf- Phenylacetamide substrate into products. Of the 27%, 25% was

ficiently different, and by least-squares fitting of a double exponential
function when they were not.

Kinetics, Hydrogen Exchange.Rates of deuterium incorporation
from D,O solvent into the benzylic carbetihydrogen bond of man-

mandelamide 3) and 2% was phenylglycines); there were
also trace amounts of other unidentified substances.

These results show that the major process by far occurring
in the present flash photolysis study is that shown in eq 2,

delamide were measured by monitoring the decrease in intensity of involving carbonylcarbene formation and hydration followed

the benzylic'H NMR signal of mandelamide @ = 5.13 ppm. In the
sodium hydroxide solutions used for this purpose, hydrolysis of the
amide function of mandelamide also took place, and, to enable

determination of hydrogen exchange rate constants from observed rat

constants for loss of the mandelamide NMR signal 'th&IMR signal

of mandelate ion produced by hydrolysis @t= 4.93 ppm was
monitored as well. Measurements were made at@%bising a Varian
Unity Inova 500 NMR spectrometer operating at 500 MHz. A relaxation

by enol ketonization. A very minor amount of the photo-
Wolff reaction of eq 1, however, does take place as well. This

dJs similar to the results obtained for flash photolysis of

diazophenylacetic aci®, where formation of phenylcarboxy-
carbene 10, and hydration of that to mandelic acid enil,
followed by ketonization of the enol, eq 3, was found to be the
principal reaction path, with only a minor amount of the

delay between pulses of 57 s was used, which is 10-fold greater thancorresponding photo-Wolff process taking pl&délash pho-

the measured relaxation times of the benzylic protons of mandelamide

(5) Chiang, Y.; Jefferson, E. A.; Kresge, A. J.; Popik, V. V.; Xie, R.RQ.
Phys. Org. Chem1998 11, 610-613.

(6) Regitz, M.; Maas, GDiazo Compounds Properties and Synthe&&ademic
Press: New York, 1986; Chapter 9.

(7) Photis, J. MTetrahedron Lett198Q 21, 3539-3540.

(8) Chiang, Y.; Hojatti, M.; Keeffe, J. R.; Kresge, A. J.; Schepp, N. P.; Wirz,
J.J. Am Chem. Soc1987 109, 4000-4009.

(9) Andraos, J.; Chiang, Y.; Huang, C.-G.; Kresge, A. J.; Scaiano,Jl.An.
Chem. Soc1993 115 10605-10610.
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tolysis of the methyl ester of diazophenylacetic adi@, on
the other hand, gave only the carbonylcarbene route leading to
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10" ¢ acidity constants and activity coefficients recommended by
i Bates!!

This rate profile, just as those for the hydration of carbon-

10° | - i i [
ylcarbenes derived from diazophenylacetic acid, eq 3, and
; methyl diazophenylacetate, eq 4, shows acid-catalyzed, uncata-
10° | .
- lyzed, and base-catalyzed portions. It may therefore be analyzed
s ; using the simple rate law shown as eq 6. Least-squares fitting
10* | of this expression gaviey+ = (2.97 + 0.09) x 10'°°M~1 s,
10 oror= Ko lHT + I + ko [HO'] ©®)
) - ko= (2.114 0.13) x 10F 5%, andkuo- = (7.744+ 0.23) x 10°
10 o I TR ol P ! Lovios b busa

“1(’;.‘5' “13‘.‘5 100 1072 0™ M~1s™1 These results are numerically similar to those obtained

[H'IM for previous carbonylcarbene hydratioifswhich reinforces
Figure 1. Rate profiles for the hydration of phenylcarbamoylcarbekk ( assignment of the present process to the phenylcarbamoylcar-
and ketonization of mandelamide enol (O) in aqueous solution &C25 bene hydration reaction.

