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Abstract: Second-order rate constants koo (M~ s™1) were determined in D,O for deprotonation of the
N-terminal a-amino carbon of glycylglycine and glycylglycylglycine zwitterions, the internal o-amino carbon
of the glycylglycylglycine anion, and the acetyl methyl group and the a-amino carbon of the N-acetylglycine
anion and N-acetylglycinamide by deuterioxide ion. The data were used to estimate values of kio (M™%
s™1) for proton transfer from these carbon acids to hydroxide ion in H,O. Values of the pK; for these carbon
acids ranging from 23.9 to 30.8 were obtained by interpolation or extrapolation of good linear correlations
between log kuo and carbon acid pK, established in earlier work for deprotonation of related neutral and
cationic a-carbonyl carbon acids. The o-amino carbon at a N-protonated N-terminus of a peptide or protein
is estimated to undergo deprotonation about 130-fold faster than the o-amino carbon at the corresponding
internal amino acid residue. The value of kuo for deprotonation of the N-terminal a-amino carbon of the
glycylglycylglycine zwitterion (pK. = 25.1) is similar to that for deprotonation of the more acidic ketone
acetone (pKa = 19.3), as a result of a lower Marcus intrinsic barrier to deprotonation of cationic o.-carbonyl
carbon acids. The cationic NHz™ group is generally more strongly electron-withdrawing than the neutral
NHAc group, but the a-NHz* and the a-NHAc substituents result in very similar decreases in the pK, of
several a-carbonyl carbon acids.

Introduction required for any full characterization of the chemical reactivity
of these important compounds. They are relevant to the

There have been many qualitative studies of the carbon mechanism of racemization of amino acid residues in tiéstie,
deprotonation of-amino acid residues in peptides and proteins. fossils? marine sediment® and agricultural produck. They

Fforhexample racemlza}tlor; cg?n;lnho gmd res]ldues arlld exc;]hang are also of significant chemical interest, because of the insight
of the a-amino proton for labeled hydrogen from solvent have . ., they would provide into the effect of the different functional

bo:jhbbeggzoblserved;uring th'z hyq:jolysis of prot.einf]in a’tt:)idic groups present in peptides and proteins on the acidity of
and basié? solution. Amino acid residues at proteins have been a-carbonyl protons.

shown to racemize faster than amino acid monomers, and the |, ave developed convenieit NMR methods to deter-

relative rates of racemization of different amino acid residues mine rate constants for deprotonation of simple carbon acids in
at proteins have been repprt.%e%j.FinaIIy,.the levels of ac- D,0.1212 We have established several simple relationships
cumul;al tion ofo-aspartic acid in the brar‘h;cooth enamet® between rate constants for these proton-transfer reactions
bone_s, and lens protefhave been determined _and shown to catalyzed by buffer bases and deuterioxide ion, which can be
provide a rough measure of the age of these tissues. used to provide reliable estimates of carbon acid'p in

By comparison, there have been no quantitative determlna-waterlz—lg We report here second-order rate consthgss(M 1

tions of the carbon acidk of the a-amino protons of amino  s-1y for apstraction by deuterioxide ion of variouscarbonyl
acid residues at peptides or proteins. These carbon acidities are
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protons at the glycine derivativeélsand 2 and at the glycine
peptides3 and4. The extensive relationshiys®1’between the
kinetic (kpo) and the thermodynamic Kp) acidity of a broad

range of simple carbon acids have been used to obtain reliablef

pKy's for variousa-carbonyl protons al—4. The data show

that, neglecting the local effects of conformation and microen-

vironment, deprotonation of the-amino carbon at a N-

protonated N-terminus of a peptide or protein is about 130-

fold faster than deprotonation of theamino carbon at the

The apparent I, of pyrophosphate in D at 25°C andl = 1.0
(KCI), given by Kgp = pD — log([B)/[BD *]), was determined as the
observed pD of a gravimetrically prepared solution of 0.05 M buffer
or which [B] = [BD*]. Apparent fX,'s of pKgp = 8.81 for the terminal
amino group of GlyGly 8) and Kgp = 8.68 for the terminal amino
group of GlyGlyGly @) in D,O at 25°C andl = 1.0 (KCI) were
determined by potentiometric titration of a 10 mM solution of the
substrate with KODB?

H NMR Spectroscopy.*H NMR spectra at 500 MHz were recorded
in D,O at 25°C on a Varian Unity Inova 500 spectrometer. Spectra

corresponding internal amino acid residue. They also allow an were recorded with a sweep width of 2600 Hz, & §dise angle, an

interesting comparison of the effect afNHs™ and a-NHAc
substituents on the acidity ef-carbonyl protons, which may

acquisition time of 6 s, and zero-filling of the data to 64 K. Relaxation
times T, were determined using 10 mM solutions of substrate at

be relevant to the mechanism of enzymatic catalysis of formation 1.0 (KCI). The relaxation delay between pulses was2@-fold greater

of a-N(C=0) substituted carbanions.
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Experimental Section

Materials. N-Acetylglycine,N-acetylglycinamide, quinuclidine hy-
drochloride, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), 2,2,2-trifluoro-
ethanold; (99.5% D), and KOD (40 wt %, 98% D) were pur-
chased from Aldrich. Glycylglycine (GlyGly) and glycylglycylgly-
cine (GlyGlyGly) were purchased from Fluka. Deuterium oxide (99.9%
D) and deuterium chloride (35% w/w, 99.5% D) were purchased from
Cambridge Isotope Laboratories. Quinuclidine hydrochloride was
recrystallized from ethanol. All other organic and inorganic chemicals
were reagent grade and were used without further purification.

Preparation of Solutions. The acidic protons of substrates and buffer

than the longest, for the protons of interest. Chemical shifts are
reported relative to HOD at 4.67 ppm. Baselines were subjected to a
first-order drift correction before determination of integrated peak areas.

