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Abstract: Isotope effects were measured for all the atoms at the reactive center of formamide during hydrolysis
in dilute alkaline solution. Most of the reaction proceeds by a pathway that is first-order in hydroxide, although

a small amount proceeds by a pathway that is second-order in hydroxide. For alkaline hydrolysi€ @&h&5
carbonyl carbon isotope effect&,,s= 1.0321, the carbonyl oxygen isotope effectigse0) = 0.980, the

formyl hydrogen isotope effect ,ps= 0.80, and the nitrogen leaving group isotope effeétig,s= 1.0040.

The ratio of the rate of hydrolysis to the rate of exchange for the alkaline hydrolysis of formamide was shown
to be linearly dependent on the hydroxide concentration, ranging from an extrapolated viilesof 2.1

at very low hydroxide concentrations kg'kex = 8.4 at 1.5 M hydroxide. This is consistent with a mechanism

in which an increasing fraction of the tetrahedral intermediate pool is trapped as a dianion at high pH, effectively
lowering the rate of exchange. These results also indicate that the transition states leading into and out of the
tetrahedral intermediate are of comparable energy for the pathway which is first-order in hydroxide. The solvent
nucleophile isotope effect i$kopsuey= 1.022 for water as the attacking nucleophilé'®psmucy= 0.982 for
hydroxide as the attacking nucleophile. These results strongly suggest that one of the water molecules hydrating
the hydroxide ion is the actual attacking nucleophile instead of hydroxide ion itself.

Introduction withdrawing substituents, show a rate law term which is second-
Amides play a key role in both organic chemistry and %rgeérg]ugidgix'tﬂf2&?@@?&?&”|§\,$2?ttﬁf($fot?gvfrgﬁaw'

: ; . . ; i .
biochemistry. Important biological reactions such as the deg group of the tetrahedral intermediate, facilitating the creation

radation of proteins, as well as other metabolic reactions, of an oxydianion which can eliminate the amine with or without
underscore the importance of understanding the mechanisms y

of amide hydrolysis. Amides are the least reactive of the prior protonatiorf‘.GeneraI-bas.e catalysis, although uncommon,
common acyl groups toward basic nucleophiles, due to the poorhas been observed for reactive anilides such as trifluoroacet-
ability of an unprotonated nitrogen to act as a, leaving group. anilides and formanilidesFormamide alkaline hydrolysis has

The most widely accepted mechanism under basic conditions?oeﬁg\féu;'rzgealgﬁ\éiﬁggEcegé:ﬁt'f(i)rrslf_c:ﬂ?g;?gggiigg??erms
involves tetrahedral intermediated as shown in eq 1. 9

in hydroxide, consistent with the mechanism in eq 1.
0" o Amides are known to exchange the carbonyl oxygen with
W ki H_i_NHZ ks H_LI_O- . solvent during alkaline hydrolysfsThe results of such exchange
N K : experiments are usually reported as a ratio of the rate constant
H,0L0H" on for hydrolysis to that for exchangé(key). In turn, this result
(™) is used to determine the partitioning ratidsk{/k, or ks/ks,
K (OH") eq 1) for the tetrahedral intermediate, assuming the proton-
@ transfer steps are rapid. It was initially expected that the
0 tetrahedral intermediate would partition back to amide much
H_|__NH2 . ﬂ _ faster than formation of product¥ukex < 1) because the
T HO MO+ NHaeOHT hydroxyl group is a better leaving group than most amines. This
is true for benzamide, wherk/kex = 0.21 at 109°C, but
(T increasing the number of alkyl groups on the nitrogen decreases
o ) ) ) the relative amount of exchange frokykex = 0.74 for
Kinetic studies have shown that the alkaline hydrolysis of N-methylbenzamide to an undetectable level of exchanieNna

many amides with simple aliphatic amines usually follows a dimethylbenzamidé® It was postulated that tertiary amides are
rate law which is first-order in hydroxide?4On the other hand,

some anilides, and other amides containing strong electron- (4) Brown, R. S.; Bennet, A. J.; Slebocka-Tilk, cc. Chem. Red992
25, 481 and references therein.

T California Polytechnic State University. (5) Kirsch, J. F. Inlsotope Effects on Enzyme-Catalyzed Reactions
* University of Wisconsin. Cleland, W. W., CLeary, M. H., Northrup, D. B., Eds.; University Park
(1) OConner, C. JQ. Re.. Chem. Socl971, 24, 553. Press: Baltimore, MD, 1977; pp 16Q21.
(2) Bender, M. L.; Thomas, R. J. Am. Chem. S0d.961, 83, 4183. (6) Hine, J. S.; King, R. S.; Midden, W. R.; Sinha, A. Org. Chem
(3) () Schowen, R. L.; Jayarmann, H.; KershnerJLAm. Chem. Soc. 1981, 46, 3186.
1966 88, 3373. (b) Mader, P. MJ. Am. Chem. Sod.965 87, 3191. (c) (7) Bender, M. H.; Ginger, R. D.; Unik, J. B. Am. Chem. Sod.958
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incapable of exchange because at least one hydrogen must beeaction needed in the calculation of the nitrogen isotope effect, the
present on the nitrogen of the tetrahedral intermediate to catalyzeformyl hydrogen isotope effect, and the carbonyl oxygen exchange with
proton transfer between oxygen atoms. Recent studies by Brownsolvent. For the car_bonyl carbon and carbonyl oxygen isotope effects
and co-workers on a series of toluamides included several the fraction of reaction was determlngd by manometric measurements
tertiary amides that did exchange the carbonyl oxygen with the ° the amount of C@produced via oxidation of formate. In separate
solvent. The current interpretation is that the extent of carbonyl control experiments the two methods of measuring the fraction of

h f ide i ty d dent h reaction were shown to be in close agreement.
oxyggn exc ange. of an amide 1S mostly dependent on the Isotope ratios for the heavy-atom isotope effects were determined
basicity of the aminé.

