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Abstract - Proton transfers from and to the mtrogen atom (s) Q (or o and 8) of a 
doubly protected dtpeptlde. Cly-Cly or PC2. (or trrpeptrde : Gly-Gly-Gly or PG3) 
m anhydrous DMSO was followed by DMNR under condrttons of both acid (sulphurrc) 
and base (tetramethylguanrdme) catalyzed exchange. Two kmetrc processes 
are observed. one catalyzed by the hydrogen Ion and the other by the conjugate 
base (PA) of the peptrde (P). The results at 25OC are summarrzed by the equation. 
rate of peptlde proton exchange = kH[H+ + kB[Pv[H+l wrth kH = 6.3 : 17.1 : 8.85 
M-Is-1 and kg = 1.45 ; 5.62 : 9.55 x 10-l 3 s-f for PGz(Q) and PC3 (a and 8). respec- 
ttvely. This allows us to predtct maxtmum half-reactlon times for NH-NH (or NH- 
ND) exchanges of ca. 
(pKN 

104 mn at pH 7 to 8 m DMSO. pK values of N-protonatron 

% 
+) are estimated from log kH. and pK values of N-deprotonatton (pKNH) aaz 

measu d by three Independent methods. pKNH = 19.4 : 19.7 ; 19.1 (? 0.2) for PG2 
and PG3 (a and 8). Compared to N-methylacetamtde. pKNHi and log kH of pepttdes 
are decreased by ca. two untts. while pKNH and log kg are decreased and Increased 
by ca. four and two umts. respecttvely. 

Resume - La protonatton et la deprotonatlon de la halson NHa d’un drpepttde Gly- 
Gly doublement protege (PC ) ou des hatsons NHa et 8 d’un trrpepttde Gly-Gly-Gly 
(PG3) sont etudlees par RM& dynamrque dans le DMSO acrde (H2SO4) ou bastque 
(tetramethylguamdme). Deux processus cmetrques sont mrs en evtdence : I’un cata- 
lyse par I’lon hydrogene et I’autre par la base conjuguee (P-j du peptrde (P). Les re- 
sultats a 2S°C sont represent& par l’equatron : vrtesse d&change protomque = k [H+] 
+ kB[Py[H+] 06 kH = 6.3 : 17.1 ; 8.85 M-Is-1 et kg = 1.45 ; 5.62 : 9.55 x IO-13s- Hl 
pour PG2 (a) et PG3 (a et 8). respectlvement. Ces valeurs permettent de p&Ire 
des temps de demr-reactton maxrmaux d’envtron 104 mn a pH 7 a 8 dans le DMSO. 
Les pK de protonatron sur I’azote (pKNH2) sont esttmes a partrr des constantes kH 
et les pK de deprotonatton pKNH) sont mesures selon trots methodes mdkpendantes. 
pKNH = 19,4 : 19.7 ; 19,l (? 0.2) pour PC2 et PC3 (a et 8). Comparatrvement a 
la N-mithylacetamlde, les valeurs pKNHi 
d’envtron 2 unites, tandls que pKNH 

et log kH des peptrdes sont dlmmuies 
et log kB sont dimmuees de quatre unites 

et augment&es de deux umtes environ. respectlvement. 

INTRODUCTION 

Acid-base properties of nitrogen atoms in amides and pepttdes are still poorly documented 
1-3 . pK values 

for deprotonatlon (pkNH ) or protonation (pKNH2) of mtrogen m these compounds cannot be measured 

by standard methods m aqueous solutrons due to the levelhng power of water and to the predommant 

protonatlon of the adjacent carbonyl in acrdlc condittons. pKNH$ is estimated to be strongly negattve 

while pKNH IS assumed to Ite above the hmltmg value of 14. In a prevrous paper4. we reported on the acid 

and base catalyzed proton exchange rates of N-methylacetamide (NMA) in water and in dimethyl sulphoxide 

(DMSO). Kmetlc lata obtained u-t DMSO allowed us to estimate pKNHF whtle pKNH was measured directly 

as the pH at half neutrahzatlon using dimsyl anion as a base. 

The wealth of mformatton obtained from the study of NMA m DMSO prompted us to extend these mves- 

gatlons to two simple pepttdes assembling two or three glycyl residues. DMSO 1s commonly used for NMR 
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studies of peptides smce amide exchange IS slow m this medium 5- OMSO/Jl,O mixtures have been used to 

characterize stronb Internal or loose mtermolecular hydrogen bonds m PolYPePtldes by observmg slow or fast 

NH-ND exchange rates. respectively s-8. In our mvestlgatlons. parasltlc proton transfers on both ends of the 

above pepttdes were prevented by protecting the termmal amme function as a phthaloyl dertvatrve and the 

termmai carboxyle as a methyhc or ethyltc ester. Two doubly protected peptides were studled. the phthaloyl- 

dlglycll methy! ester (PG$ and the phthaloyl-trlglycyl ethyl ester (PC+ : 

? 
c\ 0 H 

C’ 
N - CH2 - C - N - CH2 - COOCH3 

I; 
(Y) (u) (a) 

W;,) 

0 

6, 0 H 0 H 

C’ 
N - CH2 - C - N - CH2 - C - N - CH2 - COOC2H5 (PC,) 

6 
(VI (6) (6) (al (cd 

ProtectIon of rhe basic and acldlc ends of peptides by N-acerylatlon and N-amidatlon. respectively. 

as described by Moiday 
9 

m prevtous mvestlgatrons of aqueous solutjons of peptIdes, was not adopted for our 

studies so as to avotd the simultaneous occurence of proton transfers on the terminal NH bonds of the protec- 

tmg groups and on the central peptlde NH bonds. 