Deuterium Exchange ReactionsAll reactions were carried out in
D,O at 25°C and a constant ionic strength of 1.0 maintained with
potassium chloride. The deuterium exchange reactions-atetyl-
glycinamide R) were initiated by mixing solutions of the substrate and
buffer at the same ionic strength (1.0, KCI) to give a final substrate
concentration of 10 mM. The deuterium exchange reactions of GlyGly
(3) and GlyGlyGly @) were initiated by mixing solutions of the
substrate and buffer at the same pD and ionic strength (1.0, KCI) to
give a final substrate concentration of 10 mM. The deuterium exchange
reactions ofN-acetylglycine anioni) in alkaline DO were initiated
by mixing solutions of the anion of the substrate (prepared by
neutralization of the substrate with 1 equiv of KOD) and KOD at the
same ionic strength (1.0, KCI) to give a final substrate concentration
of 10 mM.

A slow decrease in the solution pD was observed during the
deuterium exchange reactions»and4 because of the formation of
DsO" from the competing hydrolysis reactions of these amides. The
pD of the reaction mixture was monitored closely and was maintained
within 0.05 units of the initial value by the periodic addition of small
aliquots of 2.9 M KOD.

At timed intervals, a 0.6 mL aliquot was withdrawn from the reaction
mixture, and the pD was adjusted te-8 by the addition of concentrated
DCI and 50uL of 0.4 M phosphate buffer (pD-78) in D,O. These
aliquots were either analyzed directly B NMR spectroscopy or
frozen for analysis at a later time. The reported chemical shifts

components were generally exchanged for deuterium before final correspond to those for the quenched reaction mixtures at-p® 7

preparation of solutions of these compounds iFOB® HFIP was
dissolved directly in BO (99.9% D), which introducee: 1 atom % of
protium into this solvent.

The exchange for deuterium of the fitxstmethyl protonsl-H,' and
2-H,' was followed by monitoring the disappearance of the singlets at
2.016 and 2.058 ppm, respectively, due to ¢h€H; groups of the

Pyrophosphate buffers were prepared by dissolving the basic form substrates and the appearance of well-resolved triplets due to the

and KCI in DO followed by the addition of DCI to give the desired
acid/base ratio at = 1.0 (KCI). Quinuclidine, HFIP, and trifluoro-
ethoxidee, buffers were prepared by dissolving the acidic form and
KCI in DO followed by addition of KOD to give the desired acid/
base ratio at = 1.0 (KCI).

Solution pD was determined at 2& using an Orion model 720A

o-CH.D groups of the products byd NMR. The latter signals exhibit
upfield shifts from the singlets of 0.014 ppm and coupling between
the remainingo-protons and ther-deuterium Jup = 2.5 Hz). These
deuterium isotope shifts and-+HD couplings are similar to those
observed in our earlier work-1416.17.19.23

The exchange for deuterium of the fitstmethylene proton&-H,,

pH meter equipped with a Radiometer GK2321C combination electrode. 2-H,, 3-H,*, 4-H,*, and 4-H,/ was followed by monitoring the
Values of pD were obtained by adding 0.40 to the observed reading of disappearance of the singlets at 3.716, 3.885, 3.843, 3.874, and 4.020
the pH metef® The concentration of deuterioxide ion at any pD was ppm, respectively, due to the-CH, groups of the substrates and the
calculated from eq 1, whei&, = 1014#is the ion product of BO at appearance of signals due to #eCHD groups of the products By
25°C#, andyoL = 0.79 is the apparent activity coefficient of lyoxide =~ NMR. The latter signals exhibit upfield shifts from the singlets of 0.016
ion determined for the particular electrode under our experimental ppm for1-Hg, 2-H,, and4-H,', and 0.014 ppm foB-H, " and4-H, .
conditionst? Well-resolved triplets were observed farCHD groups atl and 2
because there is a relatively large coupling between the remaining

10°PPKw

o= YoL

(1) (21) Covington, A. K.; Robinson, R. A.; Bates, R. &.Phys. Cheml966 70,
3820-3824.

(22) Albert, A.; Serjeant, E. Plhe Determination of lonization Constangd
ed.; Chapman and Hall: London, 1984.

(23) Nagorski, R. W.; Richard, J. B. Am. Chem. So2001, 123 794-802.

(20) Glasoe, P. K.; Long, F. Al. Phys. Cheml196Q 64, 188-190.
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o-proton and thex-deuterium Jup = 2.5 Hz). However, the HD
coupling constants foo-CHD groups at3 and4 are smaller so that

these signals appear as either a poorly resolved triplet or a broad singlet

(see Results).

R e @)
a Ach,p
ACH3 + 2
Ro o ®)
a Ach, T Acrp

Values ofR, which is a measure of the progress of the deuterium
exchange reactio#f? were calculated according to eq 2 for the
deuterium exchange reactions efmethyl groups, or eq 3 for the
deuterium exchange reactions @imethylene groups. In these equa-
tions, Ach, and Ac, are the integrated areas of the singlets due to the
o-CHs anda-CH; groups of the substrate, aBd,p andAcwp are the
integrated areas of the triplets due to th€€H,D anda-CHD groups
of the products.