. on a Finnigan Delta-E isotope ratio mass spectrometer; isotopic
The nature of the steps for decomposition of the tetrahedral compositions are given a*3C) for carbon,3(280) for oxygen, and

intermediatesig andky) is not fully understood. Solvent isotope  §(*N) for nitrogen. The value represents a per mil (%o) difference in

effects, which are often complicated to interpret, tend to indicate the isotope ratio compared to a tank standard. In the oxygen exchange

that the nitrogen of fairly basic amines (such as aliphatic amines) experiments thé®0/*®0 ratio of the carbonyl oxygen of unreacted

is fully protonated prior to leavinghowever, a concerted proton ~ formamide was measured on a Shimadzu QP or a Hewlett-Packard

transfer with a late transition state remains a possible alternative. 1800A GC-MS, equipped with an XT-1 nonpolar column; tHe©/

Isotope effects have provided detailed information concerning :\Réaﬂo OI the fmd“t_ch' .forThate.' "‘t’as mﬁits“:(eti with; BrI‘Jkerb%O
the transition-state structure of many acyl group transfer spectrometer, utilizing the 1Sotope shilt of the carbony! carbon.
fi H v af h studies h b " The ratio of 1d-formamide to 1h-formamide in the formyl hydrogen
reactions. However, only a few such studies have been repor eC‘sotope effects was determined on a Hewlett-Packard Series Il (model

for the reactions of amides. Kirsch determined the formyl 5gq) gas chromatograph, equipped with a 60 m carbowax column.
hydrogen isotope effect on the alkaline hydrolysis of form- gy nihesesknowledge of the isotopic composition of the carbonyl
amide? This isotope effect is dependent on the concentration oxygen of formamide is needed to determine the oxygen nucleophile
of hydroxide, consistent with a term in the rate law that is both isotope effect. Thig(280) cannot be determined directly. Consequently,
first- and second-order in hydroxide. Kirsch fitted these data to formamide was synthesized from methyl formate, for which the isotopic
the mechanism of eq 1 and calculated the kinetic isotope effectscomposition of the carbonyl oxygen can be determined by a published
for formation of T~ (Pky = 0.65), breakdown of T (Pks = 1.58), decarbonylation proceduté.To synthesize this formamide, a dry
and breakdown of & (P°ks; = 1.41), indicating fairly late .methanolic. solution which was 0.89 M in methyl formate and 1.88 M
transition states in all cases. There are only a few reports of " @mmonia was allowed to react under dry nitrogen at room
heavy-atom isotope effects on amide hydrolysis. Leaving group temperature for 21 h. The methanol and ammonia were removed by

nitrogen isotope effects for chymotrypsin-catalyzed hydrolysis
of N-acetyl+-tryptophanamid® (*%.ps = 1.010 at pH 8) and
papain-catalyzed hydrolysis bEbenzoylt -argininamidé® (2kqps

= 1.023 at pH 8) were carried out byl@ary. The difference

rotary evaporation, and the remaining material (crude yield 100%) was
distilled under reduced pressure. A sample of this purified formamide
was hydrolyzed completely and then oxidized bdDMSO. Finally,

the 6(**C) of the carbonyl carbon was determined by isotope ratio mass
spectrometry of the resulting G@see below). The fact that the isotope

between the isotope effects for the two enzyme-catalyzed ratio of the carbonyl carbon of formamide did not change significantly
reactions appears to be due to different partitioning ratios of (<1 per_mil) from that of the start_ing methyl_ formate infers that the
the intermediates. The leaving group nitrogen isotope effect on conversion was complete and the isotope ratio for the carbonyl oxygen

the alkaline hydrolysis of benzamidé®(,s = 1.004) was
reported as an unpublished result in ref 9.

In this paper we present isotope effects for all of the atoms

at the reactive center of formamide during hydrolysis in dilute
alkaline solution, where the reaction is largely first-order in
hydroxide ion concentration. We are primarily interested in the

must also be unchanged during the synthesis and purification of
formamide.

1-d-Formamide was synthesized in an identical manner froth 1-
methyl formate. The purified product was mixed in a 1:1 ratio with
natural 1h-formamide and used in the formyl hydrogen isotope effect
experiments.

Carbonyl Carbon and Carbonyl Oxygen Isotope Effect Proce-

mechanism of the first-order reaction because of its similarity yres The carbonyl carbon and carbonyl oxygen isotope effects were
to the mechanism of enzyme-catalyzed amide bond hydrolysis measured by a slight modification of the previously published

and, hence, its suitability as a model. The results of these proceduré?! In a typical experiment a low conversion sample contained

experiments allow a detailed picture of the transition-state 0.10-0.20 M KOH and 0.20 M formamide in a total volume of 2.0

structure for this reaction. In addition, the solvent oxygen
nucleophile isotope effect allows determination of the actual
nucleophile (water or hydroxide) for the reaction.

Experimental Section

Materials and Methods. Formamide and HEPES buffer were from
Sigma Chemical Co. Methyl formate (anhydrous), DMSO (anhydrous),
triphenylmethane, sodium hydride (60% oil suspension), and 2.0 M
ammonia in methanol were obtained from Aldrich Chemical Co. lodine
(sublimed) was from Mallinckrodt Chemical Co. All were of reagent
grade or better and were used without further purification. Water
containing 99 atom %°0 was obtained from Isotec Inc. for the GC
MS method, and that containing 96 atom %@ was obtained from
Icon Services Inc. for the NMR method.dtMethyl formate (99 atom
%) was obtained from Aldrich Chemical Co.

The UV spectra were measured on a Cary 4-tié spectropho-

mL. After a reaction time of 15 min (3632% reaction) the reaction
was quenched by addition of 1.0 mL of HEPES buffer, pH 7.5. This
solution was transferred to a round-bottom flask equipped with a side
arm which contained a stopcock. Water was removed by heating this
flask to 85°C under high vacuum for a minimum of 3 h, after which
2.0 mL of anhydrous DMSO containing 300 mg efitas added through

a septum attached to the side arm. The.@@s collected into a U-tube

at liquid nitrogen temperature after first being passed through two liquid
nitrogen—pentane traps. Control experiments with formamide in the
absence of KOH failed to produce any ©@€hen subjected to the drying
and oxidation procedure, making removal of unreacted formamide
unnecessary. Th&d(**0) and o6(**C) of the resulting C@ were
determined by isotope ratio mass spectrometry. High conversion
samples were prepared by allowing a solution which was 0.20 M
formamide and 1.4 M KOH to react for a minimum of 50 min. This
solution was quenched with 0.6 mL of 1.0 M HCl and 1.0 mL of 1.0
M HEPES, pH 7.5. The solution was then dried, oxidized, and analyzed

tometer. A UV assay at 240 nm was used to determine the fraction of as above.

(8) Bunton, C. A.; Nayak, B. @onner, C.J. Org. Chem 1968 33,
572.