Enol Ketonization, Rate Profile. Rates of the slower
methyl mandelate?) shown in eq 4, with no detectable amount absorbance change produced by flash photolysis of diazo-
of photo-Wolff reactiort. phenylacetamide, attributable to ketonization of mandelamide

enol (eq 2), were measured in wholly agueous HGiGd NaOH
: h 22 __ome H,0 /QJOMC . "/ﬁ solutions, as well as in G£OH, H:PO;~, (CH,OH);CNH;z*,
N/FLCO - N Ph/\’( -5 P copme (4) and NH;* buffers. A range of concentrations for each kind of
; ° OH 5 solution was once again employed, replicate measurements were
made, and the ionic strength was maintained constant at 0.10

) ) _ M. These data are summarized in Tables-S61°
Carbonylcarbene Hydration. Flash photolysis of diazo-

. . S Mandelamide enol can exist in two stereocisomeric forms as
phenylacetamide produced biphasic light absorbance ChangeS(Z)-l-amino-2-hydroxy-2-pheny|ethend]3 or (E)-1-amino-2-
consistent with the presence of two reactive intermediates in :

hyd -2-phenylethenoll4. Th two i Id -
the reaction scheme, eq 2, required by formation of mandelamide ydroxy-2-phenylethenoll ©s€ tWo Isomers would pre

m P whuy
10° 102 10

12

as the principal reaction product. The faster of these absorbance H H
changes, with lifetimes in the submicrosecond range, may be OH NH,
assigned, in analogy to previous studiésto hydration of P P
phenylcarbomaylcarbeng, itself formed within the laser pulse. NH, OH
This hydration produces mandelamide erglwhose keton- 13 14

ization gives the second somewhat slower absorbance change. ) ) )
Rates of the faster carbene hydration reaction were measuredUmably ketonize at somewhat different rates, leading to
in wholly aqueous HCI@ and NaOH solutions and in GH deviations from simple first-order enol decay. No such com-
CO.H, H,PO,;~ and NH;* buffers. For each kind of solution, a  Plications were observed, which suggests that only one enol
range of concentrations was employed, and replicate measureStéreoisomer was formed in the carbonylcarbene hydration
ments were made at each concentration; the ionic strength off€action. We have no information, however, that allows us to
all reaction solutions was maintained at 0.10 M by adding decide which isomer that is.

sodium perchlorate as required. These data are summarized in 1h€ measurements in buffers were again done in series of
Tables S+S310 solutions of constant buffer ratio but varying total buffer

The measurements in buffers were done in series of solutions€oncentration, and observed first-order rate constants along a

of constant buffer ratio and constant ionic strength but varying Puffer series again increased linearly with increasing buffer
total buffer concentration; the hydrogen ion concentrations along concentration. The data were therefore once more analyzed by
a given buffer series therefore remained constant. Observed first/€ast-squares fitting of eq 5. The zero-buffer-concentration
order rate constants within a buffer series were found to increaseiNtercepts obtained by this treatment, together with the rate
linearly with increasing buffer concentration, and the data were constants measured in HG/@nd NaOH solutions, are displayed
therefore analyzed by least-squares fitting of the buffer dilution @S the lower rate profile of Figure 1.

expression shown in eq 5. The zero-buffer-concentration This rate profile is similar to those observed before for

intercepts obtained in this wayy, together with the rate ~ Ketonization of the enols of mandelic atiand methyl man-
delate? Like those rate profiles, it may be interpreted in terms

Kops = kit T KoulbUFFET] (5) of the known reaction mechanism for enol ketonization involv-
ing rate-determining proton transfer from any available acid to

constants measured in HGI@nd NaOH solutions, are displayed ~the/-carbon atom of the enol or its enolate igrBecause this
as the upper rate profile of Figure 1. Hydrogen ion concentra- Profile refers to reaction through solvent related species in
tions of the buffer solutions needed for this purpose were 2quUeoUs solution, the available acids will be water and the
obtained by calculation using literature values of the buffer

(11) Bates, R. GDetermination of pH Theory and Practic#/iley: New York,

1973; p 49.
(10) Supporting Information: see paragraph at the end of this paper regarding (12) Keeffe, J. R.; Kresge, A. J. [fhe Chemistry of Enalfkappoport, Z., Ed.;
availability. Wiley: New York, 1990; Chapter 7.
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hydronium ion, written here as™= The present enol, however, should occur with a rate constant“lfimes greater than that
unlike those of mandelic acid and methyl mandelate, contains for the enol of mandelic acid. This gives the mandelamide enol
an amino group which might be protonated in acid solution, reaction the rate constakl}, = 9 x 107 M~1s"1, which would
thus introducing another enol species. The resulting reaction provide the rate profile for this reaction with an acid-catalyzed