InR= _kost (4)

The exchange reactions of temethyl protonsl-H,' and2-Hg'
were followed during exchange for deuterium of up to 14 and 7%,
respectively, of the first-proton of the methyl group. The exchange
reactions of thex-methylene proton&-H,, 2-Hq, 3-Ho ™, 4-H, ", and

A
36 days

B
70 days
Y 15%
C
175 days
33%

T

T

8%
AR RERRE RERRS L T T T
3.84 3.80 3.76

3.88

4-H,' were followed during exchange for deuterium of up to 40, 95, Figure 1. RepresentativéH NMR spectra at 500 MHz of GlyGIg during
30, 60, and 90%, respectively, of the fikstproton of the methylene exchange for deuterium of-83% of the firsta-proton 3-Hy* in the
group. Semilogarithmic plots of reaction progre&s €qs 2 and 3)  Presence of 20 mM pyrophosphate buffer (pD 9.2) 4Ot 25°C and|

. R X . : : = 1.0 (KCI), obtained after quenching the reaction mixture to pE87
against t'[nle acr::ordlng tp e?] 4 were linear Wltfh n?]gatlvehslopes efqual Deuterium exchange results in loss of the singlet at 3.843 ppm due to the
10 Kobsa (5%), wherekonsq is the rate constant for the exchange of a  \ terminalo-CH, group and appearance of an upfield broad triplet at 3.829
singlea-proton of the methyl or methylene group of the substrate. The ppm due to thex-CHD group of the product.

values ofksssghave been shown in our earlier work to be reproducible

to +£10%:7% tives!”19 However, the H-D coupling constants foa-CHD

groups at3 and4 are smaller thadyp = 2.5 Hz observed for
other monodeuterataxtmethyl ora-methylene group®-17 so

that these signals appear as either a poorly resolved triplet
(Figure 1) or a broad singlet (Figure 2). The well-resolved
triplets fora-CH,D anda-CHD groups atl and2 (not shown)

hing th . ) 5B D . h that appear during the deuterium exchange reactions of these
quenching the reaction mixture to pb-8. Deuterium exchange compounds resemble the triplets observed in studies of the

leads to disappearance of the singlet at 3.843 ppm due to thedeuterium exchange reactions of relateetarbonyl carbon
N-terminala-CH, group and the appearance of an upfield broad acidslz-19

triplet at 3.829 ppm due to the-CHD group of the product, in
which the remainingx-proton is coupled to the-deuterium.
Figure 2 shows representatittd NMR spectra at 500 MHz of
GlyGlyGly (4) during exchange for deuterium of the first
a-protons4-H,* and 4-H,' in the presence of 0.10 M qui-

nuclidine buffer (pD= 11.8) in DO at 25°C andl = 1.0 (KClI), : . .
. - : . terium of asingleproton of thex-methyl group were determined
obtained after quenching the reaction mixture to pb87 . o i
Deuterium exchange leads to disappearance of the singlets al s the slo_pes .Of semilogarithmic plots O.f reaction progRess
eq 2) against time (not shown). The reaction ofdh€Hs group

3;334:nfeg'%i?i\?§m il:]z t?h?ZN'tg:g':i a:)r;dblrn;zgq?iH;als atOf the substrate to give the product containingxa@H,D group
groups, P y: PP 9 occurs 3 times as fast as the exchange sihgleproton of the

3.860 and 4.004 ppm due to the correspondir@HD groups 6-CHs group, $0 thake, = 3kopeg Whereke, (s is the first-

of the products. . )
The deuterium isotope effects on thé chemical shifts for order rate constant for exchange for deuterium of the first proton
of the a-CHjz group of the substrate (Scheme 124).

the a-methylene protons o8 and 4 (0.014-0.016 ppm) are Table S1 of th ing Inf . . | f
similar to those observed previously for other glycine deriva- avie § of the Supporting Information gives va ueskg.
= (kex)o(s™) for the solvent-catalyzed exchange for deuterium

of the first a-methyl protonl-H,' in the presence of various
concentrations of deuterioxide ion. The plot (not shownkgj{
against [DOT] according to eq 5 is linear. The slope gives

Results

Figure 1 shows representatid NMR spectra at 500 MHz
of GlyGly (3) during the exchange for deuterium of the first
o-proton3-H, ™ in the presence of 20 mM pyrophosphate buffer
(pD = 9.2) in D,O at 25°C andl = 1.0 (KCI), obtained after

Exchange ofo-Methyl Protons. The deuterium exchange
reactions of thex-methyl protonsl-H,' and2-H,' in D,O at
25 °C andl = 1.0 (KCI) were followed by monitoring the
appearance of the-CH,D group of the product byH NMR.
First-order rate constankgpsq (s71) for the exchange for deu-

(24) (a) Halkides, C. J.; Frey, P. A.; Tobin, J. B.Am. Chem. S0d.993 115
3332-3333. (b) Tobin, J. B.; Frey, P. Al. Am. Chem. Sod996 118
12253-12260. (c) Bernasconi, C. F.; Moreira, J. A.; Huang, L. L.;
Kittredge, K. W.J. Am. Chem. S0d.999 121, 1674-1680.
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A
166 hrs
29% 1%
B
383 hrs
55% 23%
C
742 hrs
78% 40%
4.05 3.95 3.85 3.75 P’pm

Figure 2. RepresentativeH NMR spectra at 500 MHz of GlyGlyGly
during exchange for deuterium of 220% of the firsto-proton 4-He ™"

and 29-78% of the firsto-proton 4-H,' in the presence of 0.10 M
quinuclidine buffer (pD 11.8) in BD at 25°C andl = 1.0 (KCI), obtained
after quenching the reaction mixture to pB 8. Deuterium exchange results

in loss of the singlets at 3.874 and 4.020 ppm due to the N-terminal and
internal a-CH; groups, respectively, and appearance of broad signals at
3.860 and 4.004 ppm due to the correspondir@HD groups of the
products.

Scheme 1
S ¢
A X ex = Robsd X
HeC B/Y DH,C B/\n/
e} o}
X =0, ND,
kex = 2kobsd
B

H D
R1+R2 R1—’—R2
H H

= 45 x 108 M~1 s (Table 1) as the second-order rate
constant for exchange of the first-methyl proton 1-H'
catalyzed by DO. Figure 3 @) shows the pD-rate profile for
the DO -catalyzed exchange reaction biH,'. The solid line
through the data was calculated from the valueg using
the logarithmic form of eq 5 in which [DQ is related to pD
through eq 1.

