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Multiple isotope effects were measured at the reactive center of formamide during acid-catalyzed hydrolysis
in water at 25°C. The mechanism involves a rapid pre-equilibrium protonation of the carbonyl oxygen,
followed by the formation of at least one tetrahedral intermediate, which does not appreciably exchange
its carbonyl oxygen with the solverity(kex = 55). The (K, for formamide was determined BN NMR

and found to be about2.0. The formyl-hydrogen kinetic isotope effect (KIE) is indicative of a transition
state that is highly tetrahedrdlig,s = 0.79); the carbonyl-carbon KIE%,ps = 1.031) is in agreement

with this conclusion. The small leaving-nitrogen KIBkop,s = 1.0050) is consistent with some step prior

to breaking the €N bond as rate-determining. The carbonyl-oxygen Kik.fs = 0.996) points to

attack of water as the rate-determining step. On the basis of these results, a mechanism is proposed in
which attachment of the nucleophile to a protonated formamide molecule is rate determining.

Introduction acyl groups with poor leaving groups react via a stepwise
. . . mechanism involving one or more tetrahedral intermediates (an
_ The hydrolysis of acyl groups is a reaction of central gyample is shown later in eq 3). Considerable evidence supports
importance in chemistry and biology. Se_veral reactions under- the conclusion that acyl groups with very good leaving groups
score this importance, suc_h as the formatlon of organic polymers(such as halides anptnitrophenol) can cause the tetrahedral
(polyesters and nylons) in chemistry and the hydrolysis of jyermediate to become unstable and result in either a dissocia-
proteins, lipids, and acetyl choline in biology. In adqmon, esters tve mechanism (eq 1, Scheme 1) or a concerted mechanism
and thioesters frequently serve as enzyme-bound mtermedlatesieq 2, Scheme 2.
Consequently, these reactions have been investigated by most aAmides are the least reactive of the common acyl groups as
common physical organic metho#lfcluding kinetics, stere- 5 regIt of the poor leaving ability of amines. Most aikyl amides
ochemistry, linear free-energy relationships, and solvent effects.appear to react via the stepwise mechanism involving a
Methods employing stable isotopes as isotopic tré@ed, most  etranedral intermediate (or intermediates). The hydrolysis occurs

recently, in isotope effects have proved particularly usefdbst under both acidic and basic conditiots¢ The reaction under
 California Polytechnic State University. (3) Marlier, J. F.Acc. Chem. Re001, 34, 283.
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SCHEME 1 multiple KIE study of the alkaline hydrolysis of formamide has
been reported; this work includes the formyl-Pk(= 0.80),
the carbonyl-C 3k = 1.0321), the carbonyl-O'% = 0.980),
H—C—1Lg _ H—C—Nu (1) the nucleophile-O 'k = 1.022), and the leaving-N'% =
1.0040) isotope effectsAt relatively low hydroxide concentra-
SCHEME 2 tion (0.1-0.2 M), the tetrahedral intermediate has a charge of
—1 (TY), and PIX experimentskf/kex = 2.1) show that the
partitioning of T-1 back to amide and forward to formate occurs
H—C—nNu (2 at nearly the same rate. Consequently, the energy of the
transition state leading into~T is nearly the same as that for
its breakdown. As the hydroxide concentration is raised, the
tetrahedral intermediate loses a second proton and hydrolysis
basic conditions has been extensively studied, and the detailshecomes favored over the return to amide Hsfkey increases).
of this reaction are quite well-understood, except for some The above KIEs, measured at low-hydroxide concentration, are
controversy concerning the nature of the attacking nucleophile. consistent with transition states for the formation and breakdown
The acid-catalyzed hydrolysis is more poorly understood. It is of T-1, which are both shlike and resemble the structure of
known that the kinetics of amide hydroly3is(including T-L The nucleophile-O KIE was interpreted as arising from
formamidé®) are usually first order with respect to acid at lower attack of a water molecule, which is coordinated to Offk
concentrations (1 M or less), becoming independent of acid at= 1 022)¢
higher concentrations. PIX (positional isotope exchange) experi- |t js clear that considerable detail concerning the structure of
ments have been used to determine the rate of the incorporationhe transition state has been gained by multiple KIE studies of
of an oxygen atom from the solvent into the carbonyl group of the hydrolysis of esters and amides. This paper reports the results
the Star“ng matel'iﬁ'c The I’eSU|tS Of these eXpeI’ImentS are of a PIX experiment and mu|t|p|e KIE experiments (the formyl_
quantitatively expressed as a ratio of the rate constant fory the carbonyl-C, the carbonyl-O, and the leaving-N) for the
hydrolysis over that for exchandaykex. For the acid-catalyzed  acid-catalyzed hydrolysis of formamide. These KIEs are inter-
hydrolysis of amides with alkylamine efNHz leaving groups,  preted in terms of the stepwise mechanism; the evidence for
this ratio is usually much greater than unity, indicating that this mechanism has been summarized above. Unlike the recently
formation of the tetrahedral species is rate-determining. In reported multiple KIEs for the acid-catalyzed hydrolysis of
addition, PIX experiments on anilides show ttatkex ratios methyl formate, a nucleophile-O KIE is not possible in this case
increase with the increasingp of the leaving anilidé? This because the acid-catalyzed hydrolysis of formamide is much

