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such as acquisition time and disk storage space. In most cases, 
the assignment of a cross-peak in a 2-D NOE spectrum can be 
made from prior knowledge of likely interactions, but ambiguities 
sometimes result. For instance, the interaction between Phe NH 
and Pro-5 H" can be seen in the 2-D NOE spectrum, but the 2-D 
NOE spectrum does not allow the cross-peak to be assigned to 
Pro-5 H" as opposed to Phe H". In general, 1-D and 2-D NOE 
spectroscopy provide consistent and complementary information. 

Comparison of Solution and Crystal Interproton Distances. 
Distances between protons calculated from X-ray derived coor
dinates for crystalline cyclo(D-Phe-Pro-Gly-D-Ala-Pro) are given 
in Table IV along with the 1-D and 2-D NOE derived distances. 
Analysis of these interproton distances serves as an indicator of 
the consistency of the two structural approaches, and more im
portantly, it allows a direct comparison of the solution and crystal 
conformations of this model peptide. There is a remarkable 
correspondence of the distances from NOE and from X-ray; nearly 
all are the same within experimental error. Deviations between 
X-ray and NOE results in two distances involving Pro-2 H5's are 
outside the range of experimental error, and they may reasonably 
be correlated with a site of conformational change between crystal 
and solution. In a previous detailed analysis of the proline ring 
geometries of this cyclic pentapeptide using coupling constants,19 

Pro-2 was found to adopt a different conformational distribution 
in solution from that in the crystal while Pro-5 was fixed in the 
same ring geometry in both states. In this previous study, an 
equilibrium between two oppositely puckered ring conformations 
was proposed in solution for Pro-2. The present data are consistent 
with the previous study in indicating a difference between crystal 
and solution conformations around Pro-2, but they offer no in
formation on the dynamic aspect of the conformational description, 
except that the Overhauser effects are transmitted to and from 
Pro-2 despite any conformational averaging. 

Conclusions 
Quantitative interproton distances in a cyclic pentapeptide were 

obtained from both 1-D and 2-D NOE buildup rates, and there 
is excellent agreement between the distances obtained by the two 
methods. A single correlation time for all protons in this rigid 
peptide was assumed in all distance calculations, and this as-

It has been 3 decades since Bigeleisen,1 on the basis of the simple 
models, predicted that the 14C kinetic isotope effect (kl2/k14 -
1) should be about 2 times larger than the corresponding 13C 
isotope effects {k[2/k13 - 1). Relative 14C-13C kinetic isotope 
effects were analyzed in detail by Stern and Vogel.2 The cal
culated values were compared with experimental results, and a 
range 1.8-2.0 for the ratio r (eq 1) was obtained. Exceptions 
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(1) Bigeleisen, J. J. Phys. Chem. 1952, 56, 823. 
(2) Stern, M. J.; Vogel, P. C. J. Chem. Phys. 1971, 55, 2007. 

sumption is justified by T1 and NOE results. A two-spin ap
proximation was also used in all distance calculations. This is 
a good approximation for all interactions studied except between 
GIy NH and both GIy H" and Ala NH, and between Pro-2 Ha 

and the Phe aromatic ring protons. Consequently, these three 
interproton distances are only estimates of the actual distances 
since the two-spin approximation is not strictly valid for these 
interactions. Nonetheless, striking agreement was observed be
tween interproton distances from NOE and those for the crystal 
structure of this peptide as solved by X-ray diffraction. Not only 
does this correspondence indicate that the methods employed in 
the NOE analysis seem sound, but it also affords a direct com
parison of the crystal and solution conformations of a cyclic model 
peptide. Only in the region of the Pro-2 pyrrolidine ring does there 
appear to be a significant conformational change in the peptide 
between the two environments. In both states, the peptide adopts 
a conformation with two transannular hydrogen bonds, one in a 
/3 turn around D-Phe-Pro-2-Gly-D-Ala and the other in a 7 turn 
around D-Ala-Pro-5-Gly. The proximity of GIy NH to Pro-2 Ha, 
which gives rise to a strong NOE, is a hallmark of a type II /3 
turn when accompanied by evidence for a 4-1 intramolecular 
hydrogen bond as previously found for this peptide.18 The 
proximity of Phe NH to Pro-5 H<* is definitive evidence for a trans 
proline, and it is consistent with the presence of a 7 turn; additional 
data previously reported18 indicated the existence of the 3-1 
intramolecular hydrogen bond. The turn is further supported by 
the (weak) NOE between the GIy NH and the Ala NH. Other 
conformationally informative NOE's placed the GIy NH with 
respect to the GIy Ha's and allowed unequivocal assignment of 
these two methylenes. Furthermore, NOE data supported the 
preferred rotamer of the Phe ring as over the Pro-2 ring, hence 
accounting for the widely separated Pro Hs protons. 
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to this generalization are usually considered to result from ex
perimental errors,3 but other explanations such as anomalous 
temperature dependence2 or reaction complexity4 can be en
countered. 