Table S2 of the Supporting Information gives valuekgf
(s™1) for the exchange for deuterium of the fitstmethyl proton
2-H,' in the presence of 20 and 50 mM trifluoroethoxide buffer

Table 1. Rate and Equilibrium Constants for Carbon
Deprotonation of Amino Acid Derivatives and Peptides in Water at
25 °C (1= 1.0, KClI)

carbon acid proton Kpo (M~ s7%)2 Kpo (M1 s71)P pKa©
1 He 1.9x 10°¢ 9.5x 1077 30.8
Ho' 45x 1076 2.3x 10°® 30.3

2 Ha 2.6x 1073 1.3x 1073 23.9
Ho' 2.1x 1075 1.1x 10°° 29.1

3 Ho™ 3.5x 102 1.8x 1072 26.7

4 Ho™ 0.23 0.12 25.1
Ho' 3.9x 104 2.0x 104 25.9

aSecond-order rate constant for deprotonation of the carbon acid by
deuterioxide ion in RO, determined by monitoring deuterium incorporation
into the carbon acid by!H NMR. " Second-order rate constant for
deprotonation of the carbon acid by hydroxide ion igOricalculated from
the value ofkpo using an estimated secondary solvent deuterium isotope
effect ofkpo/kno = 2.0 [ref 34].¢ pKj, for ionization of the carbon acid in
water obtained as described in the ték€alculated from the value d¢fio
and the limiting value okqon = (Kro)im = Kreorg= 10t s72 for protonation
of the enolate by solvent water using eq 8 (see text).

< af
fl
<
~
S
of)
2
5 6+ 7‘{
g -8 /
ol
° . . ) <
8 10 12 14
pD

Figure 3. pD-Rate profiles ofKex)o (S71) or (Kex)o/fn+ (s72) for the buffer-
independent exchange for deuterium of the first proton ofdhmethyl
and a-methylene groups of glycine derivatives in@at 25°C andl =
1.0 (KCI). The solid lines through the data were calculated from the values
of koo (M™! s71, Table 1) using the logarithmic form of eq 5 farHq,
1-Ho/, and4-Hy' or eq 6 for3-H,™ and 4-Hy,™ (see text). @) Data for
3-Hy*. Values offy+ were calculated from the solution pD andgy =
8.81 for the terminal amino group of GlyGly in;D (25°C, | = 1.0, KCI).
(m) Data for4-Hq". Values offy+ were calculated from the solution pD
and Kgp = 8.68 for the terminal amino group of GlyGlyGly in,D (25
°C, | = 1.0, KClI). (#) Data for4-H,'. (a) Data for1-H,'. (¥) Data for
1-Hq.

= (kex)o- The value okpo = 2.1x 10~ *M~1s™1 (Table 1) for
exchange of the firat-methyl proton2-H,' catalyzed by DO
was calculated from this buffer-independent valuekgi{ (s™2)
using eq 5.

(kex)o = kpo[DO' ]

Exchange ofa-Methylene Protons.The deuterium exchange
reactions of the--methylene protong-Hy, 2-He, 3-Het, 4-He ™,
and4-H,' in D,O at 25°C andl = 1.0 (KCI) were followed by
monitoring the appearance of theCHD group of the product
by 'H NMR. First-order rate constantiysq (S71) for the
exchange for deuterium ofsgingle proton of thea-methylene
group were determined as the slopes of semilogarithmic plots
of reaction progres® (eq 3) against time (not shown). The
reaction of thex-CH, group of the substrate to give the product
containing ana-CHD group occurs 2 times as fast as the

()

at pD 12.6. The observation of essentially the same value of exchange of aingle proton of thea-CH, group, so thakex =

kex = 1.354 0.03 x 10~ 7 s™1 for deuterium exchange at these
two buffer concentrations shows that there is no significant
buffer catalysis of exchange under these conditions sokthat

8254 J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002
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Table S1 of the Suppporting Infomation gives valuekQf
= (kex)o (571 for the solvent-catalyzed exchange for deuterium
of the firsta-methylene protori-H, in the presence of various
concentrations of deuterioxide ion. The plot (not shownkgh{
against [DO] according to eq 5 is linear. The slope gives
= 1.9 x 106 M~1 s (Table 1) as the second-order rate
constant for exchange of the firetmethylene protoril-Hy
catalyzed by DO. Figure 3 ) shows the pD-rate profile for
the DO -catalyzed exchange reaction biH,. The solid line
through the data was calculated from the valueg$ using
the logarithmic form of eq 5 in which [DQ is related to pD
through eq 1.

Table S2 of the Supporting Information gives valuekgf
(s71) for the exchange for deuterium of the firgtmethylene
proton2-H, in the presence of 20 and 50 mM trifluoroethoxide

buffer at pD 12.6. The observation of essentially the same value

of kex = 1.66 + 0.04 x 107> s for deuterium exchange at

4 at pD > pK, for the terminal amino group remain nearly
constant as the pD is increased from 11.0 to 12.9 (Table S4).
This shows that#-H,* is the reactive form of the substrate for
the DO -catalyzed deuterium exchange reaction. The plot (not
shown) of kex)o/fn+ @against [DO] according to eq 6 is linear,
wherefy is the fraction of the substrate present in the reactive
N-protonated form, calculated from the pD and the apparent
pKain DO of 8.68 for the terminal amino group of GlyGlyGly
(see Experimental Section). The slope gikgs = 0.23 M1
s 1 (Table 1) as the second-order rate constant for exchange of
the firsta-methlyene protod-H, " catalyzed by DO. Figure
3 (m) shows the pD-rate profile for the DGcatalyzed exchange
reaction of4-H,". The solid line through the data was calculated
from the value ofkpo using the logarithmic form of eq 6 in
which [DO] is related to pD through eq 1.

By contrast, the values okdy), for the deuterium exchange
reaction of theoi-methylene group at the internal amino acid

these two buffer concentrations shows that there is no significantresidue of4 are directly proportional to [DJ, which shows

buffer catalysis of exchange under these conditions sokthat
= (Kex)o- The value okpo = 2.6 x 103 M~1s™1 (Table 1) for
the exchange of the first-methylene protorg-H, catalyzed
by DO~ was calculated from this buffer-independent value of
(Kex)o (s71) using eq 5.