is consistent with the hypothesis that more basic leaving-N atomssjower than the exchange of the oxygen atoms of formic acid
will more readily acquire a proton in the transition state (see with water.

step 3, eq 3, Scheme 3), resulting in an increase of thal/C
C—0 bond cleavage ratio.

The case for the stepwise mechanism involving tetrahedral
intermediates is based on empirical observations, which include The rate constants for the acid-catalyzed hydrolysis of
the PIX experiments described above, as well as theoreticalformamide in aqueous acid at 26 were determined in various
calculations. Brown et al. has summarized the experimental concentrations of 580, and in 1.0 M HCI. The rate constants
evidence??cthese include the observations that the hydronium in H,SQO; were measured by a continuous UV spectrophoto-
ion dependency for hydrolysis and exchange are the same andnetric method; the rate constant in HCI was measured by a
that the solvent deuterium isotope effect kike is unity. point assay using formate dehydrogenase. No salts were added
Together these findings argue that hydrolysis and exchange shar¢o control ionic strength. The rate constants were 0.0068 hin
a common pathway. Theoretical calculations agree with this in 1.0 M HCI and 0.0173 mint in 1.0 M H,SQy, consistent
assessment. Any concerted mechanism (eq 2) must involvewith the fact that HCI is monoprotic and,BQy is diprotic. Due
proton transfer to the leaving-N during a rate-determining attack to the ease of analysis, the subsequent PIX experiment and
of the nucleophile on the carbonyl-C. Calculations in a recent isotope effects were performed in 1.0 M HCI. An investigation
paper by Kim et af¥ support the fact that the energy of the of the effect of increasing [(5Qy] on the rate constant showed
N-protonation pathway for formamide is higher than that of the that rate constants level off betweeg H 0.5 and 1.0, as has
O-protonation pathway. As a result of the above, the favored been observed previousty.
mechanism involves the rate-determining attack of water The exchange of the carbonyl-O with the solvent was carried
(assisted by a second water molecule) on the protonated amideput in 1.0 M HCI containing water that was 23.5 atom'3@.
as shown in eq 3¢ The reaction was quenched after 53% hydrolysis. Unreacted

Although PIX experiments have been a part of the study of formamide was isolated by extraction with ethyl acetate. The
amide hydrolysis for about 50 years, the use of stable isotopesamount of exchangek{key) Was calculated from the above
in kinetic isotope effect (KIE) studies is more recent. A complete information and the measured relative abundance rato47/

45), as determined by GC-MS. There was a barely detectable
(5) (@) Brown, R. S.; Bennet, A. J.; Slebocka-Tilk, Acc. Chem. Res.  amount of exchange into formamide/kex = 55). It is estimated

1992 25, 481 and references therein. (b) Kribble, V. K.; Holst, K. A. e _
Am. Chem. S0d938 60, 2976. (c) Bennet, A. J.. Slebocka.Tilk, H.: Brown,  1om the precision of the GC-MS measurements thafka. of

R. S.; Guthrie, J. P.; Jodhan, &. Am. Chem. Sod99Q 112 8497. (d) about 100 would be detectable. .
Monojkumar, T. K,; Suh, S. B.; Oh, K. S;; Cho, S. J.; Cui, C.; Zhang, X.; The carbonyl-C and carbonyl-O KIEs were measured in a

KITé)}ié)sMi?ﬁér? éélec}pke N. C.: Johnstone, K. R.: Wirdzig, TJ.J. single experiment. Because the oxygen atoms of formic acid

Am. Chem. Sod 999 121, 4356. (b) Slebocka-Tilk, H.; Neverov, A. A; ~ €xchange rapidly with the solvent, these KIEs had to be
Brown, R. S.J. Am. Chem. SoQ003 125, 1851. measured by isolation of residual substrate. After quenching
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SCHEME 3
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TABLE 1. Isotope Effects on the Acid-Catalyzed Hydrolysis of

aCorrected for percent reactiohThe standard deviation is given for
each isotope effect; the number of determinations is given in parentheses.