scheme is shown in eq 7. component that should be clearly visible at acidities of ][H
. . 10°% M and higher. Figure 1 shows that no such component
oo NH, _o NH, was observed, and that means that enol was being shifted from
Ph&'NHE —= tH «— p v its reactive neutral form8) into some unreactive species. A
OH o : @) good candidate for this unreactive species is of course the amine-
H | ks i protonated forml6. This interpretation then assigns the “un-
o | i Ho| KX catalyzed” reaction plateau observed in the acid region of the

rate profile to ketonization beginning with amine-protonated enol

as the initial state. This species first ionizes to give neutral enol
The presence of the amino group in the present enol alsoand H", and that is then followed by rate-determinjfigarbon
raises the question of whether the formally neutral enol form is of the enol by H. Because H is first produced in a

the uncharged speci@sor the zwitterionl5. Insight into this preequilibrium and is then used up in the rate-determining step,
the overall process is independent of f[Hand has the

H H H . appearance of an uncatalyzed reaction.
&NE /%NHJ N NH, On the low acid side of this acid-region plateau, there is a
P PR O diagonal rising section in which neutral enol is the initial state.
OH o Ketonization here occurs by equilibrium ionization of the
8 15 16 hydroxyl group of the enol to give the much more reactive

. ) ~enolate ionf followed by rate-determining-carbon protonation
matter can be obtained through knowledge of the relative acid 4 that by HO. Because the Hproduced by the ionization is
strengths of the ammonio and hydroxyl groups in the fully now not used up in the rate-determining step, the overall process
protonated enol form 6. if the ammonio group is the stronger  is inversely proportional to [, giving an apparent hydroxide
acid, its ionization will occur in preference to that of the jon catalysis. Finally, at sufficiently low acidities, the position
hydroxyl group, and the neutral enol foréwill predominate;  of the enol to enolate ionization equilibrium shifts to the ion
if, on the other hand, the hydroxyl group is the stronger acid, sige, and the advantage of converting a less reactive to a more
its ionization will occur, and the zwitterionic forrd5 will reactive substrate species is lost. The result is simple protonation
predominate. Simple ammonium ions witKp= 10 are of the enolate ion by kD, giving the final horizontal profile
considerably more acidic than simple alcohols wiky p= 16. segment.

This difference, however, will not carry over intact t0 the  The rate law that applies to this reaction scheme is shown in

ammonio and hydroxyl groups df6 because each of these qq g whose rate and equilibrium constants are defined by eq 7.
groups in16 has a (different) geminal substituent that will

modify its acid strength. K QNH 2 + ke QY
These acid strength modifying effects can be estimated using Kobs= 75 Neo T N ~E (8)
a Hammett-type—p relationship. A critical analysis of the use HT+QH1+QQ;

of such relationships to correlate geminal substituent effects on
the Ky's of simple ammonium ions and alcohols concluded 2K B
thatp = 8.4 for both kinds of acid and that inductive sigma 9:26) * 16 M s, k05 = (2:56 £ 0.06) o 1F : 8
constantsg;, work well for this purposé? Using oi(NHz") = Q = (8.49+ 3.13)x 107, pQEa =4.07+0.16;" andQ; =
0.60 ando;(OH) = 0.25* then givesApK, = 5.0 as the acid (ﬁ-% + 0-&8) x 107° M, pQ; = 8.40 + 0.02!7 Because
strengthening effect of the geminal ammonio group on the K¢+ and Q are somewhat correlatédi,they are not well
acidity of the hydroxyl group o£6 andApK, = 2.1 as the acid determined and have sizable associated uncertanklgﬁsand
strengthening effect of the geminal hydroxyl group on the acidity Qs On the other hand, are well determined.

Of the ammonio group 016 These mod|fy|ng effects reduce En0| Ketonization, Buffer Cata|ySiS. The S|0pes Of the
the 6 (K unit difference between the acid strength of simple buffer dilution plotsky, obtained by least-squares fitting of
ammonium ions and alcohols noted above, but they still leave €0 5, were separated into their general akigh, and general
the ammonio group df6a stronger acid than its hydroxyl group ~ base ks, components with the aid of eq 9, in whikis the
by 3 pK units. This difference would seem to be large enough fraction of buffer present in the acid forthLeast-squares fitting
to compensate for any deficiency in the method used to estimate