(9) OLeary, M. H.; Kluetz, M. D.J. Am. Chem. S0d.972 94, 3585.

(10) OLeary, M. H.; Urberg, M.; Young, A. PBiochemistryl974 13,
2077.

Leaving Nitrogen Isotope Effect Procedure.Low conversion
samples for the nitrogen isotope effects were prepared by allowing a
5.0 mL solution which was 0.20 M in formamide and 0-1020 M in

(11) Marlier, J. F.J. Am. Chem. S0d.993 115 5953.
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KOH to react until enough KOH was consumed that reaction effectively Table 1. Carbonyl Oxygen Exchange with Solvent during the
had ceased (3957% reaction by the UV assay). A 1.0 mL aliquot Alkaline Hydrolysis of Formamide in Water

was immediately appliedbta 2 mLDowex 50 column (H-form) and av [OH], GC—MS 13C NMR
eluted with water. Fractions of 3.0 mL volume were collected. In Ma methodky/Ke methodky/KeE
separate control experiments it was shown that the unreacted formamide:

eluted in the first three fractions, whereas the ammonium ion was tightly 8232 25 27
bound to the column. The pooled fractions containing the unreacted 0'22 29 ’

formamide were treated with enough 10 M KOH to bring the final 1.46 83
concentration of hydroxide to 1.0 M. The hydrolysis to ammonia and
formate was allowed to proceed for 1.75 h, after which the solution 2 (Initial + final hydroxide concentration)/2.At 25 °C, unbuffered.
was made mildly acidic (pH paper) Wit9 M H,SQ,. The reaction ¢ At room temperature: 2224 °C, unbuffered.

mixture was then placed in a round-bottom flask equipped with a side

arm which was attached to a small glass vessel containing a several-resonances for formamide and formate.TA study established the
fold molar excess of a concentrated NaOBr solufigkfter several optimum setting for the integration of the carbonyl carbon resonances;
freeze-thaw cycles under high vacuum to remove atmospheric nitrogen, a control experiment containing equal amounts of formate and
the NaOBr was added from the side arm to the main flask. The nitrogen formamide yielded the expected 1:1 integration. The extent of isotope
produced by oxidation of the ammonia was collected under vacuum exchange was determined by separate integration of@earbonyl

into molecular sieves at liquid nitrogen temperature after passing carbon resonances containing zero, one, and¥@catoms.

through two liquid nitrogen traps. ThE*N) of the collected nitrogen

was then determined by isotope ratio mass spectrometry. High Results

conversion samples were generated from solutions that were 0.20 M Formamide w. hown to exchanae it rbonvl ox n with
in formamide and 1.4 M in KOH. After complete hydrolysis the ormamide was sho 0 exchange Its carbonyl Oxyge

ammonium ion produced was oxidized and analyzed as above. A the solvent during alkaline hydrolys!s in water. Two methods
column was not necessary in the case of the high conversion samplesvere employed to measure the ratio of the rate constant for
because no unreacted formamide remained. hydrolysis to that for exchangé&q(key); the results are given in
Nucleophile Oxygen Isotope Effect Procedure.The oxygen Table 1. In the first method (GEMS) the fraction of reaction
nucleophile isotope effect was measured by reacting a solution thatwas determined either by the UV assay or by integration of the
was 0.27 M in formamide of knowd(*®O) at the carbonyl oxygen  formyl hydrogen NMR resonances for formamide and formate;
(see above synthesis section) and 1.7 M in KOH for at least 1 h. The the ratio of*%0/*%0 of the carbonyl oxygen in unreacted formate
formate produced by this hydrolysis was neutralized by addition of \ya5 determined by GEMS. The ratio,ky/kex, Was calculated
1.0mLof 1.0 M HEPES (acid form) gnd then drjed and oxidized by using equations published elsewhére.
I./DMSO as described above. The isotope ratio of the water (and In the second method the oxygen isotope shift on i@

hydroxide) used in these experiments was determined by exchanging for the isotopicall iched bonvi b d
the oxygen atoms of the water (10 mL) with a 0.1 mmol sample of resonance for the Isotopically enriched carbonyl carbon was use

CO, for 20 h with stirring. The exchanged G@vas then collected 0 determine thé®0/*%0 ratio in the carbonyl oxygen of the
under vacuum and analyzed by isotope ratio mass spectrometry in theProduct, formate. In the NMR method, formate containing two

usual manner. 180 atoms was produced exclusively via exchange with solvent;
Formyl Hydrogen Isotope Effect Procedure The formyl hydrogen  formate with oné®0 and oné-O arose mostly from hydrolysis
isotope effect was measured using a 1:1 mixture dffétrmamide/1- (a small amount appears from exchange with the small amount

h-formamide (see synthesis section). In these experiments a solutionof 160 water); the small amount of formate with tA%0 atoms

that was 0.20 M in total formamide and 0:20.40 M in KOH was came exclusively from the hydrolysis reaction with the small
followed by the UV assay at 240 nm. After the reaction nearly stopped amount of'60 water in the reaction mixture. Simple integration
due to low levels of KOH (3%+68% reaction), the solution was  t the carbonyl carbon resonances of formamide and formate
immediately extracted three times with 2 mL. of ethyl acetate. The served to determine the fraction of reaction. From the limited

pooled ethyl acetate was dried with anhydrous Mg@a@d analyzed
by capillary GC. The two isotopic formamides separated on the 60 m data collected, th&*C NMR method appears to have an error

carbowax column, with the deuterium-containing isotopomer eluting limit of approximately+5%, which is only slightly higher than

5 s later than natural abundance material. The area under each peakhe error limit for determiningi/kex by the GC-MS method

was determined by a Grams 95 program. The isotope effect was then(2—3%). Combining the results of both metho#igkex was
calculated in the usual way from the fraction of reaction and the isotope found to be linearly dependent on the average concentration of
ratios. hydroxide (see Table 1 and Discussion).