Formamide in 1.0 M HCl at 25 °C 201 -
atom isotope effeck(light)/k(heavy}-°
carbonyl-C 1.033+ 0.00% (13) E 151
carbonyl-O 0.996+ 0.002 (7) =1
formyl-H 0.79+ 0.03 (5) =
leaving-N 1.0050G+ 0.0007 (6) g 10
E
5
<

= Experimental
Calculated

by raising the pH to near neutrality, the unreacted formamide
was isolated by ion exchange chromatography and then quan-
titatively hydrolyzed in alkaline solution. The % hydrolysis at
guench was determined by assay with Nessler's reagent. TheFIGURE 1. N chemical shift for formamide as a function of li
resulting formate was dried, oxidized byDMSO to CQ, and yvater at 25'C. Chemical shifts are relative to the nitrogen of formamide
analyzed by isotope ratio mass spectrometry, wher&hand in water at 25°C.

189 are measured simultaneou8l2ne oxygen atom of formate

is derived from the original carbonyl-O of formamide; the other 45
is from the solvent. The KIEs were calculated from the above
data and published equatiofidn past experiments, the carbo-

Ho

The K, of formamide was estimated from changes in the
N chemical shift with increasing concentration of HCI (Figure
1). The chemical shifts are relative to formamide in water.
Control experiments in high concentrations of NaCl (4.5 M)

nyl-O KIE was °°fre°te°' for the amount of exchangg with showed that there is a minimal effect of ionic strength on the
solvent. However, in the present case, no such correction Wasisn| chemical shifts for formamide

required because the amount of carbonyl-O exchange into
formamide during acid-catalyzed hydrolysis was so small. The
results of these experiments are summarized in Table 1.

The formyl-H KIE was measured by analysis of the residual ~ The acid-catalyzed hydrolysis of most amides has been shown
substrate. After quenching, the unreacted formamide was to be first order in hydrogen ion and second order in weaér.
isolated by extraction with ethyl acetate. The % reaction was Because the leaving group is poor, a mechanism involving a
determined via the formate dehydrogenase assay, anwihe tetrahedral intermediate containing a positively charged nitrogen
= 46/45 ratio was determined by GC-MS for the starting amide is considered likely. In addition, kinetic evidence suggests that
and that which was isolated at the quench. The KIE was any tetrahedral intermediates containing oxonium ions are too
calculated from the above information and published equatfons. unstable to have a significant lifetinfiélhe mechanism shown
These results are summarized in Table 1. in eq 3 fits this evidence. However, recent studies of the acid-

The leaving-N KIE was determined using the mass balance catalyzed hydrolysis of methyl formate led to a proposed
method. After quenching, both the unreacted formamide and Mechanism where water attack at the carbonyl-C and protonation
the product, ammonium ion, were isolated by ion exchange Of the carbonyl-O occurS|muItaneou§IIh|s mechanism also
chromatography. The % hydrolysis at quench was determinedProvided a way to spread the developmg positive charges to
by assay with Nessler's reagent. The residual substrate wasthe solvent as a whole. This mechanism was then used to
quantitatively hydrolyzed in alkali to formate plus ammonia, Successfully explain why breakdown of the tetrahedral inter-
and the resultant ammonia was then steam distilled into an acidicmediate to the ester is faster than formation of formic akid (
solution. The ammonium ion product from the column was Kex=11.3) despite the fact that th&pfor methanol (15.5) and
steam distilled directly into an acidic solution. The ammonium Water (15.7) are nearly identical. An analogous mechanism can
ion derived from the residual substrate and from the product P& postulated for the acid-catalyzed hydrolysis of amides, but
was oxidized to Mby NaOBr prior to determination of th€d must take into account the evidence for a pre-equilibrium
by isotope ratio mass spectrometry. The results are summarizedProtonation step for amide hydrolysi¢in this mechanism (eq
in Table 1.

Discussion

(8) (a) Yates, K.; MaClelland, R. Al. Am. Chem. S0d 967, 89, 2686.
(b) Yates, K.Acc. Chem. Re4971 4, 136. (c) Cox, R. AAdv. Phys. Org.
(7) (a) Bigeleisen, J.; Wolfsberg, Midv. Chem. Phys1958 1, 15. (b) Chem.200Q 35, 1. (d) Jencks, W. PAcc. Chem. Re4.98Q 13, 161.
Bilkadi, Z.; de Lorimier, R.; Kirsch, J. FJ. Am. Chem. Sod975 97, (9) Marlier, J. F.; Frey, T. G.; Mallory, J. A.; Cleland, W. W. Org.

