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can be trapped by continuous illumination at 140 K at the expense 
of generation of the S2 state EPR signal. The moderately large 
zero-field splitting parameter D2 required to fit our data (3.0 cm-') 
can be explained by a strong axially symmetric crystal field around 
the s2 = 1 spin.I5 

If the s1 = spin is indeed the ground state of an antifer- 
romagnetic Mn dimer, then there must be excited states above 
the state giving rise to the EPR signals. As discussed earlier, the 
presence of an excited state provides a relaxation pathway for the 
spin system via an Orbach mechanism. Therefore, the values of 
A obtained from our power saturation data may reflect the extent 
of exchange coupling within the dimer. As an example, we 
considered a trimer consisting of s1 = 2, s2 = 3/2, and s3 = 1, which 
could arise from a site consisting of Mn(II1) (s] = 2), Mn(IV) 
(s2 = 3 / 2 ) ,  and low-spin Fe(IV) (s3 = l ) ,  where J 1 2  > 0, JI3 < 
0, and JZ3  < 0. Provided that (JI21 > IJZ3l and IJI21 > ) .Jl31, the 
ground and lowest excited states of this trimer will have s = 
and s = {I2,  respectively. The exchacge Hamiltonian for three 
interacting spins can be written a,s He, = C,<kJj&ik and the 
spin-spin interaction is given by H,, = C,1,.Di4,. 

The energy levels were obtained by diagonalizing Atrimer in the 
uncoupled representation Isls2s3mlm2m3), where 

the power-saturation data were 34.0 (resting state) and 12.7 cm-I 
(active state). 

Conclusions 
The data presented in this paper show that the S2 state EPR 

signals from the OEC arise from the interaction of more than one 
paramagnetic site. However, our temperature dependence data 
cannot be accounted for by a simple Mn dimer model, unless such 
a dimer arises from a ferromagnetic exchange coupling of low-spin 
forms of Mn. As noted above, low-spin Mn complexes are rare 
and not likely to be present in the OEC. A more reasonable model 
for the species giving rise to the S2 state EPR signal is one in which 
an antiferromagnetically exchange coupled Mn(II1)-Mn(1V) 
dimer is ferromagnetically exchange coupled to another site with 
s = 1. This second site could possibly be low-spin Mn(III), 
low-spin Fe(IV), or even a second Mn dimer. 

We assign the S2 state EPR signal to a thermally populated 
s = state. Therefore, if our interpretation of the data is correct, 
an EPR signal from the s = 3/2 ground state should be observable 
a t  low temperature. This signal is expected to be anisotropic and, 
therefore, difficult to detect. Current efforts in this laboratory 
are directed at using the ferromagnetic exchange coupling scheme 
to accurately simulate the three S? state EPR soectra and at- 

and 

f i e ,  = Jik[ l /2($ ,+$k-  + $i-$k+) + gjz$kz]  (8) tempting to bbserve EPR signals from the s = 'i2 ground state 
of the S2 state of the OEC. 
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Abstract: A new method for rapidly and conveniently obtaining isotopic fractionation factors in dilute aqueous solutions of 
compounds containing rapidly exchanging OH, NH, and SH groups is described. Shifts in the positions of NMR peaks for 
spectroscopically observable nuclei induced by isotopic substitution are the basis of this procedure which has the unique capability 
of separately measuring the isotopic exchange constants simultaneously for several different groups in the same molecule. The 
results for a series of alcohols, amines, thiols, phenols, acids, and amides with use of 13C NMR spectroscopy are reported. 
Atypically low values of Kfmc are observed in several cases, indicating that there are strong internal hydrogen bonds in competition 
with those to water, yielding conformational information. 

For an isotopic exchange reaction 

(1) 
Kfrac 

H A  + DB e DA + HB 

the equilibrium constant Kf,, is known as the fractionation factor. 
Many molecules containing OH, NH, and SH groups exchange 
hydrogen and deuterium rapidly with hydroxylic solvents, setting 
up such equilibria. These fractionation factors are closely related 
to details of molecular structure and are sensitive to changes in 
factors like hydrogen bonding. Strong internal hydrogen bonds 

0002-786318511507-2648$01.50/0 

(in competition with those to the solvent) should be indicators of 
the conformation of flexible molecules. 

Existing and established experimental methods cannot con- 
veniently measure fractionation factors for hydrogen-deuterium 
exchange in dilute aqueous solution,l nor can previously reported 
techniques obtain information about individual exchangeable sites 

(1) For a review of isotope effects see: (a) M. Wolfsberg, Acc Chem. Res., 
5, 225 (1972). (b) M. Wolfsberg, Annu. Rev. Phys. Chem., 20, 449 (1969). 
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in a molecule which may contain several distinguishable sites. We 
report here a new, generally applicable procedure for measuring 
multiple exchange fractionation factors for rapidly exchanging 
molecules in dilute aqueous solution. 

Previously reported methods’ designed to obtain proton- 
deuteron fractionation factors between water and other ex- 
changeable species all have serious limitations. The first exper- 
imental measurements of isotopic equilibrium constants date back 
to the late 1930’~ .~  Compounds with readily exchangeable protons 
were allowed to achieve equilibrium with water containing a known 
small fraction of d e u t e r i ~ m . ~ * ~ * ~  After the solute and solvent were 
separated and purified, the deuterium content of each was de- 
termined. The aqueous solutions obtained from careful combustion 
of the solute (as well as the solvent itself) were subjected to density 
measurements, refractometric measurements, or thermal con- 
ductivity measurements,6 and from calibration curves, the deu- 
terium concentrations were obtained. The entire process could 
take over 2 weeks!’ The separation must be done in a manner 
which does not perturb the equilibrium, and great care must be 
taken to prevent isotopic exchange with atmospheric water. 

In principle, experimental measurement of infrared (IR) and 
raman spectra of molecules,8 followed by normal-mode analysis 
and the use of formulas from the theory of isotope effects,’ can 
be used to calculate equilibrium constants for isotopic exchange 
reactions. However, the frequencies are affected by solvation 
(particularly in aqueous solution), and it often is difficult or 
impossible to measure, assign, and analyze the peaks due to all 
the species present because of strong solvent absorption. 