Table S3 of the Supporting Information gives valuekgf
(s™) for the exchange for deuterium of the firstmethylene
proton3-H, " in the presence of 20 mM pyrophosphate buffer
in D,O at pD 8.2-9.2. There is no significant catalysis of
deprotonation of the--amino carbon of N-protonated glycine

that4-H,' is the reactive form of the substrate for this deuterium
exchange reaction. The plot (not shown) k), against [DO]
according to eq 5 is linear. The slope givges = 3.9 x 10~
M~1 s71 (Table 1) as the second-order rate constant for the
exchange of the firstt-methylene protor-H,' catalyzed by
DO™. Figure 3 @) shows the pD-rate profile for the DGcata-
lyzed exchange reaction dFH,'. The solid line through the
data was calculated from the valuelkgb using the logarithmic
form of eq 5 in which [DO] is related to pD through eq 1.

methyl ester or betaine methyl ester, whose structures are similarP!Scussion

to 3-Hy ", by pyrophosphate buffer at this concentrafibihere-
fore, we expect that the values k reported in Table S3 for
the deuterium exchange reaction3sH, ™ are essentially equal
to (kex)o (s71) for solvent-catalyzed exchange. The plot (not
shown) of key)o/fn+ against [DO] according to eq 6 is linear,

In an earlier study of the deuterium exchange reactions of
the a-methylene protons of GlyGlyGly, GlyGly, and glycine
in D,O at pD 13.3, monitored byH NMR at 100 MHz, no
deuterium exchange into glycine or GlyGly was detected after
21 h, but there was significant deuterium exchange into the

wherefy,. is the fraction of the substrate present in the reactive internal amino acid residue of the tripeptide GlyGlyGly after 5
N-protonated form, calculated from the pD and the apparent h 25 \we observe similar relative rates for these deuterium

pKa in DO of 8.81 for the terminal amino group of GlyGly
(see Experimental Section). The slope giltgs = 3.5 x 1072

exchange reactions in this work. A second-order rate constant
kio = 7.7 x 10% M~1 s1 for the hydroxide-catalyzed

M~1s™1(Table 1) as the second-order rate constant for exchangeyscemization oN-acetyl+-serine amide in water at 2 has

of the firsta-methylene proto8-H,* catalyzed by DO. Figure

3 (®) shows the pD-rate profile for the D&catalyzed exchange
reaction of3-H, ™. The solid line through the data was calculated
from the value ofkpo using the logarithmic form of eq 6 in
which [DO7] is related to pD through eq 1.

(keo

fN+

= kpo[DO ] (6)
Table S4 of the Supporting Information gives valuekgf

(s™h for exchange for deuterium of the firgtmethylene protons

4-H,t and4-H,' in the presence of 0.69.20 M HFIP buffer

at pD 11.0 and in the presence of 0:8530 M quinuclidine

buffer at pD 11.3-12.9. There are only very small increases of

<25% in kex (s71) for these reactions in the presence of

increasing concentrations of these buffers. Table S4 gives the

values of kex)o (s71) for the buffer-independent solvent-catalyzed
deuterium exchange reactions #H," and 4-H,' that were
determined from short extrapolations of the valuekspfo zero
buffer concentration.

The values of Key), for the deuterium exchange reaction of

been reporteé® This is close tdkyo = 1.3 x 103 M~1s 1 for
deprotonation oN-acetylglycinamide2-H, by hydroxide ion

at 25°C that can be calculated frokpo for the deuterium
exchange reaction (Table 1). This suggests that the addition of
an o-hydroxymethyl group has only a small effect on the rate
constant for deprotonation of tkeamino carbon of this glycine
derivative.

Mechanism of Deuterium Exchangelt has been suggested
that the racemization and deuterium exchange reactions at the
o-amino carbons of dipeptides may proceed by the reversible
formation of diketopiperazing (Scheme 2), becaugewould
be more reactive toward carbon deprotonation than would the
parent dipeptidé’—3° However, there was no detectabte5s)
formation of 2,5-piperazinedion&,(R = R' = H) during the
deuterium exchange reactions of GlyG8) {n D,O at pD 8.2~

(25) Fridkin, M.; Wilchek, M.; Sheinblatt, MBiochem. Biophys. Res. Commun.
197Q 38, 458-464.
(26) Bohak, Z.; Katchalski, EBiochemistryl963 2, 228-237.
(27) Steinberg, S.; Bada, J. Bciencel981, 213 544-545.
(28) Mitterer, R. M.; Kriausakul, NOrg. Geochem1984 7, 91—98.
(29) Smith, G. G.; Evans, R. C.; Baum, R.Am. Chem. S04986 108 7327—
7332.
)

the oa-methylene group at the N-terminal amino acid residue of (30) Smith, G. G.; Baum, Rl. Org. Chem1987, 52, 2248-2255.
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9.2 and 25°C, monitored by!H NMR (Scheme 2). In these
reactions, there was deuterium incorporation only at the N-
terminalo-amino carbon of GlyGly. This shows that deuterium
exchange into GlyGly doeasot occur through a low concentra-
tion of 5 that is in rapid equilibrium with3, because the
reversible formation o6 would result in scrambling of the
deuterium that is initially incorporated at the N-terminahmino
carbon of GlyGly between the N-terminal and C-terminal
positions (Scheme 2).

There is good evidence that the base-catalyzed exchange for

deuterium of thea-carbonyl protons of simple aldehyd€s,
ketones’! thiolesters.? oxygen ester&? and amide®¥ proceeds

by a stepwise mechanism through an enolate intermediate whe

the enolate is sufficiently stable to exist for the time of a bond
vibration (10713 s)3233 We assume here the same stepwise
mechanism for the DOcatalyzed deuterium exchange reactions
of 1—4, because the rate constakis (M~1 s1, Table 1) for

these reactions are no more than 10-fold smaller than that for

the stepwise deuterium exchange reaction of acetatfide,

that the lifetimes of the putative enolate intermediates should

not be dramatically shorter thanklby = 4 x 1071 s that was
obtained for the enolate of acetamitfe.