Least-squares fitting of this expression gaie = (1.74 +

o . =k, + — ko)f
the modifying effects and to leave little doubt that the uncharged Kourt = kg + (Kua — Ka)ifa ©)
tshpemeeii ard nolt the zwitteriod5is the predominant form of of this expression gave results that showed general base catalysis
€ neutral enol. in the CHCOH, H,PO,~, and (CHOH);CNHs* buffers and
A o—p relationship that successfully correlates rates of
protonation of a large number of carbecarbon double bonéds (15) Csizmadia, V. M.; Koshy, K. M.; Lau, K. C. M.; McClelland, R. A;
P _ i ; Nowlan, V. J.; Tidwell, T. T.J. Am. Chem. S0d.979 101, 974-979.
predicts thajs-carbon protonation of mandelamide enol by H (16) Pruszynski, P.: Chiang, V.. Kresge, A. J.- Schepp. N. P.: Wicz, Bhys.
Chem.1986 90, 3760-3766. Chiang, Y.; Kresge, A. J.; Santaballa, J. A.;
(13) Fox, J. P.; Jencks, W. B. Am. Chem. Sod.974 96, 1436-1449. Wirz, J.J. Am. Chem. Sod 988 110, 5506-5510.
(14) Hine, J Structural Effects on Equilibria in Organic Chemistrwiley- (17) This is a concentration acidity constant applicable at ionic strendti0
Interscience: New York, 1975; p 98. M.
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Table 1. General Acid Catalytic Coefficients for the Ketonization Table 2. Summary of Rate and Equilibrium Constants?
of Mandelamide Enol in Aqueous Solution at 25 °C?
Process Constant
HA KifMst
CH3;COH 7.10x 108
HoPOy~ 3.32x 108 H H
(CHzOH)3CNH3Jr 1.40x 108 NH, HO &Nﬂz
NHz* 4.37x 107 Pl P B =832x10° M s
S OH HO
alonic strength= 0.10 M. -
o NH, H,0 W/%'NHZ
general acid catalysis in the NHbuffers. These forms of buffer Ph/ﬁ]/ H' - lyr =2.97 x 10 M 5°
catalysis are consistent with the fact that thiedéncentrations ©
of the CHCO:H, H,PO,~, and (CHOH);CNHs* buffers lay wo H -
in the region of the ketonization rate profile showing apparent Ph/\n/‘“‘l — ’ k=201 10°5"
hydroxide ion catalysis, whereas those of the,;NHuffers lay o OH
in the final plateau profile region. The general base catalytic "
coefficients may therefore be attributed to an analogue of the 2wy, HO NH,
it : Ph/\[r Ho o M Kuom = 7.74 x 10° M~ s
apparent hydroxide-ion-catalyzed process, that is, to general

base-assisted ionization of the enol to enolate ion followed by
rate-determining carbon protonation of enolate by the general " i, _H
base conjugate acid, eq 10. The general acid catalytic coefficient »

o
H
o
H Qf‘ H k'K H - -
, NH, | *_T , N,y HA —HA - Ny, (10) i, HO_ N,
OH G P Ph Pl
o) o)

k:,, =17x10°M" s

o X =256x10°s"
o

obtained from the Nii™ buffer data, on the other hand, may be H H

attributed to direct carbon protonation of the enolate ion by P&“‘*s’: P&NHZ +H . o

NH4+. - p- 0, =85x10°M,pg, =41
The rate law for the reaction route of eq 10 leads to the

relationshipk;,x = keQ3*/QE, in which kg is the general base . .

catalytic coefficient obtained by applying eq 9. Valueskdj o j\wz — &.Nﬂz bH

obtained in this way are summarized in Table 1. It may be seen - e

that k;,f\ diminishes progressively with diminishing general

acid strength, as is expected for a rate-determining proton

transfer reaction. Although the acids are limited in number and H H
- NH, N, Ke=131x 107, pK, = 15.88
P
o

0F =3.95x 107 M, poF =8.40

a

of several different charge types, they nevertheless give a fairly

good Brmsted relation with a low exponent,= 0.33+ 0.04, OH

as is expected for such very fast reactions. This provides good

support for the molecular interpretation of the experimental data H -

given. N, — NH, 4 H K K_
Enol Ketonization, Isotope Effects.Further support for this ph/l”/ Phj\; 0a = 516X 107 M. pQy =249

interpretation is given by solvent isotope effects on the

ketonization reaction. These were provided by rate measure- a5 °c; jonic strength= 0.10 M.

ments made in the acidic and basic plateau regions of the ) ) S
ketonization rate profile using & solutions of DCIQ and direction, generated in the solvation shell of the hydroxide ion