Mass spectroscopy is one of the most extensively used techniques 
for measuring isotopic fractionation constants. Gas-phase 
equilibria such as 

H2 + D2 F+ 2HD 

or NH3/ND3 exchange,’O,ll or gases in equilibrium with liquids 
as in1* 

l0BF3(g) + “BF3-anisole + 11BF3(g) + 10BF3-anisole 

can be examined. Aqueous solutions such as 1,3,5-trimethoxy- 
benzene in water (exchange catalyzed by perchloric acid)I3 have 
also been studied. The solute must either be recovered from the 
solution in pure form and subjected to mass spectral a n a l y s i ~ ’ ~  
or the water vapor over a solution can be examined for changes 
in deuterium content. The latter method generally requires quite 
concentrated solutions for accurate results. Although mass 
spectroscopy is an extremely sensitive and potentially precise probe, 
it is not without complications. The technique is best suited to 
systems where the vapor can be directly examined. When at- 
tempting to measure the self-exchange equilibrium constant of 
water (see eq 5) by mass spectroscopy, assumptions and corrections 
must be made for differences in total ionization cross section for 
H20, D20,  and HOD. Technical problems such “the memory 
effect” and background noise must be o v e r c ~ m e . ’ ~ , ~ ~  

(2) G. P. Mikluhkhin, “Exchange Reactions of Hydrogen Isotopes”, Na- 

(3) W. G. Brown, J. McNab, and M. S .  Kharasch, J .  Org. Chem., 2, 36 

(4) C. K. Ingold, C. G. Raisin, and C. L. Wilson, J .  Chem. Soc., 1637 

( 5 )  F. W. Hobden, E. Johnston, L. Weldon, and C. L. Wilson, J .  Chem. 

tional Research Council of Canada, 1948. 

(1937). 

( 1936). 

Soc., 61 (1939). 

McGraw-Hill: New York, 1951. 
(6) I. Kirshenbaum, “Physical Properties and Analysis of Heavy Water”, 

(7) W. J. C. Orr, Trans. Faraday Soc., 32, 1033 (1936). 
(8) A. Palko and G. Begun, J .  Chem. Phys., 47, 967 (1967). 
(9) H. C. Urey, J .  Chem. Soc., 562 (1947). 
(10) W. M. Jones, J .  Chem. Phys., 47, 4675 (1967). 
(11) J. W. F‘yper, G. W. Barton, Jr., and R. S. Newbury, J .  Chem. Phys., 

(12) A. Palko, J .  Chem. Phys., 28, 214 (1957). 
(13) A. Kresge and Y. Chiang, J .  Chem. Phys. ,  49, 1439 (1968). 
(14) J .  W. Pyper, G. W. Barton, Jr., and R. S.  Newbury, J .  Chem. Phys., 
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More recently, Fenby has used isotopic vapor pressures to 
determine values of Kfrac for compounds in aqueous solution.16 As 
pointed out by Jancso,I7 accuracy is often poor when examining 
certain types of compounds (such as amines) and there is con- 
siderable discrepancy in the values reported by different authors 
for isotopic vapor pressures of the same compounds. 

Another important tool for obtaining isotopic fractionation data 
is nuclear magnetic resonance (NMR) spectroscopy. In the 
relatively few cases where proton exchange between solute and 
solvent occurs and happens to be slow on the N M R  time scale, 
integration of the proton or deuterium peaks for the different 
species can yield the fractionation factors.l* It is often difficult 
to measure these integrals well enough to obtain accurate values 
for the fractionation factors. In the more common cases where 
exchange is rapid on the N M R  time scale, techniques based on 
measurement of the averaged proton or deuterium frequencies” 
can be used; however, these N M R  methods (as well as all pre- 
viously mentioned methods) are poorly suited for molecules 
containing several distinguishable exchangeable sites. The single 
measured NMR frequency for the averaged protons or deuterons 
must be used to obtain several different equilibrium constants. 
In addition, the accuracy becomes poor in cases where one sub- 
stance (water or another hydroxylic solvent) is in large excess, 
since shifts in the N M R  frequencies of the averaged peaks re- 
sulting from differences in the fractionation factors are very small. 

We report here a new, general method for rapidly and con- 
veniently measuring isotopic fractionation factors under conditions 
of rapid proton exchange between solvent water and molecules 
containing OH, NH,  and S H  functional groups. Changes in the 
NMR chemical shifts of any spectroscopically observable nuclei 
near the sites of isotopic incorporation in molecules are the basis 
of this procedure. This paper focuses on the use of I3C N M R  
spectroscopy to demonstrate the method’s generality and appli- 
cability to a wide variety of organic molecules, but other nuclei 
can also serve as reporters for this purpose. Since it is not the 
averaged peak of the exchanging protons or deuterons that is 
observed spectroscopically, the fractionation factor can be accu- 
rately measured in dilute aqueous solution, and at  high and low 
H 2 0 / D 2 0  ratios. This new procedure also has the unique ca- 
pability of simultaneously determing the fractionation factors 
between water and each exchangeable site in a molecule containing 
many such sites. 

