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Figure 2. 'SN NMR spectra of 95% 'N-enriched G*-G-C-Up in aqueous
solution (70 mM in 0.1 M NaCl): (a) without proton decoupling (ac-
cumulated 100 times by 45° pulse with 10-s repetition interevals); (b)
with selective proton decoupling (irradiated at 10.6 ppm in proton reso-
nance frequencies and accumulated 100 times by 45° pulse with 10-s
repetition intervals).

360-MHz 'H NMR spectra of G-G-C-Up in H,O (strand con-
centration is 44 mM in 0.1 M NaCl solution) were taken by
Redfield pulse sequences!! and are shown in Figure 1. At 3 °C
three resonances are observed at 13.6, 12.0, and 10.6 ppm
downfield from the DSS reference. Chemical shifts were initially
read relative to the G-C®H proton resonance and were converted
to those of DSS. Raising the temperature to 10 °C causes the
sharpest signal to 13.6 ppm to be still observed while the other
two signals almost disappear. Therefore, this sharpest signal must
be the resonance of G-N!H of the G-C base pair, which is more
stable than the G-U pair and, moreover, is in an internal position
of the duplex. The resonance position (13.6 ppm) also supports
the assignment since G-N'H of G-C pair is usually observed in
the 12-14 ppm region. The other two signals, which disappear
simultaneously upon increasing temperature, must be G-N'H and
U-N3H of the G-U pair. These assignments were supported by
the appearance of an NOE at the 12.0 ppm peak under weak
single-frequency preirradiation in 10.6 ppm. The observation pulse
was applied with 1-ms delay after preirradiation for 0.1 s.°

The G-N'H of the G-U pair was unambiguously assigned by
measuring 'H NMR spectra of G*-G-C-Up (Figure 1d). The
5’-terminal guanosine residue contains N, and the imino proton
should be coupled with the N, When the spectra of G-G-C-Up
and G*-G-C-Up are compared, the imino proton resonance of
G*-G-C-Up in the highest field shows a splitting (Jxy = 90 Hz)
and, therefore, must be the G*-N'H of the G-U base pair. The
relative resonance intensities of the G-U imino proton signals of
G*-G-C-Up are larger than those of G-G-C-Up because of higher
melting temperature due to higher concentration (70 mM) of the
tetramer. In proton-coupled 36-MHz *N spectra at 5 °C, five
peaks are observed at 52, 122, 144, 148, and 210 ppm downfield
from external "NH4NO, (Figure 2). The first two of the above
resonances are a triplet and a doublet, respectively, with 90-80-Hz
coupling constants, and the latter three peaks are singlets. They
could be assigned to "NH,, 15N, I5N3, ’N®, and *N7, respec-
tively, from the coupling pattern and by comparison with previous
data of "'N-GMP.!? Upon single-frequency irradiation at 10.6
ppm in the proton resonance frequencies, the 1*N! signal becomes
a singlet. Therefore the above assignment for G-N'H of the G-U
base pair was confirmed. The '’NH, resonance at 52 ppm was
also found to have very low intensity. This is due to negative NOE
by the saturated amino proton transferred from the irradiated
imino proton.

The intrinsic resonance positions of hydrogen-bonded U-N3H
and G-N'H in tRNA have been estimated by Geerdes and
Hilbers!® to be 12.5 £ 0.1 and 12.2 % 0.1 ppm, respectively, by

(11) Redfield, A. G.; Kunz, S. D; Ralph, E. K. J. Magn. Reson. 1975, 19,
114-117,

(12) Biichner, P.; Maurer, W.; Riiterjans, H. J. Magn. Reson. 1978, 29,
45-63.
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comparing the observed data and calculated ring-current chemical
shifts. The estimated chemical shifts according to their calculation
(12.2 and 11.7 ppm) are quite different from those observed for
the present tetramer. X-ray crystallographic study of this tetramer
is now being undertaken.!*

Registry No. G-G-C-Up, 75902-87-3; G*-G-C-Up, 83731-12-8; G,
73-40-5; U, 66-22-8.