4317. Chem.2005 70, 1737.
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SCHEME 4
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4, Scheme 4), this tetrahedral intermediatg*(Tdiffers from going to the transition state for formation of T (k;). This can

that in the acid-catalyzed ester hydrolysis because nitrogen isbe shown mathematically as follows. Ignoring the bottom half
far more basic than oxygen and is likely to carry the bulk of of the mechanism in eq 4 and redefinikigto include the rapid
the positive charge in both the transition state and the intermedi- pre-equilibrium protonation step, the relationship between the
ate. Tv* may be considered a symmetrical tetrahedral intermedi- KIEs on the individual steps of the top portion of the mechanism
ate in so much as the two forms of this intermediate differ only and the observed KIE K9 for any isotope is given by eq 5
by a rapid proton transfer. In eq 4, the hashed lines represent
hydrogen bonds; the symb@ represents the oxygen from the *Kops = [* Keg kg 1 *Ky(Ke/k)J/[1 + (k/ky)] (5)
original carbonyl of formamide.

Ignoring oxygen exchange (the bottom half of eq 4), the In this equation, the asterisk refers to an isotope effect on
transition states for steps 2 and 3 are shown as strudtaed equilibria (K) or on a rate constank). The term Keq is the
I . Hydrating water molecules, which are not directly involved equilibrium isotope effect on the formation ofT. Because
in bonding changes to atoms that experience isotope effects,the ratioks/k; is so large (27.5), the first numerator term of eq
have been omitted to simplify the structures. In these structures,5 is small compared to that of the second numerator term. As
the dashed lines represent bonds in transition; the syd@bol a result, kops reduces to the KIE on formation of\T (the
represents the oxygen from the original carbonyl of formamide. redefinedk;) in the proposed mechanism, as shown in eq 6.

All subsequent isotope effects will be interpreted using this

st H 9y assumption.
d He
H 5t ’ ‘0/ *Kops=*ky (6)
o~ H T |

; ? H\O}C~\+ H The Formyl-H Isotope Effect. Secondary formyl-H KIEs

H. ~O,,H NHg have long been used to measure hybridization changes on going
] I - to the transition state for a host of organic reactions. In the
H

hydrolysis of acyl groups formyl-H KIEs are inverse, reflecting
) o a change in hybridization from $jn the ground state to §jn
Carbonyl-O PIX Experiment. The lack of significant e transition state. For reactions involving tetrahedral inter-
exchange of oxygen from the solvent into the carbonyl-O during mediates, the transition state of highest energy can occur during
hydrolysis ki/kex= 55) requires the breakdown ofT to formic formation or breakdown of the tetrahedral intermediate(s). The
acid qnd ammonium iork§) to be much faster tha_n the. return large inverse formyl-H KIE in the present castigs = 0.79)
to amide k). In fact, becausey™ can return to amide via tWo g near the calculated maximum magnitude expected for this
pathways, one that leads to exchange (bottom half of eq 4) andiy e of acyl transfer reactiéhand is interpreted as arising from
one that does not (top half of eq 4), the rakgk, can be g transition state with a high degree of sharacter that largely
calculated to be 27. 5k, is one-half ofk/ke). An assumption  resembles the structure of a tetrahedral intermediate. Further-
in this calculation is that proton transfer between tetrahedral more, the carbonyl-O PIX experiment fixes the formation of
intermediatesk() is faster than the other chemical steps. Itis the tetrahedral intermediate as the rate-determining step. Taken
clear that the lack of significant oxygen exchange is ultimately together, these two results require a transition state that largely
due to the large Ig, difference between the nitrogen leaving resembles ¥+ of eq 4 and shown in structure A similar

group and the oxygen leaving group of the tetrahedral inter- arqument was presented for the acid-catalyzed hydrolysis of
mediate. This result has three consequences. First, even the Sm%ethyl formate® wherePkoys = 0.81.
amount of carbonyl-O exchange observed argues for the The degree of spcharacter can be estimated from the

existence of a tetrahedral intermediate such g5. Becond, published Wolfsberg Stern-type calculations for the addition
the bottom portion of the mechanism given in eq 4 is relatively

unimportant in interpreting the isotope effects. Third, the (10) Hogg, J. L.; Rodgers, J.; Kovach, I.; Schowen, RILAm. Chem.
observed isotope effects arise largely from bonding changes onSoc 1980 102, 79.
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SCHEME 5
Alkaline Hydrolysis Acid-Catalyzed Hydrolysis
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of hydroxide to acetaldehyd&.This is a reasonable model The similarity of the formyl-H KIEs for the acid-catalyzed
because the rate-determining step for formamide hydrolysis and alkaline hydrolyses of formamide (acit,= 0.79; alkaline,
contains the addition of a heavy atom (oxygen) to a carbonyl-C Pk = 0.80) and the above discussion lead to the expectation
containing a hydrogen atom and two heavy atoms (N and O), that the carbonyl-C KIEs for both reactions should be nearly
just like the model. The only significant difference is the fact equal in magnitude. This is exactly what is observed (alkaline,
that nitrogen is a much better electron donor than oxygen (by *3kgps = 1.032; acid*¥ops = 1.031).