Method Employed 
Introduction of an isotope into a molecule induces chemical shifts in 

the N M R  peaks of nuclei near the substituted atom. These shifts, which 
have been called intrinsic isotope shifts, have been much studied.20 
Deuterium substitution is particularly easy in molecules containing 
functional groups with readily exchangeable protons such as O H ,  N H ,  
and SH. Shifts in the ”C resonance on deuteration of COH, CNH,  and 
CSH groups can be readily measured and have been helpful in making 
spectral assignments.*’ However, if one uses known mixtures of H 2 0  
and D 2 0  (and HOD), instead of pure H 2 0  and pure D20,  as solvents for 
the molecules to be studied, an isotopic exchange situation (as in eq 1) 
is created. The fraction of D in the exchangeable group will not neces- 
sarily be the same as that in the water. If the proton/deuteron exchange 
between solute and solvent is rapid, as it is in most O H ,  N H ,  and S H  
groups, the observed C M R  frequency will be the average of the fre- 
quencies of the H and D substituted molecules weighted by their 
amounts. Since the relative amounts are functions of the fractionation 
factor, in principle, accurate measurement of the average frequency could 
yield a value for the fractionation factor. It was our intention to discover 

(16) D. V. Fenby and G. L. Bertrand, Aust. J .  Chem., 35, 237 (1982). 
(17) G. Jancso and W. A. Van Hook, Chem. Reo., 74, 689 (1974). 
(18) V. Gold, Trans. Faraday SOC., 64, 2770 (1968). 
(19) M. Saunders, S. Saunders, and C. Johnson, J .  Am. Chem. Soc., 106, 

3098 (1984). 
(20) As stated by Batiz-Hernandez and Bernheim [H. Batiz-Hernandez 

and R. A. Bernheim, Prog. NMR Spectrosc., 3, 63 (1967)], isotopic substi- 
tution results in changes in the NMR shifts which are averages over the 
zero-point motion. This could result from either an anharmonic vibrational 
potential or a nonlinear dependence of the NMR shift on bond distortion. 

(21) P. Pfeffer, K. Valentine, and F. Parrish, J .  Am. Chem. Soc., 100, 1265 
(1978). 
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Table I. CMR at 125.76 MHz and 308 K; Average 6 (in Hz)" for Approximate D 2 0  Fraction 
case 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 
A1 2.35 4.80 7.25 10.15 12.72 15.00 17.75 19.75 22.35 25.06 
A2 1.80 3.45 5.30 7.60 9.50 11.25 13.20 17.70 16.65 18.73 
A3 1.72 3.45 5.40 7.58 9.42 11.18 13.12 14.78 16.42 18.60 
A4 1.65 3.65 5.45 7.50 9.68 1 1.05 13.40 14.80 16.45 18.47 
A5 0.90 1.72 2.70 3.60 4.22 4.95 5.92 6.60 7.50 8.57 
A6 0.70 1.15 2.00 2.50 2.75 3.00 3.95 4.40 5.20 6.07 
A7 0.70 1.30 1.65 1.85 1.93 2.00 2.25 2.65 3.40 4.03 
B 5.49 10.06 15.13 20.23 25.09 31.08 35.31 40.33 45.87 51.64 
C 5.32 10.77 14.98 21.54 25.98 32.04 37.44 44.18 49.59 55.83 
D 2.95b 7.82 10.16 15.23 18.16 23.13 27.24 32.04 37.77 43.04 
E 1.64 2.94 4.46 6.00 7.23 8.43 9.84 11.04 11.84 12.94 
F 1.64 3.72 5.34 7.15 8.78 10.36 11.84 13.22 14.54 15.97 
G 1.62 3.12 4.60 5.66 7.07 7.91 9.18 10.13 10.95 11.98 
H1 1 .62b 3.73 5.60 7.36 8.92 10.61 12.04 13.50 14.92 16.63 
H2 0.00 2.1 Ob 3.84 5.20 6.50 7.55 8.48 9.40 10.29 11.39 
I1 0.0 2.68b 4.30 5.81 7.16 8.16 9.60 10.62 11.87 13.17 
I2 0.0 2.25b 4.03 5.36 6.65 7.48 8.67 9.34 10.34 11.19 
J1 2.97 6.01 8.94 11.68 14.55 17.02 19.86 22.33 24.93 28.50 
52 3.31 6.24 9.33 12.44 15.80 19.10 22.90 26.60 30.67 36.60 
K 1 .26b 3.06 4.86 6.70 8.69 10.80 13.09 15.66 18.62 22.28 

Kirac concn (M) case 
A1 methyl-a-D-glucopyranoside (C-3) 0.50 1.05 +/- 0.06 
A2 methyl-a-D-glucopyranoside (C-4) 0.50 1.04 +/- 0.06 
A3 methyl-a-D-glucopyranoside (C-2) 0.50 1.05 +/- 0.06 
A4 methyl-a-D-glucopyranoside (C-6) 0.50 1.08 +/- 0.09 
A5 methyl-a-D-glucopyranoside (C-5) 0.50 1.04 +/- 0.07 
A6 methyl-a-D-glucopyranoside (CH,) 0.50 0.88 +/- 0.19 
A7 methyl-a-D-glucopyranoside ( c -  1) 0.50 0.96 +/- 0.58 
B sodium salicylate 1 .oo 0.95 +/- 0.05 
C potassium phthalate 0.30 0.95 +/- 0.04 
D sodium maleate 0.30 0.77 +/- 0.05 
E diethylamine 1 .oo 1.31 +/- 0.09 
F morpholine 1 .oo 1.25 +/- 0.07 
G pyrrolidine 1 .oo 1.43 +/- 0.05 
H1 2,6-dimethylpiperazine (3' carbon) 1 .oo 1.24 +/- 0.02 
H2  2,6-dimethylpiperazine ( 2 O  carbon) 1 .oo 1.35 +/- 0.06 
I1 2methylpiperidine C H  1 .oo 1.17 +/- 0.05 
I2 2-methylpiperidine CH, 1 .oo 1.44 +/- 0.08 
J1 1-cysteine (C-NH,) 0.80 1.09 +/- 0.03 
52 1-cysteine (C-SH) 0.80 0.83 +/- 0.05 
K 2-mercautoethanesulfonic acid (Na salt) 1 .oo 0.65 +/- 0.01 

aAll values reported relative to signal in H 2 0 ,  taken as zero. "Indicate values measured with large uncertainty due to severe overlap between 
peaks. 

how reproducibly and accurately we could obtain fractionation factors 
using this procedure. 