Carbonyl Oxygen Isotope Exchange ProceduresThe extent of The carbonyl carbon and carbonyl oxygen isotope effects on
carbonyl oxygen isotope exchange was measured by two methods. Inthe alkaline hydrolysis were measured in aqueous solution at
the first method a solution containing 0.40 mL of 1.0 M formamide, o5 o by a slight modification of our published proceddite.
0.20 mL of KO (99 atom %'0), and 0.1060.300 mL of 1.0 M rpiq nracedure was subjected to controls that ensured unreacted
KOH in a total volume of 1.000 mL was allowed to react and then formamide did not interfere with collection and oxidation of
extracted with ethyl acetate and dried just as in the formyl hydrogen . .
isotope effect experiment (see preceding paragraph). In this case the_forrnate produced during hydmly_s's' The carbonyl carbon
107150 ratio of the unreacted formamide was determined on the iSOtope effect was determined directly from the measured
Shimadzu QP GEMS. The isotope exchange at 2.0 M hydroxide was 6(*3C) for low and complete conversion samples (Table 2).
determined in a similar manner, except the Hewlett-Packare- K8 Calculation of the carbonyl oxygen isotope effect from the
was used for isotopic analysis. The extent of reaction was determined measured(*80) was not as straightforward. The solvent (water),
by either the UV assay or integration of the formyl hydrogen resonances representing a vast molar excess of oxygen atoms compared to
in the proton NMR. the carbonyl oxygen of formamide, maintains a consiO)

The extent of carbonyl oxygen exchange was also measured by aqyring the course of hydrolysis. One of the oxygen atoms of
novel method utilizing thé®O isotope shift on the carbonyl carbon of formate (which is subsequently converted to£®as derived
[**Clformate. For this exchange experiment;dl0of 9.4 M KOH, 10 from the solvent and the other from either the original carbonyl

#L of [**Clformamide, 48QuL of [*O]water (96 atom %), and a few oxygen of formamide or the solvent via the exchange reaction
crystals of EDTA were sealed in an NMR tube and allowed to sit for Y9 9 :

30 min, after which thé3C NMR Spectrum was taken. The extent of (12) Marlier, J. F.; Haptonsta”’ B. A.; Johnson, A. J.; Sacksteader, K.
reaction was determined by integration of the carbonyl carbon A.J. Am. Chem. S0d.997 119 8838.
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Table 2. Isotope Effects on the Alkaline Hydrolysis of Formamide Table 3. Isotopic Composition of Oxygen Atoms Involved in

in Water at 25° Calculation of the Nucleophile Isotope Effect on the Alkaline
atom k(light)/k(heavy}® Hydrolysis of Formamide in Water at 2%
1 a
carbonyl carbon 1.032% 0.0008 (6) oxygen source o(*0)
carbonyl oxygeh 0.980+ 0.001 (5) CO, from complete hydrolysis of formamide —37.2+ 1.0 (6)
leaving nitrogen 1.0046- 0.0005 (6) CO; from carbonyl oxygen of formamide —6.3+0.3(6)
formyl hydrogen 0.8Gt 0.02 (4) CO, exchanged with water +1.4, range 0.4 (2)
. . — . water —39.6 (calc)
a Corrected for fraction of reactio?.Number of determinations in hydroxide —79.6 (calc)

parentheses.Corrected for carbonyl oxygen exchange (see the text).

aCompared to a PDB standard.

Therefore, calculation of the carbonyl oxygen isotope effect
required a correction fa¥(*80) of those oxygens which entered
formate either via exchange with solvent (ile/key) or by direct
attachment of the nucleophile. Differential equations to ac-
complish this correctiott are given in detail in the Supporting
Information; the oxygen isotope effects in Table 2 reflect this
correction. The rather high standard error on the carbony
oxygen isotope effect reflects not only the normal uncertainty
in measuring a heavy-atom isotope effect, but also the additional
uncertainty on measuring the extent of oxygen exchange with
solvent. The observed kinetic isotope effects did not vary with
pH within the narrow range of hydroxide ion concentrations
used in these experiments.

The nitrogen isotope effect was measured by first separating
unreacted formamide from ammonia on a Dowex 50-fbrm)
column and then hydrolyzing this formamide quantitatively to
formate plus ammonia. The ammonia was subsequently oxidized
to nitrogen with NaOBr by a published proceddr€ontrol S . . . .

. . . which is of constant concentration and isotopic composition.
experiments demonstrated that formamide was not fractionated . . . g
. - All that is required to determine the nucleophile isotope effect
on this short column and that unreacted formamide was is a way to determine thé(#0) for O and to compare it to
quantitatively separated from the ammonia formed during the invgrianté(mO) of the possible nucleo hilesp(water or
hydrolysis. The isotope effects are also given in Table 2. The hydroxide) P P
observed kinetic isotope effects did not vary with pH within Yo C e . .
o . . This calculation can be accomplished using eq 2, where the
the narrow range of hydroxide ion concentrations used in these L : 1 <2 5
. per mil isotopic abundancedonsy 01, d%ex), and é%un) are,
experiments. . c .
. respectively, those for the entire g@olecule, for G (which

The formyl hydrogen isotope effect (Table 2) was measured
at an average 0.2 M hydroxide ion concentration by a capillary _ 1 2 2
GC method. The t-formamide was shown to ekit5 s after Oobs) = 0-807+ 050" ey + 0-50"wnfuny 2)
the natural abundance formamide on a 60 m carbowax capillary .

GC column. Therefore, the area under the peaks was used tg> directly from the nucleophile), for O(which is from the

; . . . carbonyl oxygen of formamide after exchange with solvent),
calculate the change in the ratio of these two isotopically - .
. : . . - and for & (which is from the carbonyl oxygen of formamide
substituted formamides at various fractions of reaction. The . . < .
. . . without exchange with the solvent). Additionallfey) is the
fraction of reaction was determined by the UV assay. - . .
. . fraction of formamide molecules which has undergone oxygen
Measurement of the oxygen isotope effect on the nucleophile

- : . ! exchange, wheredsg is the fraction that has not exchanged.
required synthesis of_formam|de W'th_a know(i0) for t_he The one assumptic?n)in this calculation is that the isotope ratio
calrbonyl oxygen. This was accomplished by measuring the of the oxygen atoms entering formate via the exchange pathway
0(*%0) for the carbonyl oxygen of methyl formateand then i 40 same as that for the nucleophile (id8.= 62ex). This is
quantitatively converting this me'ghyl format«_e to fofmam'de N "3 reasonable assumption since the exchange reaction begins with
the presence of dry _metha_nohc ammonia. This synthesis the same nucleophilic attack steg,(eq 1) as the hydrolysis
preserved the known isotopic composition of the carbonyl pathway and because the amount of exchange is so skyall (
oxygen during conversion of methyl formate to formamide

b h ; h bl : kex = 8.7) at the high level of hydroxide employed for these
ecause here was no source ol exchangeable oxygen a omﬁarticular experiments. Using this assumption and solving for
and because the conversion was quantitative. The carbonyl st gives eq 3.
oxygen of this methyl formate (and hence formamide) was found
to have ad(*80) of —6.3 (Table 3).
A sample of this formamide was completely hydrolyzed in
aqueous 1.7 M KOH, dried, and oxidized to €6y 1,/DMSO.
This higher hydroxide concentration was chosen because at theéz
lower hydroxide concentrations quantitative conversions are calculated from the differential equations cited eatidand
more difficult (slow reaction rates) and because a large amount y.i-iled in the Supporting Information), plus the known value

of cart_)onyl oxygen exch_ange m_akes _determinaf[i_on of the of kn/kex (Table 1). The above information allows thé€0) of
0(*0) inherently less precise. The isotopic composition of this the attacking nucleophile (@) to be calculated, which is62.3