NaOD. These data are summarized in Tables S4 arl@ S5.  being formed by proton donation from a water moIedQIg.
The measurements in basic solution gave the solvent isotope | "€ measurements in acidic solutions gave the solvent isotope

effectki,o/kp,0 = 5.88+ 0.13. This is similar to isotope effects ~ €ff€Ctki,o/ko,0 = 6.71+ 0.39. The large value of this isotope
in this profile region determined for the ketonization of mandelic €fféctis also consistent with the molecular mechanism assigned

acid enol ku,o/kn,0 = 6.9% and methyl mandelate endt{o/ to this region of the rate profile, i.e., acid ionization of the amine-
Koo = 7.7).42Thezlarge values of these effects are as expected protonated enol followed by carbon protonation of the neutral

for the molecular mechanism assigned to this part of the rate 10! by @ hydronium ion. That makes this isotope effect a
profile, i.e., carbon protonation of an enolate ion by a water COMPposite ratio consisting of an isotope effect on the acid

. . N -
molecule. The primary kinetic isotope effect on such a process ionization constanQ, times that on the rate constak,.

o

is augmented by a secondary effect in the norrkalkt > 1) Solvent isotope effects on the ionization of acids with acid
strengths comparable to that of the present substance are on
(18) The numerical value of the produkdi, QY is fixed by that of the acid- the order of 3! and application of that to the observed ratio

region rate profile plateau. Separation of this product into its constituent K op K e i
parts requires the acid-region plateau to be connected to the upward slopingleaveSkH+/kD+ 2.2. This is a reasonable value for such an

diagonal which follows by another downward sloping diagonal segment,

but such an additional diagonal segment can barely be discerned. (20) Kresge, A. J.; More O'Ferrall, R. A.; Powell, M. F. Isotopes in Organic
(19) Values ofky., before analysis by eq 9, were adjusted to reaction through Chemistry Buncel, E., Lee, C. C., Eds.; Elsevier: Amsterdam, 1987; Vol.
either wholly ionized or wholly un-ionized enol, as required. 7, Chapter 4.
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effect inasmuch as isotope effects on hydron transfer from the 110%
hydronium ion have an inverse secondary component and
consequently are smaA.

Amide Enolization. Rates of enolization of mandelamide
were determined by measuring rates of hydrogen exchange at
the benzylic position of the amide. This was done by monitoring 610
the reduction of théH NMR signal of the mandelamide benzyl ™
proton atd = 5.13 ppm as this proton was replaced by deuterium
incorporated from a BD solvent. Measurements were made in
KOD solutions over the concentration range [KOB]0.01— -
0.08 M at a constant ionic strength of 0.10 M and at [KGB] 2 10%[
0.08 and 0.20 at a constant ionic strength of 0.20 M. The data
are summarized in Table $9. I

In the solutions used for these measurements, hydrolysis of ~ 1% 08 o1 TR 0.25
the amide functional group of mandelamide also occurred, eq [DOYM
11, at rates comparable to those of hydrogen exchange. This

Figure 2. Relationship between deuterioxide ion concentration and rates
of incorporation of deuterium into the benzylic position of mandelamide in

/LD D,0 solutions of KOD at 25C.
PH Cco,”

&
y H 1) ionization would put negative charge on the substrate and
thereby inhibit the negative-charge-forming enolization reaction.

D
> comn, <&, /T\ /T\ The reaction scheme that applies to such a situation is shown
H \ PH COND, . co,”
D D

810

exch

410°

in eq 12, and its rate law is given by eq 13; is the basicity
constant of this inhibiting group, ark’,f,o, is the deuterioxide

produced mandelate ion, which gave a sepaitatdMR signal K, K

at 6 = 4.93 ppm. Observed rates of loss of the mandelamide S +D,0=SD+ DO ——enol (12)
signal atd = 5.13 ppm were therefore sums of rate constants

for the hydrogen exchange and amide hydrolysis reactikss: Kexen= koo Ko[DO (K, + [DO]) (13)