Experimental Section 
A 5 or I O  mm dual cell with equal volume concentric compartments, 

similar to that of Pfeffer,,' was used. A 1 M solution of the solute in 
distilled H 2 0  was placed in one compartment and a 1 M solution of the 
solute in a known H 2 0 / D 2 0  mixture was placed in the other compart- 
ment. The deuterium oxide (99.8% D) was obtained and used as pur- 
chased from MSD company. All compounds examined are commercially 
available and were used as purchased or purified by standard methods.,, 
The H 2 0 / D 2 0  mixtures were prepared by combining appropriate con- 
venient volumes (with pipet) of 1 M stock solutions of the compound in 
H 2 0  and in D,O. The mass of each aliquot of stock solution was also 
determined to provide verification for the D 2 0  fraction of each mixture. 
For consistent comparison, the solute in H 2 0  was placed in the inner 
compartment, serving as the reference for all examined systems. The 
fraction of D,O in the outer compartment was varied from 0% to 100%. 
Frequency differences between corresponding proton-decoupled CMR 
signals originating from each compartment were then measured. Up to 
five separate I3C N M R  spectra were recorded for each of the D 2 0  con- 
centrations at 308 K. 

Acquiring high-resolution spectra of solutions in concentric N M R  
tubes requires considerable attention to magnetic field homogeneity. The 
double cell arrangement produces somewhat broader peaks than the 
single cell for the same solution. Generally, it is found that the N M R  
signal from one compartment can be sharpened by shimming but often 
at the expense of the other; usually the peak from the inner compartment 
can be made sharpest. Interchange of the solutions between the two 

(22) D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, "Purification of 
Laboratory Chemicals", Pergamon Press: London, 1966. 

compartments for selected representative systems generally resulted in 
small differences in the data. For most compounds, interchange of H 2 0  
and D 2 0  solutions produced a change in data of no more than 0.5 Hz 
(and had a modest effect on the value for K,,,), but our experiment on 
potassium phthalate yielded a significantly larger chemical shift differ- 
ence (3.73 Hz, 7% of total splitting) when the H 2 0  solution was in the 
inner compartment than when H 2 0  was in the outer compartment. A 
suspiciously large trend in the derived value of Kfrac (a sharp decrease 
with increasing D,O concentration) was also noticeable. To evaluate the 
effect of the error on K,,,, the data were adjusted to compensate for the 
difference due to interchange of the two solutions (attributed, at least in 
part, to magnetic field inhomogeneity since the difference can be varied 
somewhat by substantial changes in shim settings). It was found that 
the average Krrac was essentially unchanged, but the computed uncer- 
tainty associated with the fractionation constant for potassium phthalate 
decreased considerably. 

Data for all other systems listed in Tables I and I1 are uncorrected 
for this source of error. The uncertainty given with each Kf,,, is con- 
sidered conservative. Examintation of the same solutions (either H 2 0 ,  
D,O, or an H 2 0 / D 2 0  mixture) in both inner and outer compartments 
for a variety of compounds (amines, alcohols, acids, and thiols) revealed 
a single discernible peak for each carbon resonance at 125.76 MHz. 
Singe point data acquisition was carried out at either 62.89 and/or 67.90 
MHz (Table 11) while more extensive data was obtained at 125.76 MHz 
(Table 1A). 

In addition to control experiments based on solution position in the 
dual cell, factors such as pH, concentration, field strength, and temper- 
ature were also investigated. In general, no attempts were made to adjust 
pH/pD in solutions of the amines, since generated NMR titration curves 
(chemical shift. vs. pH) indicate that the pH/pD of experimentation, the 
chemical shift differences for C-NH and C-ND are virtually constant 
over a range greater than 0.4 pH unit. In  various test cases where 



A New Method for Obtaining Isotopic Fractionation Data 

Table 11. Single Point N M R  Data C M R  at 62.89 MHz and 308 K 
Unless Otherwise Stated; Average 6 (in Hz)' for Approximate D20 
Fraction 

case concn (M) 50% 100% K , , ,  
methanol 
ethanol (a carbon) 
ethanol (b  carbon) 
isopropyl alcohol (a carbon) 
isopropyl alcohol (b  carbon) 
tert-butyl alcohol (a carbon) 
tert-butyl alcohol ( p  carbon) 
phenol 
phenol ( C - O ) ~ * ~  
phenol (C-m)cid 
1.3-dihydroxyacetone 
2-nitropropanol 
2-aminoethanol (C-OH) 
salicylaldehyde/p-dioxane 
acetic acid (CH3)d 
acetic acid (CH,) 
acetic acid (C=O) 
maleic acid (C=O) 
maleic acid (=CH) 
oxalic acid 
malonic acid (C=O) 
succinic acid (C=O) 
succinic acid (C-C) 
glutaric acid (a CH2) 
glutaric acid ( p  CH2) 
glutathione (glu-COOH) 
glutathione (gly-COOH) 
N-methylacetamide (N--CH# 
N-methylacetamide (CO-CH,)' 
methylamine 
n-butylamine 
isopropylamine 
sec-butylamine 
tert-butylamine 
dimethylamine 
diisopropylamine 
piperidineb 
piperazineb 
2,6-dimethylpiperidineb 
2-aminoethanol (C-NH,) 
2,5-dimethylpiperazine C H  
2,5-dimethylpiperazine CH, 
2-methylpiperidine CHb 
2-methylpiperidine CH,* 
2-methylpiperidine/ 

0.1 M NaOH CHb 
2-methylpiperidine/ 

0.1 M NaOH CHZb 
2-methylpiperidine/ 

0.5 M NaOH CHb 
2-methylpiperidine/ 

0.5 M NaOH CHZb 
2-methylpiperidine/ 

0.75 M NaOH CHb 
2-methylpiperidine/ 

0.75 M NaOH CHZb 
2-methylpiperidine/ 

1.0 M NaOH CHb 
2-methylpiperidine/ 

1.0 M NaOH CHqb 

1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.50 
0.50 
0.50 
1 .oo 
1 .oo 
0.50 
0.50 
6.00 
2.00 
2.00 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.50 
0.50 
1 .oo 
1 .oo 
0.25 
0.25 
1 .oo 
1 .oo 
0.50 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
0.50 
1 .oo 
1 .oo 
0.50 
0.50 
0.50 
1 .oo 
1 .oo 
0.50 
0.50 
0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