(13) Marlier, J. F. Ph.D. Dissertation, University of WiscorsMadison, per mil. Thed(*%0) values 0f—39.6 per mil for the water and
Madison, WI, 1978. —79.6 per mil for the hydroxide used in these experiments were

CO, was found to have 4(180) of —37.2 (Table 3). The origin

of the two oxygen atoms of the GQO=C=0?) produced in

this manner was as follows: (1) one of the oxygen atomy (O

was completely derived from the solvent nucleophile (water or

hydroxide). The second oxygen atom?[Qvas derived from
| either (2) the solvent nucleophile via exchange or (3) the original
unexchanged carbonyl oxygen of formamide (still having a
0(*80) of —6.3 because hydrolysis was quantitative).

In the present experiment it is not necessary to measure the

isotopic composition of the oxygen atoms of €& both high
and low conversions, as is typical in a competitive experiment;
the above-mentioned quantitative hydrolysis is sufficient. This
is due to the fact that the ultimate source dfi®the solvent
oxygen nucleophile (water or hydroxide), which is incorporated
into formamide during hydrolysis. Since the solvent is present
in a very large excess over the substrate (formamide), it can be
treated as essentially an infinite reservoir of oxygen atoms,

61 = [6(obs) - 0'552(un)f(un)]/[0'5 + O'H(GX)] (3)

The magnitude 0dops)is —37.2 per mil (Table 3); that for
wn) IS —6.3 per mil. The values ofyn and fex can be
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= (2k; + 2k,K[OH ])/k 4
0950 L T ik = (2o + 244 2
0.80 H——C—NH, H——C——0CH, fitted to eq 4, linear regression analysis gave an excellent fit
O 095 _A4 . ;
1.032 A_ 1.034 (r2 = 0.999). They-intercept of this plot (Rs/ky) equals 2.10,

making the partition ratio for T (ks/ky) equal to 1.05. The small
magnitude oks/k, normally indicates the transition states leading
to and from T are of comparable energy and, therefore,
resemble T in structure. However, the proton transfer required
to make the nitrogen a better leaving group appears to cause
determined by completely exchanging the oxygen atoms of the transition state for decomposition of 1o become less $p
water with CQ and then correcting for the known fractionation like than expected (see below). In contrast, esters such as methyl

H0” 1022 o3

H,0

Figure 1. Summary of the isotope effects on alkaline hydrolysis of
formamide and methyl formafé:.}":18

factors between C£and water £41.0 per mil}* and between
water and hydroxide<{40.0 per mil)!® As a result, either water
is the attacking nucleophile with an isotope effect&ns(uc)

= 1.022+ 0.001 or hydroxide is the nucleophile with an isotope
effect of ®kgps(nucy= 0.982+ 0.001.

Discussion

The alkaline hydrolysis of amides is widely believed to occur
by the mechanism shown in eq 1. The product is formed by
pathways which are either first-order or second-order in
hydroxide. At the low initial hydroxide concentrations used in
the present isotope effect experiments {€012 M) the hy-
drolysis proceeds mainly through the pathway which is first-
order in hydroxide (involving only T). By contrast only a very
few esters@were thought to undergo alkaline hydrolysis by a
second-order pathway in a mechanism analogous to that give

findings6b the current evidence supports only the first-order
pathway for ester alkaline hydrolysis. To more fully characterize
the bonding in the transition state for the alkaline hydrolysis of

amides, we have measured isotope effects for all the reacting

atoms of formamide under conditions where the first-order

pathway greatly predominates. The solvent oxygen nucleophile
isotope effect was measured under highly alkaline conditions,
where the attack of the nucleophile (step 1, eq 1) was largely
rate-determining. This nucleophile isotope effect was important
in correcting the carbonyl oxygen isotope effect for the presence
of exchanged oxygen atoms from the solvent and for determi-

nation of the actual nucleophile (water or hydroxide) in the
hydrolysis reaction. In addition, the extent of carbonyl oxygen

exchange with solvent was determined at various hydroxide
concentrations. The results of the isotope effect study are
summarized in Figure 1, and compared to those previously .

published for the alkaline hydrolysis of methyl formate’-18
Carbonyl Oxygen Isotope ExchangeFormamide undergoes

carbonyl oxygen exchange with solvent; this exchange is
dependent on the concentration of hydroxide. These results ar
consistent with the mechanism in eq 1, where higher concentra-

tions of hydroxide effectively trap more of the intermediate as
T2, increasing hydrolysis relative to exchange (assurkirg

ks). The steady-state equations for the hydrolysis and exchange

reactions of eq 1 have been publisHgétom these equations
an expression fdk/kex as a function of hydroxide concentration

can be developed and is given in eq 4, assuming rapid proton
transfers. The oxygen isotope exchange results (Table 1) wer

(14) Friedman, |.; QNeill, J. R. U.S. Geological Survey Professional
Paper No. 440-KK, 1977.

(15) Green, M.; Taube, Hl. Phys. Cheml1963 67, 1565.

(16) (a) Khan, M. N.; Olagbemiro, T. Q. Org. Chem1982 47, 3695.
(b) Kellogg, B. A.; Brown, R. S.; McDonald, R. S. Org. Chem1994
59, 4652.

(17) Sawyer, C. B.; Kirsch, J. B. Am. Chem. Sod.973 95, 7375.

(18) Bilkadi, Z.; deLorimier, R.; Kirsch, J. . Am. Chem. Sod.975
97, 4317.
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formate show much less oxygen exchanggk{x = 18.3),
arguing for a largely rate-determining formation of.TThe
slope of the above plot KgK/k;) equals 4.29. From these results

it follows that, under conditions of 0.08®.15 M average
hydroxide concentrations used in the present work, only 14
23% of the formate is produced via the pathway which is
second-order in hydroxide. Therefore, the subsequent simplifica-
tion of the discussion of the remaining isotope effects solely in
terms of the first-order pathway is justified.