resonance) to the carbonyl-O. Using the results in Table 3 of  The Carbonyl-O Isotope Effect. In general, there are two
ref 10 as a general guide, it is likely that the bond order to the components of the overall observed carbonyl-O KIE, namely,
nucleophile is approximately 0.8 in the transition state. a normal KIE due to the breaking of thebond and an inverse

It is interesting to note that the mechanisms of the alkaline KIE resulting from adding new stretching/bending modes in the
and acid-catalyzed hydrolyses of formamide are different even transition state. It is believed that a combination of these two
though they show very similar large inverse formyl-H KIEs factors leads to the small magnitude of most-observed carbo-
(Pkobs = 0.80 for alkaline;Pkons = 0.79 for acid). The alkaline  nyl-O KIEs2 However, interpretation of the carbonyl-O KIE
hydrolysis mechanism, which contains terms that are first and for the acid-catalyzed hydrolysis of formamidékgys= 0.996)
second order in hydroxide, is far more complex than that for is complicated by comparison to that for alkaline hydrolysis
acid-catalyzed hydrolysfs.At low hydroxide concentration (&= 0.980)¢ The significantlymore irverseKIE for alkaline
(where the first-order term dominates) there is considerable hydrolysis is the opposite of what is expected. Why? To answer
carbonyl-O exchangékex = 2.1), indicating that the transition  this question, one must consider the structure of the ground state-
states for the formation and breakdown of thé @re of roughly  (s) and the structure of the transition state(s) for both reactions;
equal energy in this case. At high hydroxide concentration, the these are given in structurésandlll throughV (Scheme 5;
mechanism branches through a second tetrahedral intermediatefor simplicity, several waters of hydration have been omitted).
T2, and the magnitude okykex increases as hydrolysis is  |n both cases, the large inverse formyl-H KIE points to a reaction
favored. This is in striking contrast to the PIX and KIE where the sp— sp? hybridization change at the carbonyl-C is
experimental results just described for the acid-catalyzed hy- similar and nearly complete in the transition state. If this is true,
drolysis. it follows that the extent of carbonyt-bond cleavage on going

The Carbonyl-C Isotope Effect.Both theoretical calculations  from formamide to the Splike transition state should be nearly
and empirical evidence have established that the carbonyl-C KIEthe same in both cases. This should result in carbonyl-O KIEs
for addition of an oxygen nucleophile to a carbonyl-C is always of similar magnitude. The major difference is the formation of
normal and varies only slightly with the degree of hybridization a new O-H ¢ bond to the carbonyl-O in the acid-catalyzed
change in the transition state. From a theoretical standpbint, case. However, formation of this newbond in a very late
the calculated carbonyl-C KIE for the reaction of acetaldehyde transition state is expected to add an additional small inverse
with hydroxide varies only from®kons = 1.029 t0'3kops= 1.015 component to the observed KIE, which is not present in the
as the carbon-nucleophile bond order changes from 0.2 to 0.7.alkaline case. So the expectation is fomare irverseKIE in
Empirical observations for the alkaline and acid-catalyzed the acid-catalyzed hydrolysis than in the alkaline case, as is
hydrolyses of methyl formate agree closely with this prediction. observed in ester hydrolysid1.13.14This is the opposite of what
The alkaline hydrolysis of methyl formate has an early?-sp is observed.

like transition state (formyl-H:Pkops = 0.95) and exhibits a How can this discrepancy be rationalized? Because the
carbonyl-C KIE of*%ous= 1.0341* On the other hand, the acid-  ponding to the carbonyl-C appears to be nearly tetrahedral in
catalyzed hydrolysis of methyl formate has a late?-lde all transition states shown above, it seems likely that the
transition state (formyl-H:Pkops = 0.81) but only a slightly gitferences could stem from three possibilities. First, the
smaller carbonyl-C KIE of%obs = 1.0287 Similar results were  geyeloping negative charge on the carbonyl-O during alkaline
reported for the alkaline hydrolysis of a series of aryl carbon- hydrolysis might be more strongly hydrated than the overall
atest? The only exception seems to be the carbonyl-C KIE for neyiral charge to that atom in the transition state of acid-
the hydrolysis of methyl benzoate. In this case, the carbonyl-C ¢atalyzed hydrolysi& This is undoubtedly true, but it is hard
KIE is BKovs = 1.0443 for alkaline hydrolys_%é but becomes {5 see how stronger hydration to the carbonyl-O in the alkaline
significantly smaller {%.ps = 1.026) for acid-catalyzed hy-  case could lead to such a significantly more inverse carbonyl-O
drolysis* KIE than formation of a formal @H ¢ bond in the acid-
catalyzed case. Clearly this is not a very likely explanation.