Carbon Acid pKy's. (1) “Neutral” a-Carbonyl Carbon
Acids. Second-order rate constamkis (M~1 s71, Table 1) for
the deprotonation of-Hg, 1-H.', 2-He, 2-He', and4-H,' by
hydroxide ion in HO to form the corresponding enolates were
calculated from the experimental valueskgh (Mt s71, Table
1) for deprotonation by deuterioxide ion and an estimated
secondary solvent deuterium isotope effeckgf/kqo = 2.034

n

20 25 35

pK,+logp

30

Figure 4. Rate-equilibrium correlations of rate constarkge (M~ s71),

for deprotonation of monocarbonyl carbon acids by hydroxide ion with the
pKa of the carbon acid. The valueskfo and K, were statistically corrected

for the number of acidic protons at the carbon acid &) Correlation of
log(kno/p) for deprotonation of neutral aldehydes, ketones, esters, and
acetamide by hydroxide ion, constructed using data from earlier
work12:1316.31.35¢xc|uding the point for CHCO,~ (pKa = 33.5), the data

are correlated by logifo/p) = 6.496— 0.401(K, + log p). (M) Correlation

of log(kuo/p) for deprotonation of cationic ketones and estérghe data

are correlated by logifo/p) = 10.044— 0.444(K, + log p). (O) Data for
deprotonation ofl-Hg, 1-He', 2-Hq, 2-He', and4-Hy'. The [KJ's for these
carbon acids (Table 1) were calculated with the assumption that the values
of log ko for their deprotonation lie on the correlation line for deprotonation
of neutrala-carbonyl carbon acids) Data for deprotonation o3-Hq™
and4-H," (Table 1).

Scheme 3

ky * krcorg
HOH ¢ C
-p corg

HO™ +'H-C HOH o C

by interpolation (Figure 40) of the excellent “biphasic”
correlation between lodwo and carbon acid K, for the
deprotonation of a wide range of neutral monocarbonyl com-
pounds by hydroxide ion that we have reported in earlier work
(Figure 4,@).1216This correlation includes data for tikacetyl
substituted keton€-H, (pKay = 14.45)352 whose structure is
similar to theN-acetyl substituted.-carbonyl carbon acidk-H,

and 2-H,.

The lower correlation shown in Figure ) shows an
extended linear region with a slope ©0.40 up to Ky ~ 30,
with a downward break to a slope ef1.0 at the point where

These rate constants define the relative kinetic acidity of thesethe rate-determining step for formation of the *free” enolate

neutral carbon acids. TheKgs for thesea-carbonyl protons
were estimated from the kinetic acidity given kys (M~ s™1),

(31) Keeffe, J. R.; Kresge, A. J. [the Chemistry of Enal&kappoport, Z., Ed.;
John Wiley and Sons: Chichester, 1990; pp -3880.

(32) Jencks, W. PAcc. Chem. Red.98Q 13, 161-169.

(33) Jencks, W. PChem. Soc. Re 1981, 10, 345-375.

(34) The secondary solvent deuterium isotope effect for deprotonation of these

carbon acids by lyoxide ion is expected to be larger thaytkio = 1.46
for deprotonation of acetone [Pocker, €hem. Ind.1959 1383-1384].
However, we have no evidence that it is close to the maximum value of
koo/kno = 2.4 for deprotonation to form very unstable carbanions, for which

changes fromk, for deprotonation of the carbon aci#l-{ <
Kreorg = 10t s71, Scheme 3) tdkeorg fOr reorganization of the
surrounding solvent watek(, > kreorg.'® The change in the

kpkreorg
k—p + kreorg

rate-limiting step whetk—p = kieorgOCcurs at a carbon acidp

(kno/P) = ()

isotope exchange is limited by solvent reorganization that exchanges the (35) (a) Chiang, Y.; Griesbeck, A. G.; Heckroth, H.; Hellrung, B.; Kresge, A.