Formyl Hydrogen Isotope Effect. The secondary formyl
hydrogen isotope effect is sensitive to changes in the hybridiza-
tion of the adjacent carbonyl carbon atom. Kirsch reported an
inverse formyl hydrogen isotope effect on the alkaline hydrolysis
of formamidé which was dependent on the initial hydroxide
concentration (in the range 0.68.0 M). This result was
interpreted in terms of an increasing proportion of the reaction

; . ~"proceeding through T instead of T, in agreement with the
in eq 1. Recent studies have cast doubt on these earlle:IIO 9 g g

observed hydroxide dependencekgkex (see above). From the
observed isotope effects Kirsch calculated the isotope effects
on the individual steps of the mechanism. The isotope effect
on formation of T was found to bé’k; = 0.65, arguing for a
very late sp-like transition state (structuig. The isotope effect

on breakdown of T (structurelll ) was calculated to beks =

1.58; that for breakdown of 2T (structurell ) wasPk,= 1.41,

-5 0® Y
7 l: | |/H

! : -9 H—Cr- =N
H—C——NH, H—0C----NH, T \\
. -8 : 5Q !
H—0----H----OH ° g ;!

- Heee
O\H
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indicating late, splike transition states in both cases. The
transition state for the breakdown of {structurelll ) is shown

as involving a simultaneous proton transfer (through water) from
the—OH of T~ to the leaving nitrogen. On the basis of solvent
deuterium isotope effects, Brohas proposed an alternative
mechanism involving stepwise protonation of the nitrogen prior
to leaving. These solvent isotope effects are also consistent with
a late transition staté#l . The transition states for the breakdown
of T~ in both mechanisms avoid the unlikely formation of the
highly basic NH~ ion. Neither mechanism can be strictly
eliminated on the basis of the isotope effects presented in this

paper.

Our determination 0Pk(psy= 0.80 (Table 2) was performed
only at an average hydroxide concentration of 0.20 M and is in
general agreement with those reported by Kirsch at that
hydroxide concentration. The relationship between the isotope
effects on the individual steps of the mechanism and the
observed isotope effect is given by eq 5. In eq 5, the asterisk

“Kobs = [ Keq"ks T Ky (ka/kp) /(1 + Kfky) (%)
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Table 4. Calculated Kinetic Isotope Effects on the Various
Steps in the Mechanism of Alkaline Hydrolysis of Formamide
(See the Text)

isotope effect assumed calculated
formyl H Pky = PKeq= 0.69 Pks=1.34
carbonyl C 13k1(c=o) = 1-032,13Keq(c=0) =0.983 13K3(C=O) =1.050

nucleophilic O *ksnuc) = 0.995,"%Keq(ucy= 1.033
18K3(nuc): 1-000y18Keq(nuc): 1.033
ISQ(nuc): 1'005118Keq(nuc): 1.033

18y ey = 1.017
lakl(nuc): 1.012
184 nuey= 1.007

leaving N Bk; = 5K eq=1.000 %s; = 1.008
%k, = 1%Keq= 1.005 1% = 0.998
Bk; = Keq=1.010 1%s; = 0.988

refers to an isotope effect which is always given as a ratio of
the rate (or equilibrium) constants for the light/heavy isotopes
(i.e., in the case of hydrogen isotope effedtssymbolizes’k,
which in turn refers té'k/Pk). In particular, %opnsis the observed
isotope effect, Keqis the equilibrium isotope effect on step 1,
and *k; and *s are the kinetic isotope effects on formation
and decomposition of T, respectively. The ratitiz/k, = 1.05

results from the isotope exchange experiments extrapolated to

very low hydroxide concentrations (see above).

One can obtain a reasonable estimatePKt, from the
hydrogen fractionation factor between the formyl hydrogen of
formic acid and the hydrogen of a secondary alcohol, which is
DKeq = 0.691° The equilibrium isotope effect on formation of
T~ should be of a similar magnitude. Because the formy
hydrogen isotope effect is a secondary one and because t
transition state for formation of Tappears to be a late one, it
is reasonable to expect tH¥cqshould be similar in magnitude
to Pk;. Using these estimated valué¥s is calculated to be
1.34 (Table 4), in approximate agreement with that calculate
by Kirsch ks = 1.58). Finding a late, 2gike transition state
for breakdown of T is somewhat of a surprise because it is
expected that the transition state would resemble the reactive
tetrahedral intermediate. However, the results of these formyl
hydrogen isotope effect studies strongly suggest any viable
transition state for breakdown of Tmust involve considerable
C—N bond cleavage.

Carbonyl Carbon Isotope Effect. Carbonyl carbon isotope
effect data on the hydrolysis of amides are lacking in the
literature. However, several carbonyl carbon isotope effects have
been measured for the alkaline hydrolysis of esters. The carbonyl
carbon isotope effect for the alkaline hydrolysis of methyl
formaté! (13kyps = 1.0324) compares closely with that reported
here for formamide fk.ps = 1.0321). The isotope effects on
the individual rate constants can be approximated from eq 5.
An estimate of*Keq= 0.979 has been reported for the addition
of hydrazine to methyl format&. After the small secondary
contribution of the outer nitrogen is removed (makifi§eq =
0.983), this will serve as a crude model for the present
equilibrium carbon isotope effect. The best model for the
carbonyl carbon isotope effect ¢q is the alkaline hydrolysis
of methyl formate, wher&¥,ps= 1.0324. In the methyl formate
case the first step (attack of hydroxide) is largely rate-
determining, making3.ps Nearly equal to the kinetic isotope
effect on step 1¢;). Unfortunately, the transition state is
considerably earlier for the alkaline hydrolysis of methyl formate
when compared to formamide. However, the carbonyl carbon
isotope effect for the alkaline hydrolysis of a large number of
esters appears to be rather insensitive to large changes in th
structure of the ester (and hopefully the transition st&3)2°
all such carbonyl carbon isotope effects are in the rafggs
= 1.03-1.04. Using these estimated isotope effects in eq 5 gives

I
h

d

(19) Cleland, W. WMethods Enzymoll98Q 64, 104.
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a calculated magnitude &%z = 1.05 (Table 4). This calculated
isotope effect is a bit higher than expected. Given the difficulty
of accurately estimatintfKeqand*%;, the calculated magnitude

of 1%z is at least in the ballpark. In general, large normal kinetic
isotope effects such as theselgrandks are indicative of steps
involving a high degree of reaction coordinate motion on the
part of the carbonyl carbon atom as expected in both steps of
the mechanism. However, this large normal observed isotope
effect effectively eliminates any mechanism in which (or

an N-protonated form of ) is at equilibrium with the ground
state (formamide). If this were the case, the observed carbonyl
carbon isotope effect would need to be inverse, approximately
in the B¥Keq = 0.983 rangé?