This was also tCIe reason why we did not use the more ctasslcal benzyloxycarbonyl lo (Z) and ter- butyl- 

oxycarbonyil’ (BOC) protecting groups. Phtha~imlde deravattves are however also employed tn a great number 

of syntheses 12-16. 
17 

being removed by hydrazmolysls wlrhout damage to the peptides . WeNphhaioyl group 

also contributed to make the peptlde compounds msoluble m water. this was of a great help to extract the 

pure compounds from rheir aqueous solutions. In counterpart. the phthahmide derlvatlve proved to be very 

fragile In strongly basic solutions. making pK measurements very delicate. We describe m the followmg the 

behavlour of the above two peptldes m acidic and basic DMSO from spectrophotometric and NMR measure- 

ments. 

EXPERIMENTAL SECTION 

The Peptides 

The procedures used for peptldes synthesis derive from those worked out by Castro et al. 
18 . usmg the 

BOP reagent. This reagent allowed us fo prepare relatively large quantltles of products due to short reactton 
times and high yiefds (more than 80 %f. Microanalyses of the products are tn accord with molecular formu- 
lae. 1 H chemical shifts are in ppm from rnternai TM5 m DMSO-d6 solutions. 

Preparation of Pht-GIy-Cly-OMe (PG7j 
To a solution of phthaloyl-gtycme TO.5 mole. obtamed accordmg to reference 19) and glycyl methyl ester 

(0.5 mole) In acetonrtrlle (ZOO cm3) are added tr!ethylamme (1 mole). and then a soiutron of the BOP rea- 
gent I8 (0.5 mole) tn acetorutrile (80 cm3). After stirring the mtxture for SIX hours at room temperature. 
the solvent IS removed by evaporation under reduced pressure. The residue IS added with IN aqueous 
hydrochloric acid (150 cm3) and IS flltered off. washed twice with 2N hydrochloric acid (100 cm3). fwlce 
with saturated aqueous sodium hydrogen carbonate (120 cd 1. and fmally with dlstllled water (120 cm3) 
The sohd product IS recrystallrzed from methanol Yield : 110.4 g (80 %) ; m.p. 202OC t It.20 201-202°C): 
NMR : 6 3.65 (s : OCH3). 3.9 (d ; 3 = 6 Hz ; a-CH2). 4.3 (s ; y-CH2f. 7.9 (m ; Pht.). 8.7 (t; NH). The same 
procedure was empfoyed to prepare the peptides mentIoned below. 

Pht-Cly-GlyGly-OEt (PC.,) (From 0.5 mole PC2). Yield : 141.6 g (82 %) ; m.p. 23O’C (Ilt.21 232’C) ; NMR : 
6 1.2 (t ; J I 7.5 Hz ; CH3j3.85 (d ; J = 5.5 Hz : a-CH2). 3.79 (d ; J = 5.5 Hz ; B-CH2). 4.1 (q : 3 = 7.5 MHz 
OCH~). 4.3 (s ; y-CH2). 7.9 (m ; Pht.). 8.33 (f ; 3 = 5.5 Hz : a-NH)* 8.57 (t ; 3 = 5.5 HZ ; &NH) 

PhthatoyZ-Fltycyl-N-methytamide, Pht-Gly-NMA (PGM) (From 0.02 mole PG2). Yield : 7.1 g (94 %) ; m.p.252”C 
NMR : 6 2.63 (d : J = 5 Hz : CH3). 4.2 (s ; CH2). 7.91 (m : Pht.). 8.15 (m ; NH). 

Pht-Cly-Gly-Ala-OMe (PG2A) (From 0.02 mole PG2). Yield : 
CH (Ala)). 3.7 (s ; OCH3). 3.8 (m ; CH(Ala)). 3.85 (d : J = 7.5 

; Pht.). 8.36 d ; 3 : 7.5 Hz ; a-NH). 8.57 (T ; J = 6 Hz ; B-NH). ? 

Materials 

DMSO solutions were prepared accordmg to procedures descrtbed previously 4.22 . Acidic and basic solu- 
tions used to promote proton transfers were obramed by addition of H2SO4 or CF3S03H and of tetramethyl- 
guarudme. respectively. pH measurements require larger quantltles of strong bases. namely dimsyl anton. or 
tert-butyhthlum (AIdrIch). or sodium hexamethyldisllazane (Fluka) and llthlum dllsopropylamide. The latter 
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base was prepared by slowly addmg n-butylhthlum m hexane (28 cm3) to a solution of dusopropylamme 
(4.6 g) m tetrahydrofuranne (20 cm3) at - 50°C under argon. The base was titrated usmg a standardized 
solution of menthol m tetrahydrofuranne and 0-phenanthrolme as an Indicator. 