Although some other elements such as oxygen and sulfur have 
suitable stable isotopes, to the best of our knowledge, there are 
no data on r values for kinetic isotope effects of any heavy atoms 
except for carbon. An r value has been used qualitatively for the 
comparison of two measured sulfur isotope effects: k32/k3S and 
k32/k34.

s In order to verify whether the range of r values estimated 

(3) Melander, L.; Saunders, W. H., Jr. "Reaction Rates of Isotopic 
Molecules"; Wiley: New York, 1980. 

(4) Paneth, P. J. Chem. Phys., in press. 
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Abstract: Two sulfur kinetic isotope effects, k32/k3i and k32/k36, were measured for the thermal isomerization of bis(5,5-
dimethyl-2-oxo-l,3,2-dioxaphosphorinanyl) sulfide (1) to P-oxo-/"-thionobis(5,5-dimethyl-l,3,2-dioxaphosphorinanyl) oxide 
(2). The r value is equal to 1.92 ± 0.11 for the relative 36S-34S kinetic isotope effect and is independent of isotopic composition 
and solvent used. This value is in the range predicted earlier for carbon and heavier atoms. 
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Table I. Experimental Values of ki2/k3i, k}2/ki6, and r for Isomerization of 1 to 2 

solvent 34S0 = 34S/32S kn/kji" 3 6 S 0 = 3 6 S / " S k-n/k-u 
r = (In (kn/k}6))/ 

(In (*32/fc34)) 
propylene carbonate 
benzonitrile 
1-methylnaphthalene 
1 -methylnaphthalene 
1-methylnaphthalene 

0.3955 
0.3954 
0.3956 
0.2486 
0.1632 

1.0108 ± 0.0008 
1.0123 ± 0.0011 
1.0133 ± 0.0005 
1.0130 ±0.0008 
1.0125 ± 0.0028 

1.5798 
1.5814 
1.5821 
0.9946 
0.6522 

1.0210 ± 0.0011 
1.0255 ± 0.0017 
1.0240 ± 0.0006 
1.0250 ±0.0011 
1.0240 ± 0.0010 

1.93 ± 0.18* 
2.06 ± 0.23 
1.80 ± 0.08 
1.91 ± 0.14 
1.91 ± 0.43 

1.92 ± 0.11'mean 

"Averaged over six individual measurements; statistical errors of means are given on the 0.95 confidence level. 'Statistical error calculated from 
equation Ar = r(^(Aa,/a, In a,)2)1/2, i = 1 or 2, where aj = kn/k3i, a2 = k12/k}6. 'Statistical error of the mean value was calculated as 
(EA^2)1/2/5. 

for carbon could be applied to heavier elements, we have measured 
34S and 36S kinetic isotope effects on the same reaction. This is 
the first time the kinetic isotope effect of sulfur-3 6 has been 
measured. 

Theory 

The relation between different carbon isotope effects was 
roughly estimated by Melander and Saunders3 for the diatomic 
model 

1 -
In (kL/km) 

In ( * L / * H I ) 

[ 
1Ai+Wm 

11/2 

1/(12 + /I2) + \/m 

Vn + Wm 
11/2 (2) 

1/(12 + W1) + \/m 

where the isotope carbon atoms have the mass 12 + n (n = 0, 1, 
or 2) and m is the mass of the atom attached to carbon. We 
adopted this equation to sulfur isotope effects by changing 12 into 
32 and n = 0, 2, or 4. For m = 1, 12, 31 (phosphorus), and °°, 
we obtained r values equal to 1.89, 1.90, 1.90, and 1.92, respec
tively. These calculations show that r values close to 1.90, which 
are nearly the same as the value for carbon isotope effects, should 
be expected for sulfur isotopes. 