Carbonyl Oxygen Isotope Effect. The carbonyl oxygen
isotope effect is a secondary isotope effect because the con-
nection between atoms is not severed during the reaction. A
mathematical calculation of the oxygen isotope effects on the
individual steps from eq 5 is not possible at this time because
there are no reasonable models to help estim#g;co),

181 c=0), OF ¥ksc=0). However, a qualitative description is
possible. The bond order to the carbonyl oxygen is reduced on
going to either of the possible transition states (structuoe

lll'), leading to the expectation of a normal isotope effect. In
fact, most of the carbonyl oxygen isotope effects reported for
the reaction of esters with basic nucleophiles are small, but
normal; the alkaline hydrolysis of methyl forméteis an

$xception, wheré®opsc—0) = 0.999. Therefore, the moderate

inverse isotope effect observed for formamide is somewhat of
a surprise, and the explanation must involve more than simple
ot bond breaking.

A more detailed explanation requires a qualitative analysis
of the vibrational modes in the ground state and in transition
statesl andlll (recall that the transition states for formation
and destruction of T are of nearly equal energy). In either
transition state or lll there is a gain of new ©C—0 bending
and O-C—0O—H torsional modes which stiffens the bonding
to the carbonyl oxygen. This stiffening gives an inverse isotope
effect which counters the normal isotope effect on carbanyl
bond breaking. Why is the carbonyl oxygen isotope effect on
the alkaline hydrolysis of formamide'¥gpsc=0) = 0.980)
considerably more inverse than that of the methyl formate case
(*¥kobs(c=0) = 0.999)? The answer must be due to significantly
different changes in bonding on going to the transition states.
The transition state for step kif in formamide hydrolysis has
more sg character than that for methyl formate (see Formyl
Hydrogen Isotope Effects, Figure 1), and consequently, the bond
to the nucleophile will be more fully developed in this transition
state. Therefore, any bond stiffening in the transition state
resulting from introduction of new vibrational modes (an inverse
effect) will be proportionally greater in the formamide case.
On the other hand, one might expect the corresponding reduction
in 7r bond order (a normal effect) to also be greater in the later
transition state of formamide hydrolysis, giving more compa-
rable observed isotope effects. However, the nitrogen lone pair
in amides is more delocalized by resonance than the corre-
sponding lone pair on the alkoxy oxygen of esters, which gives
the amide ground state a lower carbomybond order and leads
to a lower than expected normal isotope effect. Thus, in
formamide hydrolysis the bond stiffening created by the new

é/ibrational modes in the transition state contributes more to the

overall observed isotope effect than in the case of methyl
formate hydrolysis. Similar effects are seen in secondary
(20) (a) Marlier, J. F.; Q.eary, M. H.J. Am. Chem. Sod99Q 112

5996. (b) OLeary, M. H.; Marlier, J. FJ. Am. Chem. Sod979 101,
3300.
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hydrogen isotope effects for acyl group transfers, where the the nucleophile isotope effect measured at high hydroxide
carbonyl carbon goes from an%ground state to an $gike concentration is similar to that at low hydroxide concentration.
transition staté:11.12.18 The known oxygen fractionation factor between water and a
Oxygen Nucleophile Isotope EffectThe oxygen of formate  secondary alcohol’fKeqnuc) = 1.033) is a reasonable model
which is derived from the solvent during the alkaline hydrolysis for the equilibrium isotope effect on formation of TEstimation
is 22 per mil lighter than that for water and 18 per mil heavier of the magnitude of®kymuc) or ¥ksnuc) is more difficult, but
than that for hydroxide (see Table 3). Therefore, water as the estimation of'8snu)is probably easiest. The isotope effect on
nucleophile gives an isotope effect fopsiuc) = 1.022; Kanu)is composed of (1) a small normal primary isotope effect
hydroxide as the nucleophile gives an isotope effeé#afsnuc) on the breaking of the ©H bond, (2) a small inverse secondary
= 0.982. Which of these is the actual nucleophile? In either isotope effect on formation of the partial bond of formate,
case a new bond is formed to the nucleophilic oxygen, making and (3) a small normal isotope effect from loss of a vibrational
the isotope effect on the nucleophile a primary one. Primary mode (O-C—N) as the leaving group departs. Since all of these
isotope effects are composed of a temperature-independent factogffects are expected to be small, it is likely that the overall
(TIF) which is due to reaction coordinate motion and a isotope effect will be a small inverse or small normal one,
temperature-dependent factor (TDF) which is due to creation perhaps in the rang¥ksnue = 0.995-1.005. Application of

of new vibrational modes in the transition statén almost all eq 5 gives a magnitude 8fki(nuc in the range 1.0071.017
known cases, isotope effects on attacking nucleophiles are(Taple 4).

normal because they are dominated by reaction coordinate
motion (the TIF). One known exception is the reaction of
unhydrated chloride ion as a nucleophiteThe observed
nitrogen nucleophile isotope effect on the hydrazinolysis of
methyl formate is slightly inverse and appears to be another
exceptiont? However, this observed isotope effect is inverse

because of a secondary isotope effect on the nonnucleophilic o .