0.50 

6.05 11.91 1.06 
5.32 10.41 1.10 
4.31 8.46 1.08 
4.57 9.37 0.98 
3.80 7.57 1.04 
4.30 8.73 1.00 
3.36 6.60 1.03 
5.42 10.36 1.13 
4.72 8.91 1.15 
1.42 2.73 1.1 1 
4.11 8.20 1.05 
4.41 8.90 1.01 
4.90 9.27 1.16 
6.19 12.53 0.99 
4.66 9.25 1.02 
4.22 8.84 0.92 
4.68 9.96 0.89 
8.65 18.89 0.87 

10.86 22.78 0.94 
22.89 48.57 0.89 

8.18 18.28 0.81 
4.95 10.79 0.86 
4.56 9.69 0.91 
3.84 7.95 0.98 
2.98 6.08 1.01 
6.22 13.70 0.86 

10.17 23.14 0.81 
6.56 12.58 1.13 
3.72 7.20 1.11 
8.88 17.03 1.15 
7.88 14.97 1.17 
9.16 17.55 1.17 
8.24 16.09 1.10 
9.30 18.61 1.04 
3.81 6.54 1.49 
4.35 8.51 1.08 
6.33 11.49 1.30 
8.81 15.28 1.40 
9.18 18.46 1.01 
9.22 17.90 1.12 
4.41 8.46 1.14 
3.97 7.18 1.27 
9.03 16.84 1.18 
7.60 12.57 1.56 
8.66 15.81 

7.71 13.25 

8.32 15.11 

7.94 13.95 

9.09 17.13 

8.54 15.64 

.24 

.43 

.28 

.38 

.19 

.27 

8.90 16.97 1.15 

8.49 15.55 1.28 

"All values reported relative to signal in H,O, taken as zero. b13C 
N M R  (125.76 MHz). '13C N M R  (67.90 MHz). d303 K. 'pH 13. 

dissociation can occur in neutral aqueous solution, sulfuric acid or sodium 
hydroxide was added to suppress possible ionization and for the most part 
showed no significant effect on the measured value of Kfr,, for the re- 
ported systems. This indicates that for the majority of classes and con- 
centrations of compounds reported, the extent of ionization is non-in- 
terfering in the measurement of Kfrac. The effect of modest changes in 
concentration was explored by examination of selected samples at 0.5 and 
1.5M. in addition to 1 .O M, which did not significantly affect the mea- 
sured fractionation factors, in most cases. Since most compounds were 
first screened at 62.89 MHz and then more complete data were obtained 
at  125.76 MHz, data were available on the relation between Kfrac and 
field strength. Although the uncertainty associated with the measure- 
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ment of KfraC decreases as field strength is increased (due to an increase 
in the splitting to line width ratio), the values are identical within ex- 
perimental error. 

Working with water as the solvent, temperature studies for many 
compounds are restricted to a practical range of about 60°. In addition 
to data acquisition at  308 K, a one point Kfrac determination was also 
carried out, for certain cases, a t  lower and higher temperatures (about 
280 and 335 K), so as to establish Kr,C)s sensitivity to temperature. The 
value of Kfra, for tested systems appears quite constant (within experi- 
mental error) over this temperature range; however, the chemical shifts 
of certain compounds (such as 2,6-dimethylpiperazine) are considerably 
temperature sensitive, indicating that proper temperature regulation is 
essential to achieve an acceptable level of precision. To ensure that using 
a proton decoupling power of 1.5 W was not causing an undesired and 
undetected heating of the solution, the calibration method developed by 
Led and Petersonz3 was utilized. Proton decoupled and non-decoupled 
"C N M R  spectra of an equal volume mixture of acetone-d6 and carbon 
tetrachloride in the inner cell and an aqueous solution of various solutes 
in the outer compartment of the coaxial duel cell were taken. Com- 
parison of the sets of spectra indicated that there was essentially no 
unaccounted heating caused by proton decoupling for most systems 
(alcohols, amines, carboxylic acids, etc.) and that the actual sample 
temperature was within three degrees of the indicated temperature. 

Discussion 
In this experiment, each carbon atom bonded to (or near) an 

exchangeable site appears as a doublet in the I3C N M R  spec- 
trume2' Carbon atoms a, @, and y to the site of exchange ex- 
perience (with the magnitude decreasing as a function of distance) 
an upfield shift due to deuterium incorporated in ND, OD, and 
SD groups.24 Generally, the largest splitting detected (upon 
isotopic substitution at  a nearby site) in the spectrum is the one 
used to evaluate Kfrac for that site.25 Close examination of the 
cyclic amine piperidine revealed that the @ and y ring carbon 
atoms display no information about the extent of deuterium in- 
corporation at  nitrogen. Thus, no splitting is detected for ring 
carbon atoms not directly adjacent to the nitrogen atom; the 
intrinsic isotope chemical shift differences at these ring positions 
are small relative to peak width. The NMR signal for the methyl 
groups of 2,6-dimethylpiperidine does appear as a doublet. 

In the CMR spectrum, the downfield peak of each pair- 
corresponding to the solute in H20-serves as the reference; the 
upfield peak is the averaged frequency for the carbon of the solute 
in the D 2 0 / H 2 0  mixture (see Figure 1). This chemical shift 
difference (6) is a function of the shift difference between the 
resonances for the fully protonated and fully deuterated species 
and the fractionation factor. Assuming that concentrations are 
proportional to  activities 

[solute-D] [water-HI 
[solute-HI [water-D] (2) Kirac = 

(3) 

4 r a c  - (% water-D) (4) 
F a y  - -  

FD20 (75 water-H) + (Kfrac (% water-D)) 

With respect to the carbon frequency in H 2 0 ,  taken to be zero, 
Fay is the averaged carbon frequency in the D 2 0 / H 2 0  mixture, 
and F D 2 0  is the carbon frequency (corrected to complete deu- 
teration of solute) in 100% D20, which corresponds to the intrinsic 
isotope chemical shift difference. 