(11) Marlier, J. F.J. Am. Chem. Sod 993 115 5953.
(12) Marlier, J. F.; O’Leary, M. HJ. Am. Chem. S0d99Q 112 5996.
(13) O’Leary, M. H.; Marlier, J. FJ. Am. Chem. S0d 979 101, 3300.

(14) Marlier, J. F.; O’'Leary, M. HJ. Org. Chem1981, 46, 2175.
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Second, a significant fraction of leaving-group nitrogen atoms
might be protonated in the ground state for acid-catalyzed
hydrolysis. This would cause disruption of the resonance
between the lone pair on nitrogen and the carbonyl-O and
increasedr-bond order in the ground state for the carbonyl-O.
In turn, this would increase the factor that leads to a more normal
isotope effect (i.e., breaking tleebond). The site of protonation
of amides in acidic media has long been debatealthough
nitrogen is more electrophilic than oxygen, resonance theory
dictates that the carbonyl-O of amides should be protonated
more easily. This is illustrated in eq 7, where N-protonation is
shown to the right of structur€l and the resulting resonance
forms of O-protonation are shown to the left. TH€;@nd the
site of protonation of formamide have been studied by several
methods, including proton NMR2.5|R spectroscopyz©acid—
base titratio}>? theoretical calculatioRd-15¢ semiempirical
thermodynamic cycle (a general method for many amitkés),
and kinetic studie$39 Most estimated values for theKp of
formamide range from-2 to —0.25 and pick oxygen as the

strong enough to disrupt a significant amount of the resonance
of the nitrogen lone pair (haracter), this will increase the
m-bond order in the ground state of the carbonyl-O in acid
solution relative to what it is in alkali solution. This higher
sm-bond order must then be broken in the acid-catalyzed
hydrolysis leading to a larger normal contribution to the
observed KIE than is seen in the alkaline hydrolysis case. Of
the three explanations proposed, this last one seems the most
reasonable at the present time.

The Leaving-Nitrogen Isotope Effect.Because formation
of the tetrahedral intermediatky ) is rate determining, it is clear
that the transition state of the leaving-N must include the loss
of any residualz-bond character and the formation of a new
N—H bond. The loss of ang-bond character is apt to be small
for reasons stated above and will lead to a very small normal
KIE. The KIE on formation of an N-H bond is a primary KIE
and will be controlled by two factors, the temperature-
independent factor (TIF) and the temperature-dependent factor
(TDF).26 The TIF arises from motion of atoms along the reaction

site of protonation. Even though O-protonation is favored by coordinate, and this term is always normal. Because hydrogen
most, some N-protonation is believed to occur. Perrin et al. haveis lighter than nitrogen, it is likely that most of the motion will
shown that proton exchange on the amide nitrogen proceedsbe due to the hydrogen. As a result, the TIF is expected to be
via a protonated nitrogeft™ However, this is thought to occur  a small, normal contribution. The TDF can be either normal or
through a minor pathway, which is not the same as that for inverse; in this case, it will be inverse because of the introduction
hydrolysis. Recently, several carefully designed models with of the tighter bonding to the nitrogen in the transition state.
intramolecular proton donors have been shown to exchangeTogether these two contributions, plus the aforementioned loss
amide protons rapidly at very low concentrations of weak acids of any residual resonance, point to a small normal or small
via N-protonationts We revisited this issue viZPN NMR in inverse overall KIE, as is observetf{ = 1.0050).
an attempt to see if specific protonation of the nitrogen atom  Conclusion. Results of a multiple KIE study of the acid-
of formamide could be observed. Unfortunately, it is still unclear catalyzed hydrolysis of formamide are consistent with a stepwise
from our results whether the observed change in chemical shift mechanism involving at least one tetrahedral intermediate. In
is due to N- or O-protonation, but the published evidence this mechanism, rapid protonation of the amid&{ps= —2) is
presented above and resonance theory clearly favor O-proto-followed by the rate-determining attack of water, as evidenced
nation. What is clear from the current study is that tig pf by a leveling of the rate at high acid concentration and the lack
one of the atoms on formamide (N or O) appears to occur at of a sizable leaving-N KIE¥k = 1.0050). The carbonyl-O was
about—2 (Figure 1) and is roughly within the range of the shown to exchange very littl€&0 with the solvent, which is
previously reported values. This means a significant proportion further evidence for the rate-determining formation of the
of formamide n 1 M HCI (the condition used in the current tetrahedral intermediate, followed by a rapid breakdown to
KIE study) is protonated. Because there is no good evidenceproducts_ The formyl-H KIE is large and inverk{,s= 0.79),
for protonation occurring on nitrogen, this explanation for indicating that the transition state resembles the structure of the
decreasing the-bond character of the carbonyl does not seem tetrahedral intermediate.
likely.