pH Measurements 

pH measurements were carried out usmg an absolute pK scale m DMSO described prevlously4 . The 
Hammett mdlcators required for the present mvestlgatmns were : 3-mtroamlme (pK : 0.9) m the acidic 
range. and 6-brcmo-Xct-du-utro- or 2.4-dmrtro-. 
m the basic range23. 

or 4-mtroamlmes (pK = 13.4. 14.8 and 19.26. respectively) 

NMR Spectroscopy 

Proton spectra were recorded on a CAMECA spectrometer operatmg at 250 MHz and 25°C. Kmeflc 
data were obtamed as described m a previous pubhcatlon . The coalescence of the N-methylene doublet 
(4) as a function of the pH was used to obtam rate constants for the exchange of the amide proton m 
PC2. In the case of PG3. two groups of closely spaced signals were obtamed. correspondmg to the existence 
of two peptide bonds, two sharp doublets and two broad trlplets fora and 8 methylemc and NH protons. 
respectively (Fig. la). The two trlplets were ldentlfled by comparmg the spectrum of PG>3 with that 
of phthaloyl-glycyl-glycyl-alanme methyl ester (PG2A). m which the a-NH IS represented by a doublet 
and rhe B-NH by a trlplet (Fig. lb). This allowed us by comparison to assign the higher and lower field 
trlplets m PG3 to a and B-NH protons respectively. Each of these triplets could be associated wrth 
the lower and higher field doublets by double resonance experiments. The high field doublets thus refers 
to B -methylene. this 1s consistent with the components of the corresponding doublet bemg less sharp 
than those of the a doublet. as the consequence of unresolved weak long range couplmgs of $-methylemc 
protons with a-NH. The coalescence of the two doublets as a function of the pH can then yield proton 
exchange rates on each peptide bond separately. 

RESULTS AND DISCUSSION 

Proton Transfers m Acldlc DMSO 

Exchange rates and pH values were measured at 25°C for two concenrratlons of peptlde. [PG2] = 0.1 and 

0.2 M and [PC31 = 0.05 and 0.1 M, and. m each case. for three or four concentrations of added sulphurlc acid 

(Table I). Usmg an mdlcator of the electrical type I/IH+ allowed us to deduce hydrogen ion concentration from 

the experImenta ratlo rI : [Iv[IH+] and the knowledge of the lomzatlon constant KIH : 

KIH =w v = [H+].rI 

If we assume yH+ = yIH+ + y+ and yI = I (a piece of evidence suggestmg the vahdlty of these assumptions 

IS rhe Independence of rI upon the (small) concentration of the mdlcator m the range of ca. 10-4-10-5M for 

a given solution). Large quantltles of sulphurlc acid were necessary to brmg exchange rates to the NMR 

tlmescale. i.e. to reduce the mean hfetlme T of peptlde molecules between two successive proron exchanges 

to the order of one tenth of second. [H+] concentrations required for coalescence m peptides are thus ca.50 

times larger than those used with NMA. This shows a considemble decrease In proton transfer rates 

from amides to peptides. Quantltles of added acid are St111 larger smce sulphurlc acid IS moderately 

strong only m DMSO 24. (We gave up the Idea of usmg a strong acid. CF3S03H. smce some degradation of 

DMSO solutions seems to occur for large addltlons of this acid). 

As m the case of NMR. the NMR exchange rate I/T IS found to be strictly proportional to [H+] and mde- 

pendent of the peptide concentration : 

We found rate constants 

I/T = kHIH+l 

$ (PC,) = 631 i ki (PC,) : 17.1 and k: (PC,) = 8.85 M-IS-~ 

(the mdexes a and 6 refer to a-NH and B-NH bonds). The generally accepted mechamsm, first proposed 

by Berger et aL25 . mvolves protonatlon of the amide mtrogen accordmg to the followmg scheme (for 

a dlscusslon. see ref. 4) : 

R-CO-NH-R’ + DMSO . ..H+ 
k1 
$ R-CO-NH;-R’ + DMSO 

kd 

followed by a fast dlffuslon-controlled deprotonatron (kd z ~xIO~M-‘S-~ ar 25“C m DMSO’). The chemical 

exchange rate kI iS consequently twice as fast as the NMR site exchange I/T. Hence : k, : 12.6, 34.1 and 

17.7 M-ls-’ for PC,(a) and PG3(a and B), respectively. Experimental errors are dlfflcult to evaluate but should 

not exceed 2 IO %. 

As suggested by the high [HeI concentrations required for coalescence. these rate constants are smaller 

than those for NMA’ by two orders of magmtude (kI(NMA) = 8.72x102M-1s-1). The lonlzatmn constant of 
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protonated peptides can be estimated as KNH 3 = kd[DMSO~k, = 5.62 : 2.04 and 3.16~10~ M or pKNH3 = -9.75 

-9.31 and -9.50 for PC2 and PC3 (a and g), respectively. These results show that peptldes are less basic (to- 

wards protonatlon) than amides by about 2.0 pK units (pK NH2(NMA) = -7.90 4). These observations are in agree- 

ment with those obtamed by H-D exchange measurements m aqueous sofutions of (a) small doubly protected pep- 

tides where the rate decrease IS about of one decade ’ (b) random-cham unprotected model poiypeptides. such 

as poly-D.L-alanme (PDLA)1’2’2to. where the decrease reaches more than two decades. This change m rate IS 

generally assigned to tnductlve effects exerted by nelghbourmg peptlde groups 9.27 . It may be expected that. 

conversely. neutral peptides are more easily converted to their conjugate base than are amIdes. as shownm 

the next sections. From this pomt of vzew. and with some ambiguity. peptides are said to be more acidic 

than amides. Using the termmology . peptlde bonds of PG2 are seen to be more acrdic than those of 

PC3 and the B-NH bond of PC3 more acldlc than the a-NH bond. The presence of an adjacent phthaloyl protec- 

tmg group thus seems to decrease rate constants from ca. 30 to IO M 
-I -1 

s . Thts may be due to a strong delo- 

cahzatlon of the nitrogen doublet of the N-phthaloyl structure. which then behaves as a strong electron-wlth- 

drawmg substltuent. 