(13) Geerdes, H. A. M.; Hilbers, C. W, FEBS Lezt. 1979, 107, 125-128.
(14) Mizuno, H.; Tomita, K.; Nakagawa, E.; Ohtsuka, E.; Ikehara, M. J.
Mol. Biol. 1981, 148, 103-106.
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The temperature dependence of the kinetic isotope effect
provides a delicate probe of selected transition-state qualities.
Thus, for example, reactions that proceed through a rate-deter-
mining step that involves a linear hydrogen transfer are recognized
by Arrhenius parameters of characteristic magnitude.>* However,
a controversy exists concerning the characteristic values for these
parameters when hydrogen transfer occurs via a significantly
nonlinear transition state. Theoretical considerations* of hydrogen
isotope effects for such transition states as well as related cal-
culations® suggest that there is no basis for expecting nonlinear
transition states to result in a temperature-independent isotope
effect or preexponential factor much larger than /2, the theo-
retical upper limit for linear H transfer. However, others® suggest
that reactions that proceed through a rate-determining nonlinear
hydrogen transfer are characterized by a hydrogen isotope effect
that is temperature independent and an Arrhenius preexponential
factor that is significantly greater than v/2. Thus, a clear di-
chotomy exists. In an effort to resolve this ambiguity we have
examined the temperature dependence of the kinetic isotope effect
associated with a transition state in which the requirement of a
signigicantly nonlinear hydrogen transfer is reasonably unequiv-
ocal.

The hydrogenolysis of n-octyllithium® proceeds readily and
quantitatively in decane solution under an ambient pressure of
hydrogen and at temperatures <100 °C. The kinetics for this
reaction, which is pseudo first order in n—octylllithium, are sum-
marized in Table I along with the corresponding data for the
equivalent reaction with deuterium. Also summarized are the
relevant data obtained under competitive conditions. Within
experimental error, both independent and competitive reactions
exhibit equivalent temperature dependencies.

(1) (a) Supported by the NSF, Grant CHE 80-17045, and the DOE,
Contract No. DE-AS05-80ER 10662, (b) Postdoctoral Fellow, Consejo Na-
cional de Investigaciones Cientificas y Technicas de la Republica Argentina.

(2) (a) Cf.: Kwart, H.; Latimore, M. C. J. Am. Chem. Soc. 1971, 93, 3770
and references therein. (b) Cf.: Drenth, W.; Kwart, H. “Kinetics Applied
to Organic Reactions™; Marcel Dekker: New York; Chapter 5 and references
therein. (c) Melander, L.; Saunders, W. H., Jr. “Reaction Rates of Isotope
Molecules”; Wiley-Interscience: New York, 1980.

(3) (a) Stern, M.; Weston, R. E., Jr. J. Chem. Phys. 1974, 60, 2808. (b)
Schneider, M. E.; Stern, M. J. J. Am. Chem. Soc. 1972, 94, 1517,

(4) More O’Ferrall, R. A., J. Chem. Soc. B 1970, 785.

(5) (a) Katz, A. M,; Saunders, W. H., Jr. J. Am. Chem. Soc. 1969, 91,
4469. (b) Saunders, W. H., Jr. Chem. Scr. 1975, 8, 27. (¢) Chiao, W.-B.;
Saunders, W. H., Jr. J. Am. Chem. Soc. 1977, 100, 2802.

(6) Kwart, H.; Brechbiel, M. J. Am. Chem. Soc. 1978, 100, 635 and
references therein.

(7) See, for example: James, B. R. “Homogeneous Hydrogenation”; Wiley:
New York, 1973; Chapter 2. See also ref 24.

(8) (a) Gilman, H.; Jacoby, A. L.; Ludeman, H. J. Am. Chem. Soc. 1938,
60, 2336. (b) n-Butyllithium is hexameric in hexane (Brown, T. L., Adv.
Organomet. Chem. 1965, 3, 365). By extension, we assume n-octyllithium
is also hexameric in decane.
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Table 1. Summury of Kinetic Deuterium Isotope Criterion for the Reaction of Hydrogen with n-Octyllithjum®<

. n'CmHn :
n-CsHy,Li + X, ——k———* n-C,H,,X + LiX

X
X=H D
X, 7, °C 105%,,% 57! 10%,, M 57! E,, keul/mol Ax -AS¥, eu
H, 50.0 1.018 3.461 11.06 + 0.08 278 + 1 47.4
60.0 1.713 5.706
70.0 2.754 8.608
80.0 4,300 13.105
D, 50.0 0.620 2.108 12.27 + 0.08 1099 # 1 44.6
60.0 1.103 3.673
70.0 1.867 5.836
80.0 3.089 9.414
Competitive Determination
X, T, °C kyp/kp© [aE)H Ay/dp o
H,-D, 50.0 1.642 £ 0.002¢
60.0 1.552  0.004¢
20,0 1475 & 0.003¢ 1.253 £ 0.029 0.239 + 0.012 0.999
80.0 1.392 2 0.002¢