The third possibility is loss of resonance in formamide Experimental Section
because of strong hydrogen bonding in the acidic media (as
seen in structurd/l, Scheme 6). If the hydrogen bonds are Materials and Methods. Anhydrous DMSO, 1-d-formamide,
1-h-formamide, anhydrous ethyl acetate, anhydrous sodium carbon-
ate, Nessler's reageht,and MES. HEPES, NAD, formate
dehydrogenase, and sublimeg were obtained from chemical
suppliers and were of the highest quality available. The isotopic
composition of the carbonyl-O of the formamide used in the
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carbonyl-O and carbonyl-C KIES% = —6.3) was determined Nessler’s reagent) in fractions-6. Enough 10 M NaOH was added
previously® Isotope ratios for carbon, nitrogen, and oxygen in to the pooled fractions until the concentration was 1 M, and the
heavy-atom isotope effects were measured on an isotope ratio mas&ydrolysis to formate was allowed to proceed overnight. A 0.156-g
spectrometer. Thevz = 46/45 and 47/45 of formamide for the  sample of MES (F form) was added to this hydrolysis mixture,
measurement of the formyl-H KIE and carbonyl-O exchange were followed by the addition of 2.0 M HCI until the pH was near 6.0.
determined on a GC-MS with an XT-1 nonpolar column. Proton- The neutralized solution was then reduced to a total volume of about
decoupled®N NMR spectra (40 MHz) of formamide in water and 2 mL by rotary evaporation and placed in a 100-mL round-bottom
in HCI were taken at 300 K; the 4D lock solvent resided in a  flask equipped with two stopcocks. One stopcock was on a sidearm
coaxial insert. The spectral width was 20.3 kHz in 32 K data points that was capped with a septum. The second stopcock was for
and 128 scans. The acquisition time was 0.40 s, and the relaxationattachment to the high vacuum line. The solution was dried under
delay was 3 s. Formamide (0.4 N) samples were prepared by thehigh vacuum at 70C overnight. While under vacuum, 2 mL of
addition of*N formamide (8.1 uL, 0.2 mol) to D and to seven  anhydrous DMSO containing 250 mg efas added via a syringe
different concentrations of HCI (ag; 0.2, 5, 1, 3, 6, 9, and 12 N). through the sidearm to the dried formate, and the resulting CO
N NMR spectra were taken immediately-Z min) after the  as collected into a liquid nitrogen trap, as previously described.
addition and mixing. Isotopic analysis gave thé for both the oxygen atom and the
Determination of the Fraction of Reaction. The fraction of carbon atom. There are two oxygen atoms in formate, one derived
reaction for the formyl-H KIE was determined via a formate from the solvent and one from the nucleophile. The observed per
dehydrogenase assay. (a) Typically, a&0aliquot of the quenched  mil isotopic abundancégs sy is related to that for the carbonyl,
reaction mixture was added to 200D of 0.10 M phosphate buffer 8oy and the nucleophile’®ny), as shown in eq 8. The
at pH 7.6. A 50uL aliquot of this diluted solution was added to a  magnitude of'8nyy does not change during the course of the
solution composed of 100 of 15 mM NAD* and 65QuL of the reaction, because the nucleophile (water, 56 M) is in huge excess
same phosphate buffer & 1 mLquartz glass cuvette. The reaction  over formamide. Thu¥co) can be calculated from eq 9. Because
was initiated by the addition of 2Q@ of a formate dehydrogenase  the actual magnitude 0oy, is not known, only an apparent
solution (~50 U/mL in the phosphate buffer), and the increase in 1850y can be calculated from eq 10. This apparéco, is
absorbance at 340 nm was determined. Formamide was not reactivgjisplaced from the true value by the same constant (eq 9), where
under these conditions. (b) To determine total formate plus ¢ = (0.5)(8n))/0.5. The value of the constant is not important
formamide present at quench, a D-aliquot of the quenched  pecause the magnitude of the isotope effect depends only on the
reaction mixture was mixed with 250L of 1.0 M NaOH and difference between the apparerfdco, for the low and high