Proton Transfers in Basic DMSO 

Three sets of kmetrc experiments were performed usmg three different concentrations of peptlde.[PC25 

0.15 . 0.24 and 0.33 M. [PC,] = 0.1 . 0.15 and 0.2 M. and up to five pH values (Table IO. Plots of (I/r) ver- 

sus IH’I-’ are straight lines of slope p with a zero intercept and correlation coefficients larger than 0.99. 

These slopes are m turn proportionaf to the concentration of peptide (Fig.2). with a proportionafrty coefficient 

taken as the overall base catalyzed rate constant kg for each NH bond (a or 6) : 

k” B(PG21 = I.~SXIO-~~ ; kg and k&pG3j = 5.62 and 9.55x10-‘3s-’ 

at 25°C. As m the case of NMA ‘. these observations are consistent with proton abstraction by the conjugate 

base of the peptlde : 

and a kinetic law 

RCONHR’(P) + RCON%P-1 :2 P- + P 
k2 

I/T = k2[P-] = kg[PY[H+] 

wtth kg = k2KNH 

KNH 1s the ioni?atIon constant for deprotonatton from nitrogen atom (Owing to the low ionic content of soiu- 

t,Dns actIv1ty CorrectIons are unnecessary). The mechanism for deprotonatlon IS then different I" water and 

rn DMSO, smce III the first case. the exchange Involves the hydroxtde ion. The present conclusion IS supported 

by another observation. The broad NH triplet m PC2 remams unaftered all along the coalescence of the N- 

methylene doublet. thts shows that the peptlde hydrogen 1s exchangmg between like molecules. thus excludmg 

any other basic partner than Its own conjugate base. This result means unfortunately that comparisons of kg 

values for various substrates rn DMSO do not refer to a constant antagomstlc reactant as It IS the case in 

water. As a counterpart, rate constant kg are in fact the product of two parameters KNH and k2 whtch are 

expected to be inverse functions of structural factors. Thus an Increased acidity of the NH bond (KNH large) 

IS probably accompamed byh a decreased nucleophlhcIty (k2) of the conjugate base. possibly makmg predIctIons 

over the overall rate constant kg uncertain. The separation of these two parameters requtres measurmg KNH. 

Thus IS the advantage of usmg DMSO as a solvent which permits pK measurements of very weak acids. 

These simple laws actually hold as written above only m the case of PG2. If TWO exchangeable hy- 

drogens are gt,multaneously present as In the case of a trlpeptrde (PC3), then four kmds of proton abstraction 

are possible,namely of u-NH (rate constants k, and kat3) and B-NH (kScr and k ) by the conjugate bases at ni 
68 

trogens CL and f3 (u-N- and B-N-). respectively. Two NMR exchange rates are measured m this case for each of 

the two methylene doublets : 

(I/T), = (kaaKEH + kogK/&f IPY[H+I 

Wds = (kS, pNH + kggK;H) [PYW+I 

where KiH and KiH are the Ionization constants of mtrogens a and B respectively. Steady-state Concentra- 

tmns of each peptlde bond require that : 

k,RKf% = k60KiH 
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Thrs allows us to write the base catalyzed rate constants kg. ki for each bond under the simple form : 

k; - k>KN”” and k’ = kBKB 
B 2 NH 

where : 
k: : km + kgc, and kt = kaB + kg6 

Again. the knowledge of rate constants k: B and kt requires the determmatlon of l$H and KNH separately 

(see next sectIon). Overall rate constants kg are smaller than those obtamed with NMA’ (kg=S.SOx 10-‘5s-‘) 

by ca. two orders of magnttude. As the acid catalyzed rate constants are themselves decreased by ca. two or- 

ders of magmrude from NMA to PG2 and PC3 . the pH at which a mmlmum of the overall proton transfer 

rate occurs is Itself decreased by co. 2.0 units. Its value can be predicred by consldermg the compiete 

kmerlc law m DMSO solutlons4 

l/T = kHCH+l + k&PY[H+l 

whence (pH) m,n = - 0.5 log(kBIPy[H+] 

Numerical values are pH = 6.98 and 7.32 m PG2 and PC3. to be compared to 8.85 m NMA4 (Table III). A shift 

of about two umts towards the acldlc end of rhe pH scale IS thus observed from NMA to peptldes. Slmllar shlfrs 

have been observed for hydrogen-deuterium exchanges 
PDLA1.2.26 

28 tn basic aqueous (D20) solutions of NMA29-3’ and of 

or of small peptldes3’. from pD z 5 fo pD s 3. As mentioned above. this shift IS tentatively as+ 

gned to Inductive effects m peptides resulrmg m both a decrease and an Increase of the acid- and base-caraly- 

zed reactton rates. respectively. 