(or outer) nitrogen of hydrazine, which is analyzed along with Imn?tth%lll gg?haéeoﬁkgrsé’;ﬁ; flororﬁgg; %rfor?:bly.greai.rotr?:l ernpc?gers
the nucleophilic one. There is no way to quantitatively correct Hmit. i ! A W vibrat
for the secondary isotope effect of this outer nitrogen and for in the transition state for formatlon oprartlcharIy th? new
the concerted proton transfers in the transition state, but such®@~C~0 and G-C—N bending modes, will give an inverse
effects would tend to make the observed isotope effect appear‘:omr'mJtlon to the overall |sotope_gffect. In the methyl _formate
more inverse than it actually is. In light of these resuits a large €€ discussed above, the transition state for formatiorof T

inverse isotope effect ofkopsucy = 0.982 is clearly not i

Are these calculated magnitudes f&kynyc) reasonable?
During formation of T the nucleophilic oxygen loses an-®i
bond to the general base (hydroxide) and simultaneously gains
a new C-O bond, giving a substantial normal isotope effect.
How large can this normal isotope effect da be? The
nucleophile oxygen isotope effect on the alkaline hydrolysis of

is early and the inverse contribution of forming new bending

expected, making water (probably one of the water molecules modes is relatively unimportant. However, the transition state

hydrogen bonded to hydroxide ion) the actual nucleophile for for formation of T in formamide hydrolysis is later and the
alkaline hydrolysis. inverse contribution from creation of these new vibrational

Water was also proposed to be the nucleophile for the alkaline modes is greater, leading to a smaller observed isotope effect.

hydrolysis of esters, on the basis of a nearly identical nucleophile Seen in this light, the calculated range ¥k = 1.007-
isotope effect of¥kepsnue= 1.023 for methyl formate hydroly-  1:017 seems quite reasonable.
sis'! and the observation of general-base catalysis of the One final point underscores the earlier choice of water as
hydrolysis of a series of formate est&fsn the methyl formate  the nucleophile for alkaline hydrolysis witfkopsnucy= 1.022
case the carbonyl oxygen exchange da#{ = 18.3) and over hydroxide with*®kopsmuey= 0.982. If one uses the latter
the lack of a sizable leaving group oxygen isotope effékifs(q) observed isotope effect in eq 5, the resulting calculated
= 1.009) clearly indicated that the first step (attack of the magnitude of'®;uc) is in the range 0.9320.940. Inverse
nucleophile) was rate-determining. Furthermore, the small oxygen isotope effects of-67% would be among the largest
inverse formyl hydrogen isotope effect indicated the transition such effects observed (near the theoretical maximum) and are
state for attack of the nucleophile was quite early. Theoretical clearly not possible in this case.
calculations have indicated that early transition states for Nitrogen Isotope Effect. The observed leaving group
nucleophilic attack will give large, normal isotope effects, nitrogen isotope effect is surprisingly smaftiGps= 1.004) for
whereas later transition states tend to give smaller normal or, 5 primary isotope effect involving €N bond breaking. The
in extreme cases, inverse isotope effé¢s. isotope effects on the individual steps of the mechanism are
The alkaline hydrolysis of formamide at low hydroxide again given in eq 5. Good models for estimation of the
concentrations is more complex than that of methyl formate individual isotope effects are once again lacking. Nevertheless,
because the transition states for formation and destruction ofa rough estimation is possible. Nitrogen isotope effects for
T~ are of comparable energy. In addition, transition states for reactions where breaking a-®l bond is rate-determining have
both formation and destruction of Tare relatively late (see  peen estimated to be in the rangé®fps= 1.01—1.031° What
the formyl hydrogen isotope effect discussion). At this pointit makes interpretation of the present nitrogen isotope effect
is only possible to do a crude analysis of the three individual gifficult is the possibility that proton transfer to the nitrogen
isotope effectsfeqquc) **kucy and**kamuc) using eq 5and  may occur either simultaneous with (structue) or prior to
appropriate models. One must start with the assumption thatc_N pond breaking; either case will lower the observed isotope
effect below the above stated range. As a result it is probably

(21) Melander, Lisotope Effects on Reaction RgtB®nald Press: New

York, 1960. better to estimaték; from the oxygen leaving group isotope
(22) Cromartie, T. H.; Swain, G. G. Am. Chem. S0d.976 98, 2962. effects on the analogous hydrolysis reactions of methyl
(23) Stefandis, D.; Jencks, W. B. Am. Chem. Sod993 115 6045. formate, where formation of Tis known to be largely rate-

24) Paneth, P.; Qeary, M. H.J. Am. Chem. S0d.99], 113 1691. L .
E25; Hogg, J. L.; Rodgyers, J.: Kovach, I.: Schowen, éJLA?:n Chem. determining. The observed methoxyl oxygen isotope effects for

Soc.1980Q 102, 79. methyl formate range from8kopsggy = 1.009 for alkaline
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hydrolysis t0'%os(g)= 1.001 for acid-catalyzed hydrolysi&!é 1.03 range. In this light the calculated isotope effects in Table
These models may actually overestimate the kinetic isotope 4 seem reasonable.

effect on formation of T because breakdown of T(which Summary. The results of the extensive isotope effect study
can show a large normal isotope effect near L.O8)ght still in this paper allow a detailed picture of the transition-state
contribute slightly to the overall rate and the observed isotope structure for the alkaline hydrolysis of formamide under
effect. During formation of T the leaving oxygen experiences  conditions where the reaction is first-order in hydroxide. Isotope
a loss ofz bond character on going to tetrahedral geometry (a exchange experiments demonstrate that the tetrahedral inter-
normal effect) and gains a new—«Z—0O bending mode (an  mediate partitions almost equally between formamide and
inverse effect). Both effects are small and tend to cancel oneformate, indicating that the transition states for both steps of
another. For formamide the isotope effect on the lossbond  the mechanism are of nearly equal energy. The transition state
character to the nitrogen should be larger than in the methyl for formation of the tetrahedral intermediate is rather late and
formate case because amides are more highly conjugated tharys.jike. The nucleophile is water, presumably one of the water
esters and because the transition state is later in the formamidgnglecules in the hydration sphere of hydroxide. This is in
case. On the other hand, this later transition state will also agreement with earlier findings for alkaline hydrolysis of esters.
increase the effect of creating new bending modes in the The most likely transition state for decomposition of the
transition state, thereby increasing the inverse contribution 1o tetrahedral intermediate is also somewhat late, having consider-
the overall observed nitrogen isotope effect. In addition, a gpje sp character and a high degree of-® bond cleavage. It
difference of 1 amu for the nitrogen isotopes (vs 2 amu for the g jikely that G-N bond cleavage is accompanied by a concerted
oxygen isotopes) will make maximum observed nitrogen isotope proton transfer to the nitrogen (via water) and that this proton
effects smaller than those for oxygen. Therefore, it is not ransfer is nearly complete in the transition state. A stepwise

unreasonable to assume thét will be in the range 1.08  protonation of the nitrogen prior to leaving is also possible.
1.01, similar in magnitude to those listed above for hydrolysis
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