allowed to react for 1 h. A 15@4 aliquot of this reaction mixture conversion samples. As a result, the appat@io, values are used
was then added to 100L of 1.0 M HCI and 2000uL of the in the KIE calculations. '

phosphate buffer. A 5@4 aliquot was then assayed via formate
dehydrogenase, as described above. The fraction of the reaction

was theumol of formate from (a) divided by the totaimol of "0y = (0.5)\°0 ) + (0.5)(*O 1) (8)
formate plus formamide from (b).
The fraction of the reaction for the carbonyl-C, carbonyl-O, and 185(c0) = [18(5(0bs)_ (0_5)(185(NU))]/0.5 = 185(0b5{0-5_ Cc (9)

leaving-N KIEs was determined using Nessler's reagent. (a) For
the carbonyl-C and carbonyl-O KIEs, a 4Q- aliquot of each s 18
fraction obtained from the ion-exchange column containing only apparent® ¢, = "% op</0.5 (10)
unreacted formamide (see below) was added tod60f 1.0 M
NaOH and reacted for 1 h. Next, a 1@0-aliquot of the above
was added to 80@L of water and 10Q:L of Nessler’'s reagent.
The absorbance at 425 nm was then determined for each fraction
and the total number gfmol of NHz was calculated from a standard
curve. (b) For the leaving-N KIE, a 24 aliquot of fractions from

the ion-exchange column that contained onlydirbduced during
hydrolysis was added to 878 of water and 10Q:L of Nessler’s
reagent. (c) The total number pfol of nitrogen in each reaction
mixture (NH; plus unreacted formamide) was determined by
alkaline hydrolysis of an aliquot obtained at quench but prior to
addition to the ion-exchange column, followed by analysis with
Nessler’s reagent. For the carbonyl-O and carbonyl-C KIEs, the
fraction of reaction was themol of NH; from (a) divided by the
total umol of NH;z from (c). For the leaving-N KIE, the fraction of
reaction was the ratio of themol of NH; from (b) divided by the
total umol of NH; from (c) subtracted from 1.

Nitrogen Isotope-Effect Procedure.The acidic hydrolysis and
quenching was carried out as described above. The quenched
reaction mixture was applied to a column composed of 7 mL of
strong cation-exchange resin (in the™Nf@rm). The column was
eluted first with water (8 fraction, 4 mL each), followed by 1 M
NaCl (8 fractions, 8 mL each). The early fractions contained
unreacted formamide; the later ones contained the product, am-
monium ion. The unreacted formamide was hydrolyzed in 1 M
NaOH for 2 h, then neutralized with,80,. This solution was then
made basic with NaOH and steam distilled into 0.1 ¥8By. The
volume of the steam-distilled solution was reduced to about 2 mL
by rotary evaporation and oxidized with NaOBr te. lhe N, was
analyzed by isotope ratio mass spectrometry. The ammonium ion
isolated by ion exchange chromatography was treated in a similar
manner, except no alkaline hydrolysis was needed.

Carbonyl-Carbon and Carbonyl-Oxygen Isotope-Effect Pro- Formyl-Hydrogen IsotopeEffect and PIX Procedyres:The
cedures. A solution containing 50QuL of water and 16uL of formyl-H KIE and PIX were measured by using a 1:1 mixture of

formamide (400umol) was incubated at 25C. Then a 50QeL 1-d-formamide to 1-h-formamide. The acidic hydrolysis and
aliquot of a 2.0 M HCI solution was added with stirring. At a quenching was carried out as described above. The unreacted

designated time, the reaction was quenched with 1.0 M NaOH. The formamide was isolated by repeated extraction with ethyl actate.
resulting pH was between 5 and 7. Control experiments show that The ethyl acetate solution was dried over anhydrous sodium

there was negligible further reaction under these conditions. A 1.2- carbonate and filtered, and the ethyl acetate was removed by rotary
mL aliquot of the quenched solution was applied to a mixed bed €vaporation. The isolated formamide was then dissolved in methanol

resin containing 5 mL of strong cation-exchange resin*(féam) (as a carrier), and the appropriate ratigZ= 46/45 or 47/45) was
plus 10 mL of strong anion-exchange resin (acetate form). The directly measured by GC-MS without prior oxidation.
column was eluted first with water (8 fractions, 4 mL each). Determination of the &) for Water. A small sample of C@

Formamide was shown to elute (via hydrolysis, followed by (<100 umol) was added to an evacuated round-bottom flask
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