In this respect. we may also notlce the coherence between kH and kg values In PG3. the larger kH value 

(kG> kt 1 bemg nsscctated to the smaller kg value (kg<k$. and consequently to a shift of fpHjmm towards 

mcreasmg acldltles. from 7.24 for a-NH to 6.98 for B-NH. The latter sequence IS m line with that observed m 

aqueous sotution of trtpepttdes. e.g. Ala-Gly-Gly m DMS032. where (pD),,,, = 2.2 and 3.0 for rhe N-terminal r@ 

and C-termmal (a) peprlde groups. respectively. 

Fmalty. another point of interest IS the order of magnitude expected for the rnln~rn~ exchange rate it/d 

<z 1065-l equivalent to half-times for NH-ND exchanges of more than IO’mn. which are thus longer than those 

reported for aqueous solutions of peptides 192 by about two decades. 

pK of Peptides in DMSO 

Classical methods usmg pH values at half neutralization (pH1,~2) resulted mto mconslstencles tn pK deter- 

mmatlons. This IS especially clear when usmg dlmsyl (DMSO-) or hydroxide ions as bases and PC2 as a model 

peptide. pHi,2 values of ca. 15 units were obtamed (Table IV). which are surprisingly low compared fo pKNH 

(NMA) = 23.4. Suspectmg a degradation of the N-phthaloyl group led us to use less nucleophlhc bases. such as 

llthlum ter-bury1 (LTB). hthlum dusopropylamide(LDA) and sodium hexamethyldlsllazane amide (SHA). and pep- 

tide derrvatlves bearmg a termmal methyle Instead of either a N-phthaloyl(acetyl-glycyl-methyl ester. or ACM) 

or a C-methoxycarbonyl (N-phthaloyl-glycyl-N-methylamide or PGM) protectmg group. The correspondmg set 

pH 112 values (Table IV) undoubtedly shows that the N-phthaloyl group is responsrble for abnormal pH i/2 values 

when dlmsyl amon 1s used as a base. The three other bases show mternally consistent results suggestmg that the 

pK of PC2 should be close to 19 m DMSO. 

However the full neutrahzatlon curve of PC2 IS abnormally flat at the equivalence pornt (Flg.3) as com- 

pared to that of AGM. revealing an addit!onal consumpflon of the added base. This may be due lo either ioni- 

zation of the N-methylene groups or to the openmg of the phthahmlde substltuent mto acldlc products. The 

a-CH2 methylene IS born by a negatively charged rutrogen m the ionized peptide and IS consequently weakly act- 

dlc : the absence of lonlzatlon IS shown by the sharpness of the a-CH2 lmes in the entire pH range explored 

(Flg.4). On the contrary. the y-methylene 1s adjacent to a nitrogen atom bearing a fractional positive charge 

and 1s therefore much more acidic. It is observed Indeed that the y-CH2 singlet progressively broadens and even 

disappears when equlmolecular addltlon of SHA IS achieved (F1g.4). In the same time, additional lines of growmg 

Intensity appear m the spectrum, which seems to be duplicate in its a-CH 3 y-CH2 and aromatic tines. Thus sug- 

gests a Progressive opening of the N-phthaloyl group superimposed to a small degree of loruzation of the y-methy- 

lene. The NMR spectra show that this parasitic degradation IS of little unportance up to half neutrallzatlon (pH< 

x 19). However the overall hydrogen ion concentration includes contributions from the degradation products 

which can srili be large compared to that of the weak peptide acid. PH,,~ values for PC2 m Table fV can still 

be decreased by the presence of acidic Impurities which are not detected by NMR. 



More reliable results are expected from the mtensity of the NH triplet, whrch can yield unambiguously 

the ratro r of the ionized to the unionized peptide. Due to the poor accuracy of the method, two convenient pH 

values (18.80 and 19.03) were selected from which we can deduce the tomzatton constant KNH = r/IO-pH x 

pKNH of 19.5 and 19.1 were thus obtamed. leadmg to an average value pKNH (PC2) = 19.3 zt 0.2. 

This conclusion was put on a firm basis by observrng the chemical shifts. ha and gy. of the a and y-CH2 

protons and the pH level as the amount of added base IS varred (Table V). Assummg the lomzatron of 

the NH bond alone. the observed chemical shifts 6 ftn fact 6o or gy 1 are expressed nt the fast exchange 

hmrt as a weighted mean over their values In the unronlzed~6p) and romzed (6p-) peptide : 

&@‘I + [P-D = ctpx [PI + 6pJP-} 

lntroducmg the fornzation constant KNH of PC2 allows us to recast this equation under a more useful form : 

[H'l = 6oKN~/(6p-~) - KNH 

where KNH and 6. : 6 -6 _ are two unknown parameters to be adjusted (In fact. two 6, parameters are TO 

be Introduced for each Ef t!e u and y hnes. 6: = 6”- 13~_ and 6: = 6: -6&). A linear plot of y = [H’I as a 
P P 

function of x = (ap-s)-’ IS Indeed obtamed for the a-CH2 lme m the acrdtc end of the graph (F1g.5). I.e. as 

long as y > 1.2 x IO-l9 M. Strong devlattons from hnearrty are observed m the more basic solutions, agam revea- 

hng an abnormal consumption of the added base. The hnear portlon of the plot allows us to compute KNH from 

the Intercept of the least squares lme : 