hydron of substrate with a labeled hydron from solv&ntherefore, we

use an intermediate value as the estimated secondary solvent deuterium

isotope effect for deprotonation of the carbon acids studied in this work.
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J.; Meng, Q.; O’'Donoghue, A. C.; Richard, J. P.; WirzJJAm. Chem.
Soc.2001, 123 8979-8984. (b) Chiang, Y.; Kresge, A. J.; Tang, Y. S;
Wirz, J.J. Am. Chem. S0d.984 106, 460-462.
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of 31. The solid line through the data in the lower correlation (Knon)im = kreorg~ 10t s72 for protonation of the enolate by
in Figure 4 @) shows the fit of the data to eq 7, derived for solvent water andif, = 1416 By comparison, lower limits of
Scheme 3, wherd = 10(-040UK,+logp) +6.498 gnd k_, = pKa = 23.4 for 3-Hot and K, = 22.5 for 4-H,™ can be
100-599(K,+ logp) — 7.508 define the rate constants for the linear estimated fromkyo (M~1 s1) for their deprotonation by
portion of the correlation up toKy = 28.4 for acetamide, and  hydroxide ion (Table 1) anéyo = 4.1 Mt s™1 for deproto-
Kreorg= 101 57116 The [Ky's for the neutral carbon acidsHo, nation of N-protonated glycine methyl ester (Scheme 4= X
1-Hy', 2-Hg, 2-Hy', and4-H,' reported in Table 1 were obtained OMe, Ky = 21.0)17 with the unlikely assumption that the
by interpolation of this correlatiorY). The estimated limits of ~ greater carbon acidity of this cationic ester as compared to those
uncertainty in the 5's for these carbon acids ag0.5 units, of 3-Hy™ (Scheme 4, X= N(D)CH,CO,~) and4-H,* (Scheme
which is the magnitude of the average deviation of the 4, X = N(D)CH,CON(D)CH,CO,") is expressed entirely in
experimental K4's from the correlation line. the rate constarkyo for the deprotonation of the carbon acid.
(2) “Cationic” Carbon Acids. Second-order rate constants The uncertainty in the estimatedgs of 26.7 for3-H,™ and
kio (M1 s71, Table 1) for the deprotonation &-H," and 25.1 for 4-H,* (Table 1) is larger than thatH0.5 units)
4-H,t by hydroxide ion in HO to form the corresponding  estimated above for neutral carbon acids, because they were
enolates were calculated from the experimental valudg®f obtained by making relatively long extrapolations of a linear
(M~1s71 Table 1) for the deprotonation by deuterioxide ion correlation of limited experimental data.
and an estimated secondary solvent deuterium isotope effect of Substituent Effects on Carbon Acidity. Table 2 compares
koo/ko = 2.034 These rate constants define the relative kinetic the effects ofx-NHAc anda-NHs* substituents on the carbon
acidity of these cationic carbon acids. It has been shown thatacidity of simple carbonyl compounds in aqueous solution. The
a-NHz* and o-NMes* substituteda-carbonyl carbon acids  addition of ana-NHs™ group results in a 4.8 unit decrease in
undergo deprotonation by hydroxide ion24A0%fold faster the carbon acid i, of the a-methyl group of acetate anion and
than a neutrab-carbonyl carbon acid of the sam&g!” A ethyl acetate, and a smaller 3.8 unit decrease in kKaeopthe
similar largekineticacidity is also observed here f8fH,* and o-methyl group ofN-acetylglycine anion. By comparison, the
4-Hy*. For example, the value déio = 0.12 M™* st for addition of ano-NHAc group results in 4.7 and 4.4 unit
deprotonation ofi-H,* (Table 1) is similar to the statistically  decreases in the carbon aciépof the a-methyl group of
corrected value okio = 0.11 M~* s71 for deprotonation of a  acetamide and 4-methylacetophenone, respectively, and a
single methyl group of acetor#éPbut the K, of the amide ~ smaller 2.9 unit decrease in th&pof the a-methyl group of
4-Hq* is expected to be substantially higher than the statistically acetate anion. These data are consistent with the conclusion that
corrected [, of 19.6 for a single methyl group of acetofe®> a-NHAc and a-NH3* groups result in similar changes in the
The much larger rate constants for deprotonation of cationic carbon acidity ofa-carbonyl protons. The 2 unit variation in
ketones* esters,” and amides (this work) than for deprotonation  the effects ofx-NHAc anda-NHs™ groups on the carbon acidity
of a neutrala-carbonyl carbon acid of the sam&grequire of variousa-carbonyl protons (Table 2) is consistent with the
that there be a smaller Marcus intrinsic barrier for deprotonation uncertainty of+0.5 units for the individual carbon acikgs.
of these cationic carbon acid substrai&$he explanation for
the difference in the intrinsic barrier for these related reactions Scheme 5 o o o
has been discussed in earlier wéfk* H K, H O H o}
Figure 4 @) shows the correlation of loguo with carbon \H/Nj)l\x - \H/N\%\x ~— SNZL
acid K, for deprotonation of a series of cationic ketones and O H +H
esters. This correlation lies-3 log units above the correlation
line for deprotonation of neutral carbon acids (Figure®s, The larger inductive substituent constamt= 0.60 for the
The data for these cationic carbon acids are correlated by log-NH;+ group as compared withy = 0.26 for the NHAc group
(kno/p) = 10.044 — 0.444(iKa + log p) (Figure 4, upper  shows that polar interactions with NH are usually more
correlation line). Carbon acidfy's of 26.9 for3-H," and 25.1  stapilizing than the corresponding interaction with an NHAc
for 4-Hy" (Table 1) can be calculated by assuming that the group37 By contrast, the observation here thatNHs™ and
values ofk.o for their deprotonation lie on the upper correlation  3-NHAc groups result insimilar decreases in theka's for

line in Figure 4 ). ionization ofa-carbonyl carbon acids shows that these substit-
uents providesimilar stabilization of negative charge at a
Scheme 4 . .
HO + neighboring enolate carbon. In other words, the polar effect of
o o ® « the NHAC substituent is enhanced relative to that of the;NH
HaNJﬁ(x —_— H3N/&/ substituent when these groups dieectly attached to a charged
0 kyon 0 atom. We suggest that placing aaNHAc substituent at an
enolate carbon results in an “adjustment” of the structure and
PK, = pK,, + Iog(kHOH) ®) charge Qistribution of_the_x-a_mide group toward a greater
a w Ko contribution of the zwitterionic resonance form (Scheme 5),
because this maximizes the stabilization from interaction of
These [X4s lie very close to the upper limits ofiy < 26.7 for neighboring charges of opposite sign. Such a localization of
3-Ho" and [Ka < 25.9 for4-H,* that can be calculated using ~ Positive charge at the-amide nitrogen should be at a maximum
eq 8, derived for Scheme 4, with the limiting valuelpby = when the neighboring atom carries a full negative charge,
(36) Marcus, R. AJ. Phys. Chem1968 72, 891-899. Kresge, A. JChem. (37) Hine, JStructural Effects on Equilibria in Organic Chemisti/iley: New
Soc. Re. 1974 2, 475-503. York, 1975; p 98.
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Table 2. Effects of o-NHAc and o-NH3* Substituents on the Carbon Acidity of Simple Carbonyl Compounds in Water?