9 Initial composition: 0.450 M [n-C,H,Li] ,; a constant partial pressure of hydrogen (deuterium) was muintained throughout the course of
the reaction Py, = 988 mmHg). The corresponding concentration of hydrogen in solution was calculated accordingly.?® 2 On the basis of
the following expression; rate = —k,[RLi] = k,[LiH]. [LiH] wus determined by monitoring manometrically the hydrogen produced by pro-
tonolysis with aqueous acid. The value of k, was obtained from a plot of In [H,]/[H, ], vs. time (correlation coefficient 0.999). ¢ The pri-
mury hydrogen-deuterium isotope effect for the competitive hydrogenolysis of n-octyllithium can be expressed as ky/kp = [RD]/[RH].

The latter ratio was determined by high-precision, whole-molecule muss spectrometry,?® simultuneously monitoring (a total of 5000 scuns was
used) the M, M + 1, and M + 2 jons of the n-octane-d,, and ¢, mixture isolated at the completion of each reaction. Since n-octane exhibits
no M — 1 ion, a correction for this factor wus unnecessary. All values have been corrected for residual n-octane-d,, present in each determina-
tion as a result of audventitious hydrolysis of the sturting organolithium reagent. An ionizing voltage of 70 eV und a constant source pressure
of 8.0 X 10°7 mmHg were employed. ¢ Prepared by reaction of (n-C,H,,),Hg with excess lithium dispersion in olefin-free decane. € 90%

confidence level.
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Figure 1. Idealized representation of the rate-determining transition state
for the hydrogenolysis of n-octyllithium.

The data in Table I reveal a number of points pertinent to the
mechanism of the hydrogenolysis of #-octyllithium. First, the order
of the reaction with respect to alkyllithium reagent suggests that
the rate-determining step involves the addition of hydrogen to a
fully associated (probably hexameric) unit of n-octyllithium.5®
Thus, prior dissociation of the dominant equilibrium structure into
a more reactive, less associated intermediate species does not
appear to be required.’

Second, we note that the rate of hydrogenolysis for alkali metal
alkyls follows the order Cs > K > Li.”® Also, addition of 1 equiv
of the bidentate chelating ligand N,N,N’N”-tetramethyl-
ethylenediamine accelerates the rate of alkyllithium hydrogenolysis
by a factor of ca. 7000.1% This reactivity is increased even further
when the bidentate chelating ligand is replaced by a tridentate
ligand such as N,N,N’. N’ N"-pentamethyldiethylenetriamine.!%
Taken together, these facts illustrate the dominant influence that
the ionic character of the M-C bond exerts in determining the
efficacy of the heterolytic cleavage of hydrogen. Most signifi-
cantly, the rate of hydrogenolysis of lithium alkyls is significantly
reduced in the presence of 1 equiv of the tetradentate ligand
N,N,N'N'N” N"-hexamethyltriethylenetetraamine, 2.1% Such
behavior is consistent with the requirement that hydrogenolysis

(9) In instances where the dissociation of an associated organolithium
reagent into less associated but kinetically more reactive intermediate species
take place, kinetic studies have shown that a fractional order generally obtains
with respect to the organolithium reagent and that this order is usually the
reciprocal of the degree of association of the organolithium compound; see:
Wakefield, B. J. “The Chemistry of Organolithium Compounds”; Pergamon
Press: New York, 1974; pp 98-100.

(10) (a) Langer, A. W., Jr. Polym. Prepr., Am. Chem. Soc., Div. Polym.
Chem. 1966, 7, 132. (b) Langer, A. W., Jr. Adv. Chem. Ser. 1974, 130, 1131.
(c) At 29.5 °C the rate for the hydrogenolysis of n-octyllithium is 0.018
mmolh mL-!. The rate for the equivalent reaction performed in the presence
of 1 equiv of the tetramine 2 is 0.0052 mmol-h mL"'.

proceeds through a concerted, four-center cyclic transition state,
which cannot be achieved in this last instance because of the
formation of solvent separated ion pairs.!%

Third, the kinetic behavior outlined in Table I parallels that
observed for the homogeneous, bimolecular, heterolytic activation
of hydrogen by metal ions'! with two noteworthy differences.
Specifically, the activation energy for the hydrogenolysis of »-
octyllithium lies somewhat below the range (ca. 14-27 kcal/mol),
and the entropy of activation is considerably greater than the range
(=7 to ~25 eu) reported for these reactions. We conclude that
the very large, negative value of AS* observed for the hydro-
genolysis of a-octyllithium is a reflection of the highly organized,'2
unsolvated, polar transition state associated with this reaction.