K NH = 0.245 x IO-l9 and pKNH = 19.6 

The chemical shift m the romzed pepttde 1s also obtained from the slope and the above KNH value.6p_=886 Hz 

or 2.215 ppm. This IS an upfreld shaft from the neutral peptrde (6o - 84.4 Hz or 0.211 ppm) as expected from 

the presence of a strong electron-donating adjacent mtrogen atom (Ne -CH2). The y-CH2 shift seems to follow 

approxrmately the same Imear plot for small addltlons of base. but devlatrons from lmearrty occur as soon as 

y c z 1.5 x 10 
-19 M. The fact that the hnear parts of the a-CH2 and y-CH2 plots seem to be rdentrcal IS pro- 

bably forturtous . smce the two lutes are expected to have the same Intercept f-KNH). but different slopes 

( bEK~~ and b:K,,). 

All these observations strongly support a pK value m PC2 close to 19.5. pKNH = 19.4 +- 0.2 . The value Of 

lg.9 m Tabie IV 1s presumably too small due to a shght degradation of the phthahmrde substrtuent. as expiamed 

above. 

If we try to extend these NMR measurements to PG3. we must restrict ourselves to chemrcal shaft deter- 

mmattons of the a-.8- and y-CH2 groups (Table VI). 

The chemical shaft method IS comphcated by the existence of two monoamons Pi and Pi bearmg a nega- 

tive charge on mtrogens o and g. respectlvefy. and of a diaruon P--. This obliges us to consider three iomzatton 

B a6 constants. K:H. KNH and KNH. respectively. The second romzatron of draclds 1s however much weaker than 

the first one. so that monoamons alone can be consrdered tn the evaluatron of the average methylene chemtcal 

shift 6 (In fact. either 6 . a 6’ or gy for o f3 or y-CH) as long as the added base is less than equrmolecular. 

This means that for the less basic solutrons. a linear x.y piot should be observed according to a rearranged 

equation : 

[H+] = 
%oK;H + ‘ogK!H 

6 6 
P- 

- (KEH + KIH) 

where 6, = 6 
P 

- 6 _ and 
pa 

6 
of3 = 

6 -&_ 

The dencmmatton 6,, 
p 

pf3 fio8 recovers in fact SIX parameters at the rate of two parameters per CH2 group stu- 

dred : 62, b&, 6&; 6Es, 6$, 6& All this mformations cannot be extracted from three linear plots 

only. An important point however is that the three strarght lines should have a common mtercept,_(KiH+KiH). 

Further additrons of bases would result into deviatrons from lmearity as the combined consequence of the qua- 

dratic dependence of the dianton on the hydrogen ion concentration and of the degradation of the N-phthaloyf 

group. In the relatively acrdlc pH region explored (lS<pH< 191, we obtamed effectively three straight lines 

whose convergence to a common point on the verttcal axis is reasonably good (Fig.6). g- and y-CH2 lines again 

appear to be very close to each other. The intercepts of the least squares lines, -1.641, -0.783 and -0.500.x 

10 
-19 0 M yteld the sum K = KiH + KNH wtth a high degree of certainty concerning its order of magnttude and a 

poor accuracy concerning its absolute value taken as the average, K = (0.97ti.44) x 10-19Mul. This shows again 

that the pK of the a and B peptide bonds are close to 19. 
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The two indlvldual ionization constants, KiH and KiH , are close to each other, and the sequence of 

acid-catalyzed rate constants k” and k 
SH !I 

led us to predict that K 6 

difference, ApK = pK:H - pKNH, 

NH > K:H. An estimation of the small pK 

can be made with a reasonable degree of approximation by assuming a 

Broensted relationship between the sets of KNH~-I~ kH values. The Broensted coefficient a can be computed 

from the values relative to NMA and PG2, a = log[(kH(NMA/kH(PCZ)l / (pK(NMA) - p~(pG2) ) 0.46, whence : 

ApK =A log(k$k$ = 0.62 or K$Kt = 4.18 

and. m turn. 

KN”” 
and KiH = (0.186 ? 0.09) and (0.78 2 0.37) x 10-19M or 

PK;H = 19.7 ? 0.2 and pKiH = 19.1 2 02. 

Rate Constants in Basic DMSO 

True rate constants for depronatlon of the peptlde bond were dedu ed from 

rate constant kg and the above pKNH values accordmg to k2 = kg x 10 
&H 

the overall base-catalyzed 

. 

Triads of kg. kg’ pKNH values for NMA. PC2? PG3 (a and@ are shown m Table VII for the sake of com- 

parlson. together with the correspondmg sets of kH. k, and pKNH + values obtamed m acldlc DMSO. The expec- 

ted errors over kg and pKNH bemg of * 10 % and 2 0.2 urut. 5 respe tlvely. k2 values are comprrsed wlthm a 

large uncertamty range of ca. ? 70 %. 