= Kexch T Knyar. As the reaction scheme of eq 11 illustrates,

both exchanged and unexchanged mandelamide eventuallyion catalytic coefficient for the enolization reaction. Least-
underwent complete hydrolysis, but, whereas the exchangedsquares fitting of this expression gakg = (8.41+ 0.38) x
substrate gave mandelate ion with deuterium at the benzylic 102 M24 andk5, = (1.17 + 0.02) x 104 M~! s'L These
position, unexchanged substrate gave mandelate ion withparameters were used to draw the correlation line shown in
protium at this position. The fraction of observed rates due to Figure 2; it may be seen that the experimental data fit this
hydrolysis,fnyar, could therefore be ascertained by determining reaction scheme well.

the amount of protium remaining at the benzylic position of  This inhibition of hydroxide-ion-catalyzed enolization could
the mandelate ion hydrolysis product after hydrolysis was be produced by either ionization of the benzylic hydroxyl group
complete. This fraction could then be used to separate observedf mandelamide, eq 14, or ionization of its amide group, eq 15.
rate constants into their constituent hydrolysis and exchange

parts: Knyar = frydr Kobs @and Kexch = (1 — frya)Kobs H 3
Values offpyqr were obtained by comparing the areas of the i - +H (14)
benzylic,A,, and aromaticAy, *H NMR signals of mandelate PH CONH, PH CONH,

ion obtained after 10 hydrolysis halftime$iyar = Avd(Aad5);
the factor 5 accounts for the fact that there are 5 times as many
aromatic as benzylic hydrogens. These data are also summarized -
in Table S7. Six determinations gave the average vijde= H — +H (15)
0.500+ 0.005. iy CONH < p CONH-

Hydrogen exchange rate constants obtained in this way :
increased with increasing hy_drOX|de lon concentration, as Some insight into which of these it is can be obtained through
expected for exchange occurring through base-catalyzed eno-__. -
o . . . estimates of the acidity constants of the two groups. Use of a
lization. As Figure 2 shows, however, the relationship between o—p relationship that correlates acidity constants of secondar
kexch @and [DO] was not linear, but rather showed impending p P y y

saturation of hydroxide ion catalysis at the higher values of (23) To better define this saturation, a set of measurements was made 4t [DO

P

[DO~] employed? Such behavior is consistent with a hydroxide- = 0.20 M. This required an ionic strength, 0.20 M, greater than that, 0.10
h . . . L. R . M, of the more dilute KOD solutions employed, but control experiments,
ion-assisted, rapid equilibrium ionization of a weakly acidic done at [DO] = 0.082 M with ionic strengti 0.10 and 0.20 M, showed

i i . that this difference had no significant effect on measured rate constants.
group of the substrate other than its benzylic hydrogen: such (24) This, strictly speaking, is a concentration quoti€ht, |t is likely, however,

that the activity coefficients of the"Sand DO™ species of eq 12 are similar,

(21) Laughton, P. M.; Robertson, R. E.Solute-Sobent InteractionsCoetzee, and, because these species appear on opposite sides of the equilibrium
J. F., Ritchie, C. D., Eds.; M. Dekker: New York, 1969; Chapter 7. equation, their activity coefficients will cancel out of the expression for

(22) Kresge, A. J.; Sagatys, D. S.; Chen, H.JL Am. Chem. So0d.977, 99, the thermodynamic basicity constaty; Qy is therefore likely to be a good
7228-7233. surrogate forK,.
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alcoholg® gives Ky = 12.5 for the benzylic hydroxyl group.  acetoné! andkpo/kno- = 1.39 for the enolization of mandelate
No such correlation appears to be available for the acidity ion.32 Application of the rounded average valkgo/kio =
constants of amide NH bonds, but the Ig, of acetamide is 1.4 tokg, = (1.17+ 0.02)x 104 M~1s Lthen givesk, =
given as 15.2% and, on the assumption that the difference (8.324 0.16) x 107> M~1 s7! as the hydroxide ion catalytic
between this value and that for mandelamide is the same as thecoefficient for the enolization of mandelamide in®isolution.
pKa difference for the carboxylic acid groups of acetic acid and  Keto—enol equilibration of mandelamide catalyzed by hy-
mandelic acid, o = 13.8 may be estimated for the-N{ bond droxide ion may be formulated as shown in eq 17, and
of mandelamide.