Experimental Section 
Spontaneous rearrangement of organic monothiopyrophosphates, first 

observed by Michalski,6 can serve as a convenient model reaction for 
experimental measurement of relative 36S-34S kinetic isotope effects. The 
mechanism of this type of reaction has been studied in our laboratory.7 

We chose isomerization of bis(5,5-dimethyl-2-oxo-l,3,2-dioxaphospho-
rinanyl) sulfide (1) toP-oxo-/"-thionobis(5,5-dimethyl-l,3,2-dioxaphos-
phorinanyl) oxide (2) for this purpose. 

The reaction mechanism is complex. In dilute solution, however, the 
reaction is first order, and the rate-determining step is the first, mono-
molecular step.8 We synthesized9 compound 1 containing 80 atom % 
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(5) McKenna, J.; McKenna, J. M.; Taylor, P. S. J. Chem. Res. Synop. 
1980, 281. 

(6) Michalski, J. Ann. N. Y. Acad. Sci. 1970, 90, 192. 
(7) Michalski, J.; Reimschussel, W.; Kaminski, R., unpublished results. 
(8) Kaminski, R. Ph.D. Thesis, Centre of Molecular and Macromolecular 

Studies, Polish Academy of Sciences, Lodz 1978. 
(9) Michalski, J.; Mlotkowska, B.; Skowronska, A. J. Chem. Soc, Perkin 

Trans 1 1974, 319. 

36S and 20 atom % 34S from elemental sulfur of the same isotopic con
stitution. This isotopically modified compound was diluted with material 
having the natural isotopic abundance (Table I). Compound 2 labeled 
with 36S and 34S was obtained by quantitative isomerization of compound 
1. Kinetic isotope effects were measured at 130.8 ± 0.2 0C. The initial 
concentration of 1 was about 0.01 M, and three solvents of different 
polarity were used. Usually six samples of the reaction mixture were 
heated in ampules sealed under nitrogen. The reaction was allowed to 
proceed for different time periods, giving/(the extent of reaction) in the 
range 0.040-0.635. After the reaction was quenched by cooling, the 
solvent was evaporated under the vacuum and the reagents were isolated 
by thin-layer chromatography on silica gel using benzene-chloroform-
acetone (4:2:1 v/v) as the developing mixture. It was demonstrated in 
separate experiments that the isolation and purification does not cause 
isotope fractionation. Reaction progress was followed radiochemically 
in parallel experiments by means of a trace amount of 35S-labeled sub
strate which was added to the same reaction mixture. Ampules con
taining the radioactive material were removed from the thermostat at the 
same time as those with stable isotopes only. Twenty microliters of the 
solution was chromatographed on TLC plate. Gel with adsorbed com
pound 1 or 2 was placed in vials and measured by liquid scintillation by 
using an Intertechnique SL 30 counter. 

Isotope ratios 34S/32S and 36S/32S for substrate (S0) and for product 
isolated after fraction of reaction / (R) were measured by a modified 
Kwart procedure10 by using Finnigan 4000 mass spectrometer. Ion 
currents of molecular peaks M (m/e 300), M + 2 (332), and M + 4 
(334) were monitored with the aid of an MID unit, and a correction for 
natural abundance of other isotopes was made. We found that for the 
enriched material that we used, 300-500 individual scans were enough 
to obtain the required precision for kinetic isotope effects (see Table I). 
Usually each sample was introduced 4 times to the mass spectrometer, 
and a mean value of these four measurements was used in calculations 
of kinetic isotope effect from the equation 

*L/*H 
I n ( I - / ) 

In (1 -fR/S0) 
(3) 

Values obtained for different extents of reaction/were averaged. The 
mean and its statistical error at the 0.95 confidence level were used for 
calculation of r values. Isotopic fractionation during fragmentation in 
the spectrometer is considered to be the main source of error in the above 
procedure. The extend of fragmentation may change dramatically with 
the change of the energy of the bombarding electrons. For both com
pounds under investigation, there is no dependence of isotopic ratios on 
the energy of bombarding electrons in the range 15-70 eV. 

Results and Discussion 
The obtained values of kinetic isotope effects and the corre

sponding r values are presented in Table I. As could be expected, 
the relative kinetic isotope effects are independent of isotopic 
composition and the solvent used. The mean r value obtained lies 
in the middle of the range 1.8-2.0 predicted for relative carbon 
kinetic isotope effects and is practically equal to the value predicted 
for relative sulfur kinetic isotope effects on the basis of diatomic 
model. Thus, these results are consistent with the theoretical range 
of r values postulated earlier.1 
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