While k2 was found close to the dlffuslon hmlt m the case of NMA. the values found for PG2 and PC3 

are smaller by two to three orders of magmtude. This shows that the more acldlc peptlde bonds m PG2 and 

PG3 exchange more slowly with their respective conjugate bases than does NMA. This means that the favou- 

rable mcrease of acldlty of the peptlde (P) IS more than counterbalanced by an unfavourable smaller baslclty 

of the conjugate base partner (P-) m spite of the apparent symmetry of the transitlon state generally assu- 

med (P...H...P). 

CONCLUSION 

Besldes kmetlc data showmg quantltatlvely the Interest of usmg DMSO for slow NH-NH and NH-ND ex- 

change. the pK of amldes and peptldes are obtamed for the first time with a reasonable degree of confidence. 

Protected dl- and trlpeptlde show relatively slmllar kmetic and thermodynamic acldltles of the peptlde bond. 

The most strlkmg feature seems to be the large differences between data relative to NMA and to PC2 and 

PG3. Parallel decreases are observed for both pKNH+2 and pKNH values from NMA to peptldes. but the magm- 

rude of the varlatlon IS nearly double for pKNH than for pKNH+ . 4.0 agamst 2.1 umts. The reasons for such 

a decrease. which IS m accord with the shift of the log k, vs. p k curves for NH-ND exchanges mentloned m 

a previous section. are not so clear as lmphed by the recourse to simple mductlve effects of the substltuents. 

The data of Table IV. m spite of errors Inherent to the method of pK measurement , are sufflclent to reveal 

that the central structure of NMA supportmg the molecular formulae of AGM, PG2 and PCM IS strongly affec- 

ted by the presence of one protectmg group (pKNH decreases from 23.4 to 19-20). but that the effect over 

pKNH IS not addltlve as expected from purely mductlve effects. Further experiments are therefore necessary 

to elucidate this pomt. 

pK values for protonatlon (pKNHi ) result from an estimation. assummg that the reverse deprotonatlon 

IS dlffuslon-lImited m all cases. pKNHc values m aqueous solutions are expected to be very close to those 

presently obtamed m DMSO. as It was’shown previously m the case of NMA’. 

Experiments usmg NMA have also shown that pKNH values are decreased by about 5 umts from DMSO 

to H20. due to the electrical charge types of the mvolved species’. pKs of 14-5 would then be expected for 

PC2 and PC3 m aqueous solution on this basis, these values are surprmsmgly low, just above the upper hmlt 

of measurable pKs m water. These pKNH values would m turn result mto rate constants for proton abstrac- 

tion by hydroxide 10;~ key _=, KNH d k /K (where KW = IO-” w and kd = 101os-‘) . which are close to the dlf- 

fusion Ilmlt kd z 10 M’ s . Such high values for proton abstractjon rates would m fact be m accord with 

the pK decrease of 4 umts from NMA to PC2 and PC 3’ which is expected to produce a parallel mcrease of 

log koH from co. 6 m NMA to 10 m PC2 and PG3. Experiments are currently devised m this laboratory to 

test this predIctIon by usmg protected peptldes which are soluble m both DMSO and water. While a pK of co. 

19 for the NH bond of peptldes m DMSO seems to be firmly establlshed on the basis of our experiments. the 

predIctIons of pK values of I4 m water ~111 be tested m further work. 
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Fqure 2 : A plot of slopes 
ding peptide PG2 CO), PC3 P 

obtained in basic DMSO (see the text) versus the concentration of the correspon- 
A) and (+). 
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Figure 3 : Neutralization curves of 0.02 M DMSO solutions of (a) acetyl-glycyl-methyl ester (0) and (b) phtha- 
loyl-glycyl-glycyl methyl ester (PC,) by sodium hexamethyldlsilazane (SHA) 
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Figure 4 : 1H NMR spectra (N-CH2 and NH regions only) at 400 MHz and 25% of 0.05 M DMSO solutions of 
phthaloyl-glycyl-glycyl methyl ester (PG2) (Imes shown by arrows) acccmpamed by degradation products (star- 
red Imes) for increasmg additions of base : [SHAI = 0 (a), 0.025 (b), 0.045 k). 
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I ___ 

65 wm 
1 

4 PPm 
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he is drawn (least squares eqn : y = 20.6% x - 0.245 with r = 0.9997). 
Figure 5 : Plots of y = IH’I WITUS x = (6 -S)-’ using the a (*) or y-CH2 (A) chemical shifts of PC2. The a-CH2 

0.05 

-tares eqns : y = ax + b ; a = 48.lg, 87.73, 76.70 ; 1OkJ ‘, b = - 1.64 ; - 0.783 ; - 
Plots of y = IH+l VWWB x = (6 -a)-’ using the a 8 (A) or y-CH2 (0) chemical shifts of PC3 

0 500 respectively). * 7 
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Tabte 1. pH values. hydrogen ton concentrations [H+] and NMR exchange 
rates ff/rJu , (f/z) of PG2 and PG3 tn DMSO at 25°C using two pep- 
tide concentrattons, 9 PC21 = 0.1 and 0.2 M, [PC31 = 0.05 and 0.1 M, and 
three of four additions of sulphurtc acid [H2S04]. 