These estimates predict that the alcoholic hydroxyl group of - KE H o, H
mandelamide is more acidic than is its amide M bond, which &Nﬂz +HO® <=~ /KfNHz +H0 <—= P}/K’JNHHHO_
suggests that it is ionization of the hydroxyl group that produces " by . % oH (I7)
inhibition of hydroxide-ion-catalyzed enolization of mandela-

mide. This conclusion is supported by reasonably good agree-gyajyation of the expression for its equilibrium constaGt=

ment between the predictedpof this group and the g, that (KE o /K. F)(Qu/QE), 3 then givesKe = (1.31 4 0.07) x 10716,
can be estimated from the basicity consté&t,obtained from pKe = (:)LS.88:|: 3_02_

the present experimental results for inhibition of the enolization The first part of the relationship of eq 17 includes the

react.lon. o o _ionization of mandelamide as a carbon acid, and the equilibrium
This basicity constant refers to the base ionization reaction .qnstant for this ionization can be evaluated@s= (kﬁo /
in D,O solution, and it can be converted into an acidity constant |,k _ K _ 1
2 Yy kg )Qw = (5.16 + 0.17) x 1072 M, pQ; = 24.29+ 0.01Y

in the same medium by applying the relationshify g- pK, =
pKy , with pK,, = 14.87 as the autoprotolysis constant ¥’
Conversion of this to an acidity constant in®isolution requires

knowledge of the solvent isotope effect on the ionization of  The keto-enol equilibrium constant for mandelamide deter-
ac@s as weak as the present one. Two such values argnined in the present studyKp = 15.88, is many orders of
available: Kau,0/(Ka)o,0 = 4.5 for CRCHOH (pKa = 12-4)22 magnitude less than those for simple aldehydes and ketones,
and Ka)Hzo/(Ka)Dzo = 4.8 for CHCICH,OH (pKa = 14.3)- for example, e = 6.23 for acetaldehydepKe = 8.33 for
These isotope effects, hqwever, are ba_sed on a valu&pf p aceton&?* and [Ke = 7.96 for acetophenorfé.This striking
for D20 now known to be in error, and adjustment of the results gjtference may be attributed to resonance stabilization of the
using a value of K free of this errof” gives isotope effects  yetg isomer in the amide system by interaction of its amino
whose average igu,o/(Ka)o,0 = 5.2. Application of that to and carbonyl moieties; this interaction is lost in the enol isomer,
the present system then givels;p= 13.1 for ionization of the a4 it consequently serves to increase the energy difference
hydroxyl group of mandelamide inJ® solution. This resultis  petween the keto and enol forms makilg, as small as it is.
gratifyingly consistent with the estimatp= 12.5. The kete-enol equilibrium constant for mandelamicg,on
Keto—Enol Equilibrium and Carbon Acid Acidity Con- the other hand, is some 3 orders of magnitude greater than that
stants. The equilibrium constanKg, for mandelamide isomer- o its unsubstituted analogue, acetamid@, for which the

izing to its enol in aqueous solution, eq 16, may be obtained rgjiaple estimate e = 19.2 has recently been ma#eThis is
from the presently determined rate constants for the enolization

and ketonization reactions. To do this, the hydroxide ion - H
NH, /ﬁ\ OH /ﬁ\
H H ph& NH, PH OH
g, Koo N2 (16) o 0
PH B 3 17 1 18

OH

[¢]

Discussion

o]
similar to the difference ikKg for mandelic acid,l, and acetic
enolization catalytic coefficient must first be converted from a acid, 18, noted beforé. It can be attributed to the combined
value for the DO solvent in which it was measured to a value influence of the phenyl and hydroxyl groups B and 1,
for the HO solvent in which the ketonization rate measurements inasmuch as comparisons of the phenylacetaldety@f&,with
were made. Solvent isotope effects on hydroxide-ion-catalyzed acetaldehyde20.2 systems and the isochroman-4-o2&38 with
reactions have no primary component, but they do have a
secondary component produced by release of the water mol-(30

) Keeffe, J. R.; Kresge, A. Lan. J. Chem1988 66, 2440-2442.
; ; ; PR (31) Pocker, Y.Chem. Ind. (London}959 1383.
ecules solvating the hydroxide i8h.For the enolization of  (35) pocker. v.Chem Ind. (London}958 1117-1118.
carbonyl compounds, this usually gives an inverse isotope effect(33) Qu is the concentration quotient autoprotolysis constant of water at the
ionic strength, 0.10 M, of the present measurements. It was evaluated as

of about 40%. For examplk&po-/kuo- = 1.37 for the enolization Qu = 1.59x 1014 M2 using the thermodynamic vali&, = 1.00 x 10-¢
of aceta|dehydé? koo /kno- = 1.47 for the enolization of M2 and activity coefficients recommended by Bates.
(34) Chiang, Y.; Kresge, A. J.; Schepp, N.2 Am. Chem. S0d.988 110, 1,
3977-3980.