Since up to five separate spectra are recorded for each D 2 0  
fraction, a total of 25 values (5Fav X 5FD2,) for Kfrac are deter- 
mined for each of the 9 D 2 0  concentrations (10-90%). When 
the generated 225 points were used, the average for Kfrac along 
with the uncertainty association with one standard deviation is 
reported (see Table 1B). Kfrac obtained from a nonlinear least- 
squares fit of the data is totally consistent with the average value 

(23) J. J. Led and S.  B. Peterson, J .  Magn. Reson., 32, 1 (1978). 
(24) For review see: P. Hansen, Annu. Rep. NMR Spccrrosc., 15, 105 

(1983). 
(25) For many compounds, Klrac can be accurately determined from the 

resonances in the CMR due to the carbon p (as well as a) to the exchangeable 
site, providing an internal check on the measurement of Kfrac. 
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SOX o i  F-020 SOX o i  F-020 sox O i  F-020 

Figure 1. Lower row: solute in H20  vs. solute in DzO. Upper row: solute in H20 vs. solute in equal molar HzO/D20. First column: C-SH of cysteine 
(Kfrac less than unity). Middle column: C-OH of methyl-a-D-glucopyranoside C-3 (Kfr,, of about unity). Last column: C-NH of morpholine (Kfrac 
greater than unity). 

calculated for each case. The x2 value associated with the best 
fit for each system was calculated and typically found to be in 
the range of 0.1 to 1 X The values for the fractionation 
constants are calculated by assuming that the self-exchange 
equilibrium constant of each system does not differ significantly 
from the statistical value and that multiple exchangeable sites in 
a molecule exchange independently from each other. 

To obtain sufficient resolution, parameters are typically set such 
that the spectra are acquired with an interval of around 0.2 
Hz/point. This corresponds to a spectral width of about 3000 
Hz  for a 32 000 point acquisition (the exact settings depend on 
natural peak widths, separation distance between pairs of peaks, 
and the number of pairs examined in the specific molecule). A 
45' pulse in generally used and 100-200 scans accumulated for 
most solutions examined. With a typical peak width at half-height 
of about 1 Hz and a separation distance on the order of several 
hertz, chemical shift differences are found to be reproducible to 
within +/-0.1 Hz  or better. The scatter of these values is the 
major source of error in determining Kfrac. Due to the nature of 
the calculation, Kfmc is determined most accurately from frequency 
measurements in the range of 40% to 60% D 2 0  when Kfrac is close 
to unity. As values for fractionation factors become greater than 
one, the optimal range for its determination shifts to lower D 2 0  
concentrations; for Kfmc less than unity, higher D 2 0  concentrations 
are optimal. Data at very high and low deuterium concentrations 
are used to verify the intrinsic isotope chemical shift difference 
and establish the equilibrium constants for the exchange with D 2 0  
and with HOD, respectively. The curve generated from the data 
p in t s  spanning 0% to 100% D 2 0  concentration also helps to p i n t  
out systematic errors that may skew the data. With proper care 
in sample preparation and temperature control, Kfrac can be de- 
termined to an accuracy of better than 5% (depending on the 
magnitude of FD,o and the peak width). A plot of F a v / F D 2 0  vs. 
D 2 0  fraction clearly illustrates how the fractionation constant 
deviates from unity when an isotope effect exists (see Figures 2 
and 3) .  

At low deuterium concentration, the fraction of D 2 0  is small 
and Kfrac essentially measures the exchange equilibrium between 
solute and HOD. At high deuterium concentration, little H 2 0  
is present and Kfrac reflects the exchange equilibrium between 
solute and D20 .  In principle, the self-exchange equilibrium 
constant for water ( K  of eq 5 )  may be determined from the change 
in apparent Kfrac with deuterium fraction. 

H 2 0  + D 2 0  2 2HOD ( 5 )  

In the cases we have studied so far, the experimentally derived 
values for Kfrac do not appear to be a function of the D 2 0  fraction 
beyond experimental error. Therefore, a meaningful experimental 
value of K cannot be extracted from our present data. A case 

0.00 L 
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D Z O  M O L E  FRACTION 
Figure 2. Triangle: pyrrolidine (Kfrac greater than unity). Square: 
2-mercaptoethanesulfonic acid sodium salt (Kfrac less than unity). 
Straight line: theoretical Krrac of exactly unity. 
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Figure 3. Triangle: methyl-a-D-glucopyranoside C-2 (Krrac of approxi- 
mate unity). Square: sodium maleate (Kfrac less than unity). 

with an extremely large intrinsic isotope shift and very narrow 
lines would be required for this purpose. 

Results 
In exploring the utility and generality of this new method to 

organic molecules, data were obtained for the wide variety of 
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systems-alcohols, amines, thiols, phenols, acids, and amides- 
described in Tables I and 11. Strong internal hydrogen bonds (in 
competition to those in water) are implicated for certain cases, 
where abnormally low values are measured for Kfrac, and are 
indicative of the preferred conformations in dilute aqueous solution. 

In the cases examined thus far, certain secondary amines show 
the largest fractionation factors (in the range of 1.2 to 1.4) with 
deuterium favored on nitrogen. In Gold's study on the acid-base 
behavior of cationic indicators in H20-D20 mixtures,26 he 
evaluated the fractionation factors for the exchangeable hydrogen 
nuclei to be about 1.3 for p-nitroaniline and p-nitro-N-methyl- 
aniline. The fractionation factor reported here for diethylamine 
differs substantially from the value of unity reported by F e n b ~ . ~ '  
It should also be pointed out that Fenby's calculated equilibrium 
constantI6 (from enthalpies of reaction) for the deuterium exchange 
reaction with diethylamine at 298 K is 1.4-which supports our 
value nicely. Other secondary amines (diisopropylamine and 
2,6-dimethylpiperidine) yielded values for Kfmc only slightly greater 
than unity. The presence of methyl groups flanking the exchaning 
site appears to lower the value of Kf,,,, indicating a decrease in 
the preference for deuterium about the nitrogen atom of the amine. 
Asymmetric secondary amines (such as 2-methylpiperidine) 
provide two different CY carbons that can each be used to monitor 
the fraction of H / D  exchange. Although the value of KfIac 
measured with each CY carbon can be significantly different, these 
systems display unusual sensitivity to pH. As the pH is increased, 
the measured values of Kfrac for each CY carbon approach each other 
(the value from the tertiary carbon increases while the value from 
the secondary carbon decreases) to within experimental uncer- 
tainty. 