IH,So,l (M) 1 IH+, fMI[ pH 1 (J/sJofs-‘1 1 (J/t+ (s-If 

3 
0.94 
1.41 
1.88 

pc3 
0.47 
0.70 
0.98 
1.17 

0.40 0.40 
0.56 0.25 
0.78 O.Ji 

~ 

0.20 0.70 
0.30 0.52 
0.43 0.37 
0.50 0.30 

2.1 
3.1 
4,s 

4.0 
5.5 
8.0 
9.0 

1.3 
2.0 
3.5 
3.8 

Table If. NMR exchange rates (I/T)~ . {i/r) (S-J} of PC and PG m basic DMSO 
at 25’C as a function of the pH and peptrde oncenrratron? and the’proportlonaltty @ 

COefflClenTS p Of (I/T) TO I/[H+]. 

t4.28 4.2 
14.26 5.4 14.46 5.7 
14.41 8.7 14.55 7.7 

[PC31 = 0.2 M 
0.15 M 0.1 M 

pH (I/T), (i/T+ PH Wrla WdB pH WT), U/q3 

______________________________~_______~_~____________~~~~~~~~,_______~___~---~~~~~~~~~~~~~~~-~ 
13.36 4.4 4.0 13.69 5.0 6.5 13.72 3.0 5.0 
13.50 5.5 5.5 13.90 6.5 12.0 ‘3.93 10.0 
13.75 6.7 10.5 14.08 10.7 14.02 

“5.: 

13.78 7.0 11.5 14.27 15.4 14.22 5.3 
14.13 If.0 14.37 J4.3 __________________________________________________---“-----*~.______-_-----------l___________l 

po(M.s-’ x JO I3 ) = 1.14 0.78 0.64 

p&M.s-J x 10 13) : 1.84 1.44 I .09 

Table 111. Actd (X;-‘s-J) and base-catalyzed (S-J) reaction rates. mmrmum exchange 
rates (I/T )mtn. (s-1) and rhe correspondmg haif-times iJf2 (mn) expected for NH-ND 

exchange (In 0.1 M soluti**nsJ 

System 
I 

k (x10? B 
(pH)m,n, ~ltr~mI,(XI07s-‘) tJ,2 (mn) 

NMAlH20 470 
NMA/DMSO 436 
PG 2/DMso 6.31 
PG3ta) &MS0 17.1 
PG3(8)/DMSO 8.85 

5.24 2.7~1 O4 
8.85 6.1 
7.32 3.0 
7.24 9.8 
6.98 9.2 

2.6 
1.9x104 
3.8x104 
1.2 JO4 
1.2x104 
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Table IV. pH half neutralization of three model amldes (chosen with a common structural 
umt substituted by various end groups as shown by the dashed hnes) by four bases (see the 
text). and the correspondmg average pK values. 

4755 

Amide a 

1 (ACM) ’ 
I 

I I 

a C \ I royi 
0 ,NT , C-&N-C+ C+ 

0 

5 IH ,:I ’ OMe 

O I (PG2) 1 

a I 
I 

c, I 
H 0 H H’ 

&;_A_& H 

F 

/NT ;1 
2 

0 ’ (PCM) I 

a 0.02 M solutions m DMSO 
b 

computed over the last three pH values 

Table V. pH values and chemical shifts 
&a and &y of a- and y-CH protons (m 
Hz from Internal TMS at 40 b MHz and 
25” C) of PG2 In 0.02 M DMSO solu- 
t 10ns contammg various amounts of sodium 
hexamethyldlsllazane (SHA) 

[SHAI (M) PH 6a 61 

O-3 
5.0x10 
7.5x10-3 
1.0x10-2 
1.5x10-2 
2.oxlo-2 
2.5~lO-~ 
3.0x1 o-2 
4.0x10-2 
5.0x10-2 

1065 971 
18.50 1059 965 
18.67 1056 962 
18.80 1051 960 
18.95 1042 956 
19.05 1027 941 
19.15 1016 933 
19.25 1000 922 
19.65 992 915 
19.75 - 912 

DMSO’ 
Base 

LTB LDA SHA 

20.4 20.2 20.1 

15.7 

15.1 

18.8 19.2 

18.3 18.8 

20.1 

18.8 

18.7 

*NA 

20.2 

1a.9b 

I a.6b 

Table VI. Chemical shifts 6”. 6* .6Y 
(In Hz frcm Internal TMS at 250 MHz 
and 2S°C) of the a-. B- and y-CH2 protons 
of PC.3 m 0.05 M DMSO solutions as a 
function of the pH. 

963 947 1073 
18.10 958 937 1064 
la.35 955 930 1057 
18.67 950 916 1043 
18.84 948 910 1037 

Table VII. Kmetlc (kH . kl and kg . k2) and thermodynamic (pK 
NH2 

+ and pKNH) data rela- 

tlve to simple amide and peptldes m acldlc and basic DMSO a 25°C. respectively. 

NMA 
PG2 
PG3 (a) 
PG3 (6) 

ACIDIC DMSO BASIC DMSO 

kH(M-‘s-l) k,(M-‘s-l) pKNH$ B k (s-‘~lO’~) k (M-‘s-‘xl05 
2 PKNH 

436 872 -z90 8.50 2130 23.4 
6.3 12.6 -9.7 5 145 3.6 19.4 

17.1 34.2 -9.3 1 562 30.2 19.7 
8.85 17.7 -9.50 955 12.3 19.1 
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