(25) Perrin, D. D.; Dempsey, B.; Serjeant, E.gK, Predictions for Organic (35) Keeffe, J. R.; Kresge, A. J.; Toullec, Jan. J. Chem1986 64, 1224~
Acids and Base<Chapman and Hall: New York, 1981; p 127. 1227.

(26) Stewart, RThe Proton: Applications to Organic Chemistricademic (36) Richard, J. P.; Williams, G.; O'Donoghue, A. C.; Amyes, T.J..Am.
Press: New York, 1985; p 71. Chem. Soc2002 124, 2957-2968.

(27) Covington, A. K.; Robinson, R. A.; Bates, R. &.Phys. Cheml966 70, (37) Chiang, Y.; Kresge, A. J.; Yin, Y. Chem. Soc., Chem. Commad889
3820-3824. Gold, V.; Lowe, B. MJ. Chem. Soc. A967, 936-943. 869—-871.

(28) Ballinger, P.; Long, F. AJ. Am. Chem. Sod.959 81, 1050-1053. (38) Chiang, Y.; Kresge, A. J.; Meng, Q.; More O'Ferrall, R. A.; Zhu, ¥

(29) Ballinger, P.; Long, F. AJ. Am. Chem. Sod 959 81, 2347-2352. Am. Chem. So001, 123 11562-11569.
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10 A group of simple primary alcohols of structure RPH,

[ whose [Ky's were deemed to be reliabtéalso gives a good
correlation using these field constantsK = (15.68+ 0.19)

— (8.92+ 1.00F. Itis interesting that the sensitivity parameters
obtained in these two correlations are not significantly different,
which implies that substituent effects are transmitted as well
through the spcarbon center of enols as through thé sgrbon
center of alcohols.

The acidity constant of mandelamide ionizing as a carbon
acid determined here,Qf = 24.29, is less than those for
simple aldehydes and ketones, for examp[@i p= 16.73 for
acetaldehyd&pQk = 19.27 for acetoné3°and Q¥ = 18.36
for acetophenon&:*° The direction of these differences is the

0o o4 02 03 0.4 same as that for the ket@nol equilibrium constants (vide
F supra), but their magnitude is smaller. This follows from the
Figure 3. Correlation of enol acidity constants for mandelic acid, methyl formulation of the carbon acid ionization reaction as the closing
mandelate, and mandelamide using the field constant leg of a thermodynamic cycle, the other two legs of which are

keto—enol equilibration and ionization of the enol as an oxygen

tetralin, 22,38 systems show that both phenyl and oxygen . e .
Y W pheny xvg acid, eq 18. The carbon acid ionization constant is therefore

substituents in thes-position raise keteenol equilibrium

constants. H H
/g,/NH2 e, 1>v«/§'NH2
Ph ~~—
OH
~ ) a0 U2
QK‘\\‘ H ,/Qa
a
19 20 21 22 Ph&qu CH
The acidity constant of mandelamide enol determined here, o
pQ: = 8.40, on the other hand, is several orders of magnitude o o
greater than those for the enols of simple aldehydes and ketones€dual to therroductEof keteenol equilibrium aEnd_ enol acidity
for example, @5 = 10.50 for acetaldehyde erblpQS = constantsQ, = Ke Q;, and differences "KKE Q; will be equal
10.94 for acetone end,and [Qf = 10.40 for acetophenone 0 the product of differences iKe and Q,. BecauseKe for
enol This difference may be attributed to the electronegative Mandelamide is less that: for simple aldehydes and ketones
nature of the amino substituent in the mandelamide system, i.e. Py Very large factors, while the differences @f are in the
to its electron-withdrawing inductive or field effect: this will OPPOsite direction by considerably smaller factors, the differ-
stabilize the negatively charged enolate ion, making the enol a€Nces inQj must be in the same direction as thoseKerbut
stronger acid. by smaller though still quite large factors. This is, of course, is
The hydroxyl and methoxyl substituents in the enols of as observed.
mandelic acid and methyl mandelate also have electron-
withdrawing inductive or field effects, and these enols are also
more acidic than those of simple aldehydes and ketones. As
Figure 3 shows, the acidity constants of all three of these more
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