The lowest fractionation factors were observed for hydrogen 
attached to sulfur (as in 2-mercaptoethanesulfonic acid sodium 
salt) and for hydrogen involved in strong internal hydrogen 
bonding (as found in sodium maleate), where deuterium is in 
higher concentration in the surrounding solvent water. Preference 
for deuterium on oxygen rather than sulfur is in accord with the 
early findings of Small.2s A fractionation constant considerably 
less than unity for an O H  group is consistent with the presence 
of strong internal hydrogen bonding, as is expected for sodium 
maleate.29 Our value of 0.77 for the Kfrac of sodium maleate 
agrees well with the value of 0.84 reported by K r e e ~ o y . ~ ~  

Primary amines and alcohols are generally found to have 
fractionation factors of about 1 . l ,  which are comparable to the 
values compiled by Miklukhh2 Direct comparison between Kfrac 
values reported here and those existing in the literature for specific 
compounds is restricted to a few simple systems, mostly alcohols. 
Methanol has been reported3] to have a fractionation factor of 
1.09 which is good agreement with the value reported here of 1.06; 
the value of Kfrac for ethanol has been cited as 1.1 l 5  and 1.0532 
which is consistent with the average value of 1.09 reported here; 
tert-butyl alcohol has been assigned'' a fractionation factor of 
1.1, and we have measured an average value that is slightly greater 
than unity; a fractionation factor of 1.08 has been reported for 
phenol, and our values of 1.13 is in good agreement; our average 
reported value of Kfrac for acetic acid is 0.94 which is in good 
agreement with the value of 0.96 reported by Gold.33 Succinic 
acid has been found34 not to differ drastically from unity which 
is consistent with our results. 

With regard to the limitations of this technique, one point seems 
clear within the confines of the measurements made in executing 

(26) V. Gold and C. Tomlinson, J .  Chem. SOC. B, 1707 (1971). 
(27) 2. S. Kooner and D. V. Fenby, Aust. J .  Chem., 34, 1801 (1981). 
(28) P. Small, Trans. Faraday SOC., 33, 820 (1937). 
(29) L. J. Altman, D. Laungani, G. Gunnarsson, H. Wennerstrom, and 

(30) M. M. Kreevoy and T. M. Liang, J .  Am. Chem. SOC., 102, 3315 

(31) 2. S. Kooner, R. C. Phutela, and D. V. Fenby, Aust. J .  Chem., 33, 

(32) R. C. Phutela, Z .  S.  Kooner, and D. V. Fenby, Aust. J .  Chem., 32, 

(33) V. Gold and B. M. Lowe, J .  Chem. SOC. A, 1923 (1968) 
(34) A. E. Brodskii, Trans. Faroday SOC., 33, 1180 (1937). 

S.  Forsen, J .  Am. Chem. SOC., 100, 8264 (1978). 

(1980). 

9 (1980). 

2353 (1979). 
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this experiment in its simplest form (as presented in the paper), 
Kfmc can only be evaluated with confidence under conditions where 
the solute exists predominantly as a single species. That is, if in 
addition to the exchange reaction, a separate process (such as 
dissociation) is occuring to a large extent and can be perturbed 
by isotopic incorporation, the measured Kfr,, may not accurately 
represent the exchange reaction. It is in instances such as these 
when changes in pH, temperature, and concentration can result 
in substantial changes in the measured value of Kfrac. 

Conclusions 
The major feature of this technique is that with a single ex- 

periment, the fractionation factors for several distinguishable 
exchangeable sites in a molecule can be simultaneously measured, 
directly in dilute aqueous solution. That is, to a first approxi- 
mation, the average NMR frequency of each carbon (relative to 
its frequency when the attached exchangeable group is fully 
protonated or deuterated) allows measurement of the isotopic 
fractionation factor for the exchangeable site directly bonded to 
it (such as in 2,6-dimethylpiperazine, 1 -cysteine, and methyl-a- 
~-glucypyranoside) .35 

This new technique is not limited to I3C N M R  spectroscopy 
nor to the use of water as an exchanging solvent. What is required 
is a molecule with a rapidly exchanging proton near an observable 
nucleus. One can then set up an equilibrium with a pool of 
available protons/deuterons (such as found in water, water/ 
Me2S0, methanol, etc.). If the solute is sufficiently soluble in 
the solvent and the solvent has a carbon atom near the site of 
exchange, Kfmc of the solvent can be determined (which is inversely 
proportional to KfIac of the solute). If the solvent and solute each 
have a carbon atom near their respectively site of exchange, the 
dual cell need not be used. In principle, measuring the CMR 
chemical shift differences between solute and solvent as a function 
of deuterium fraction can provide Kf,,,. 

Depending on the system studied, this method can be employed 
with use of a wide variety of nuclei: I3C, 31P, I4N, "0, 'H, etc. 
Thus far I3C N M R  spectroscopy has proven to be most useful, 
but work on the use of other nuclei as probes for measuring 
fractionation factors is in progress. 

Since hydrogen bonding produces substantial changes in the 
IR frequencies for stretching and bonding, it should also affect 
fractionation factors significantly as those are related to zero-point 
energies. The effect of hydrogen bonding on KfIac is seen (see 
Figure 3) when comparing the fractionation factors for phenol 
(Kfmc greater than 1.1) and sodium salicylate (KfIac less than unity) 
or when comparing sodium maleate (Kfrac of 0.77) with a typical 
alcohol or carboxylic acid, such as acetic acid or glutaric acid 
(which have an average Kfmc of approximately unity). As hydrogen 
bond strength in compounds increases, relative to water, the 
fractionation factor for that particular site of exchange decreases.36 
Evidence for internal hydrogen bonding can then provide insight 
into the preferred three-dimensional conformation of the solute 
in aqueous solution. Although the difference in K,,, measured 
for the series of diacids under identical NMR conditions is small, 
it is interesting to note that malonic acid has the smallest value 
of Kfrac, indicating the strongest hydrogen bonding (forming a six 
membered ring); oxalic acid and succinic acid are intermediate 
in their value of Kfrac and therefore intermediate in hydrogen- 
bonding strength (formation of a five-membered ring and a 
seven-membered ring, respectively); glutaric acid shows the larges 
Kfmc, that of a typical carboxylic acid, revealing that no detectable 
hydrogen bonding (formation of eight-membered ring) occurs in 
aqueous solution at these concentrations. 