Carbon Acid Substituent

a-NHAc a-NH3*

Carbon Acid  pK,+logpt A(pK, +log p) Carbon Acid pK,+logp b A(pK, +log p)°

0 o}
Hko- 34.0d HJ\O' 34.0d
H H
2.9 4.8
o 0 ) 0
\n/N W/Lko- 311 HaN %o 292
(@] H H
O (0]
%N H, 28.9d Hkoa 26.1F
H H
4.7 4.8
W © o)
\[‘]/Nw)kNH2 24.2 +H3N\H]\OMG 21.3¢
O H H
0 o}
o
28 .
HLTOI 19.2 Hk”/\n/ 30.8
H H (0]
4.4 3.8
P S o
~ W)Lm 14.8 ¢ HaN %NAH/O 27.0
O H H H O

aData from Table 1, unless noted otherwi&eKj, for ionization of the carbon acid in water at 26 with a statistical correction for the number of acidic
protonsp. ¢ Effect of thea-substituent on carbon acidityData from ref 16 Data from ref 17 Data from ref 129 Data from ref 35a.

Scheme 6 o-NRC(O)R group (Scheme 6), and this will favor the stepwise
0 +CO, Q Q reaction mechanism. This carbanion stabilization because of the
HN | o =— HNJ] -— HN I a-l\_lRC(_O)R group may b(_a further enhanced by ca_taly_3|s atan
07N 0 PN O @O)\\%) ) active site of low dielectric constant, because this will favor
R O R R the development of intramolecular electrostatic interactions at

the zwitterionic valence bond resonance form of this carbanion
(Scheme 63740 The failure of X-ray crystallographic analysis
. . . e to identify any acidic active site residues that are situated to
because this results in the largest electrostatic stabilization forprotonate either the O-2 or the O-4 carbonyl oxygen of OMP
a given redistribution of charge at theamldg nltrogen. is consistent with the formation of the carbanion intermediate
Other Relevance.The a-NHAc group, which is normally shown in Scheme €
substantially less polar and less electron-withdrawing than the The second-order rate constdab for the DO™-catalyzed
- + +
a-NH5" group, .h.as roughly the same effect "?‘3)"""“3 group exchange for deuterium of the N-termirabmino protorv-He ™
on enolate“stab.mty (Table 2), and m|ght provide an unexpeptedly (koo = 0.23 M~% 51, Table 1) is similar to the rate constant
Iargg §tab|I|zat|on of other carbamons.. The decarboxylation of for the corresponding exchange reaction of acefhihe large
orotidine 3-monophosphate .(OMP) Is catalyzed by O_MP effect of the a-NH3"™ group on kinetic and thermodynamic
decarboxylase (Sche_me 6,=Rr|b_ose 5-phos_phate). The Major carbon acidity has been noted in earlier studies, and the
obstacle to enzymgtlc_catalysm_ of _the direct d_ecarbo>_<y_lat|on explanation for this effect has been discusékhe rate constant
of O.MP to form a mel.lc carbanicifis the very h|gh basicity for the DO -catalyzed deuterium exchange reaction of the
of simple vinyl carbanions, whose conjugate acids arekyf p N-terminal a-amino protord-H, " is 600-fold larger than that

~ 443° However, this basicity should be reduced substantially for the internala-amino protond-H,’ (Table 1). The presence
by a stabilizing interaction of the negative charge with the * '

OMP

(40) Richard, J. P.; Amyes, T. ICurr. Opin. Chem. Biol2001, 5, 626-633.
(38) Beak, P.; Siegel, Bl. Am. Chem. S0d.976 98, 3601-3606. (41) Miller, B. G.; Snider, M. J.; Short, S. A.; Wolfenden, Bochemistry200Q
(39) Streitwieser, A., JrJ. Am. Chem. S0d.978 100, 755-759. 39, 8113-8118.
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of the terminal carboxylate anion &tH,' is expected to result  into N-terminal than into internal amino acid residues suggests
in only a small 4-5-fold decrease irkpo for the deuterium that the determination of the extent of racemization of N-
exchange reaction @f-H,' as compared with that for an internal  terminal amino acid residues would provide a measure of the
a-amino proton at a longer polyglycine peptide, for which the aging of samples over a shorter time scale than is possible by
negative charge at the enolate is “shielded” from interaction monitoring the racemization of internal amino acid residtrés.
with the C-terminal carboxylate anidA.Therefore, our data

show that, neglecting the local effects of conformation and  Acknowledgment. We acknowledge National Institutes of
microenvironment, the isotope exchange and/or racemizationHealth Grant GM 39754 for generous support of this work. A.R.
reaction of a N-protonated N-terminal amino acid residue at a was supported in Buffalo by a grant from the Diréec{®eneral
peptide or protein is ca. 130-fold faster than that of an identical de Investigacin Cientfica y Ensé€anza Superior.

internal amino acid residue. The more rapid deuterium exchange

Supporting Information Available: Table S1: Rate constants

(42) Neutralization of negative chargelaby converting the carboxylate anion s for deuterium exchanage intg-acetylglvcine anionl).
to an amide to give? results in a 4.7-fold increase kno for deuterium kex( ) 9 ty aly ]0

exchange into the acetyl methyl group (Table 1). The separation of the Table S2: Rate constaris, (s™) for deuterium exchange into
acetyl methyl group and the anionic C-terminallais similar to that of _ i H . —1

the internala-CH; group and the anionic C-terminal at GlyGlyGH N acet_ylglycmamldeZ): Table S3: Rajte constarks (S )fOI’
Therefore, we expect a similar4-fold increase irkoo to result from the deuterium exchange into glycylglycin®)( Table S4: Rate
shielding of internalo-CH, groups from the anionic C-terminal at —1 f f

polyglycine. This treatment neglects the much smaller effecksnof Cons_tantSkeX ) for_dGUtem_jm_eXChange into glycylglycyl'_
shielding of the N-terminab-CH, group from the anionic C-terminal at  glycine @) (PDF). This material is available free of charge via

polyglycine. .

(43) Gold, V.; Grist, SJ. Chem. Soc., Perkin Trans.1®72 89-95. Kresge, the Internet at http://pubs.acs.org.
A. J.; O'Ferrall, R. A. M.; Powell, M. F. Idsotopes in Organic Chemistry
Buncel, E., Lee, C. C., Eds.; Elsevier: New York, 1987; Vol. 7. JA026267A
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