Therefore, obtaining measured fractionation factors for mol- 
ecules containing several rapidly exchanging groups, using this 
new technique, may lead to the detection and evaluation of the 

(35) I f  the carbon atom near (B, y, etc.) a site of exchange is also 01 to 
another exchangeable site, the carbon reflects the approximate Kfr,, of the site 
a to it. The validity of this approximation improves as the distance between 
the observed nuclei near each site increases. 

(36) M M Kreevory, T -M Liang, and K -C Chang, J Am Chem SOC, 
99, 5207 (1977) 
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importance of strong internal hydrogen bonds (if they occur) in 
aqueous solution. These should in turn provide direct experimental 
information closely connected to the preferred conformations of 
these molecules in solution. 
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Abstract: I7O NMR at 48.8 MHz has been used to study the cis/trans isomerism of N-acetyl-L-proline and N-acetylsarcosine 
in both aqueous and organic solution, and the results have been discussed in terms of possible hydrogen-bonded structures 
in the solvents examined. L-Proline, sarcosine, and their N-acetylated derivatives have been selectively enriched in I7O either 
at the carboxyl or at the amide group and their spectra measured in aqueous solution throughout the whole pH range. Two 
resonances were observed for the carboxyl group of N-acetyl-L-proline, and these could be assigned to the cis and trans isomers 
due to differences in their signal intensity a t  low pH. The chemical shift difference of the two isomers was independent of 
the protonation state of the carboxyl group. This difference, as well as the difference in pK,, is explained by an electric field 
effect of the amide group. The amide resonances of cis- and trans-N-acetyl-L-proline were poorly resolved at 8.4 T, and those 
of N-acetylsarcosine were inseparable. A low-frequency shift was observed for the amide resonances on deprotonation of the 
remote carboxyl group. The appearance of the carboxyl and amide resonances of the two isomers of N-acetyl-L-proline in 
methanol was similar to that of water. In contrast, using the solvents acetone and chloroform a large separation of the amide 
resonances was observed accompanied by a coalescence of the carboxyl resonances. The chemical shift of the cis amide resonance 
of N-acetyl-L-proline was found to be concentration dependent in acetone. This along with the chemical shift difference of 
the cis and trans amide resonances at  low concentration (17.5 ppm) is discussed in terms of a y-turn structure in the trans 
isomer. For N-acetylsarcosine the chemical shift difference was only 6.4 ppm, indicating a lower y-turn probability. In chloroform, 
the chemical shifts and line widths of both the amide and carboxyl oxygens of N-acetyl-L-proline and the cis/trans isomer 
ratio are concentration dependent, indicating an increase in aggregation of the system with concentration. The chemical shift 
difference of the cis and trans amide resonances at dilute concentrations (22 ppm) proves the high tendency of formation of 
the y-turn structure in this solvent 

Numerous studies have been reported on the hindered internal 
rotation of amide and peptide bonds, and a variety of spectroscopic 
techniques have been applied.2 The presence of a cyclic side chain 
and/or alkyl substitution of the peptide bofid as in proline and 
sarcosine is of particular interest because of the resulting increase 
in population of the cis isomer about the X-Pro bond and the 
restriction in conformational f r e e d ~ m . ~ - ~  

The compounds N-acetyl-L-proline (AcProOH) and N- 
acetyl-L-proline N'-methylamide (AcProNHMe) have been ex- 
tensively studied as models for secondary structure in proline- 
containing peptides. The assignment of their cis and trans isomers 
was originally done by 'H NMR,6 and it was indicated that the 
trans isomer may exist as an intramolecularly hydrogen bonded 

(1) Presented in part at the 6th International Meeting on NMR Spec- 
troscopy, Edinburgh, Scotland, July 1983. 

(2) For a recent review, see: Deslaurier, R.; Smith, I .  C. P. In 'Biological 
Magnetic Resonance"; Berliner, L. J., Reuben, J., Eds.; Plenum Press: New 
York, 1980; Vol. 2, pp 243-344. 

(3) Bovey, F. A,; Hood, F. P. J .  Am. Chem. Soc. 1966, 88, 2326-2327. 
(4) Ramachandran, G. N.; Venkatachalam, C. M. Biopolymers 1968.6, 

(5) Deber, C. M.; Bovey, F. A,; Carver, J. P.; Blout, E. R. J .  Am. Chem. 

(6) Madison, V.; Schellman, J. Biopolymers 1970, 9, 511-567. Madison, 

1255-1262. 

SOC. 1970, 92, 6191-6198. 

V.; Schellman, J. Biopolymers 1970, 9, 569-588. 
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Scheme I 

CIS TRANS 

C7 conformer (y-turn structure, Scheme I) in nonpolar solvents, 
this model being subsequently extended to the situation in aqueous 
solution a t  low P H . ~  

The complexity of the 'H N M R  spectra of proline derivatives 
led to an early application of I3C NMR;' however, the possible 
formation of an intramolecular hydrogen bond was not considered. 
The pH titration curves for the I3C N M R  resonances of AcProOH 
were interpreted9 as supporting a y-turn structure for the trans 
~~~ ~ 

(7) Gerig, J. T. Biopolymers 1971, 10, 2435-2443. 
(8) Thomas, W. A,; Williams, M. K. J .  Chem. Soc., Chem. Commun. 

1972, 944. Oster, 0.; Breitmaier, E.; Voelter, W.  In "Nuclear Magnetic 
Resonance of Nuclei other than Protons"; Axenrod, T., Webb, G. A,, Eds.; 
Wiley: New York, 1974; pp 233-237. 
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