Finally, the magnitude of the parameter [AE]H, which corre-
sponds to the difference between the activation energy for the
reaction with hydrogen and the corresponding value observed for
the equivalent reaction with deuterium, is only slightly greater
than the zero-point energy difference between H, and D5, [AEq]H
= 1.15 kcal/mol.!* This fact suggests that tunneling, albeit not
extensive, is nonetheless operative in the hydrogenolysis of n-
octyllithium. It follows that a temperature-independent kinetic
isotope effect is not a necessary criterion for characterizing
transition states involving a four-center, cyclic hydrogen transfer.
Indeed, these parameters are not significantly different from those
associated with processes that purportedly proceed through a
linear, three-center hydrogen-transfer transition.

Relevance to Catalysis. Previous studies have emphasized the
essential requirements that govern the ability of a species to
activate an electronically saturated molecule such as hydrogen.!!
The observations presented here are consistent with these con-
clusions and also suggest considerations that explain why a host
of substances including hydroxide and amide ions!*!5 as well as

(11) (a) Halpern, J. J. Phys. Chem. 1959, 63, 398. (b) Halpern, J. Adv.
Catal., 1957, 9, 302. (c) Halpern, J. Quart. Rev. 1956, 10, 463 and references
therein.

(12) Perrin, C. L.; Wang, W. J. Am. Chem. Soc. 1982, 104, 2325,

(13) Persky, A.; Klein, F. S. J. Chem. Phys. 1966, 44, 3617.

(14) Wilmarth, W, K.; Dayton, J. C.; Flournoy, J. M. J. Am. Chem. Soc.
1953, 75, 4549.

(15) Wilmarth, W, K.; Dayton, J. C. J. Am. Chem. Soc. 1953, 75, 4553.
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a variety of non-transition-metal oxides!® can effect the heterolytic
cleavage of molecular hydrogen and in some instances even serve
as efficient hydrogenation catalysts.!®!? If further follows that
such considerations are most probably responsible for the ready
hydrogenolysis of both main groups®! as well as certain transi-
tion-metal-carbon o bonds.??"24

Finally, although there can be no doubt of the unique role of
d electrons in the activation of molecular hydrogen by many
homogeneous and heterogeneous transition-metal catalysts,!:!8
the results and conclusions presented here suggest that attempts
to associate patterns in metal-hydrogen reactivity solely through
correlations in isoelectronic structure may be oversimplied since
such reactivity clearly involves other factors as well.

(16) Cf.: Satterfield, C. F. “Heterogeneous Catalysis in Practice”;
McGraw-Hill: New York, 1980; pp 295-301. Thomas, C. L. “Catalytic
Processes and Proven Catalysts™; Academic Press: New York, 1970.

(17) So-called “oxidation addition” of hydrogen to various transition-metal
complexes'®

LM + H, — LM(H),

represents another pathway for hydrogen activation. Although the kinetics
of this process have been examined in some detail, there remains some am-
biguity concerning their significance in terms of the detailed mechanism of
these addition processes.'® We suspect that the unusually low isotope effect
(ku/kp = 1.22)'® associated with the addition of hydrogen to IrCl(CO)(Ph;P),
may also be a consequence of the cyclic three-center transition-state geometry
of the purported activated complex. Studies aimed at clarifying this point are
in progress.

(18) Cf.: James, B. R. “Homogeneous Hydrogenation™; Wiley: New
York, 1973.

(19) Chock, P. B.; Halpern, J. J. Am. Chem. Soc. 1966, 88, 3511,

(20) Kruyer, S.; Nobel, A. P. P. Recl. Trav. Chim. Pays-Bas 1961, 80,
1145,

(21) Beach, R. G.; Ashby, E. C. Inorg. Chem. 1971, 10, 906. Ashby, E.
C.; Beach, R. G., ibid., 1971, 9, 2486,

(22) Britzinger, H. H. J. Organomet. Chem. 1979, 171, 337.

(23) We are currently examining several reactions in an attempt to es-
tablish this possibility.

(24) For a recent review, see: Brothers, P. J. Prog. Inorg. Chem. 1981,
28, 1.

(25) Kwart, H.; Stanulonis, J. J. Am. Chem. Soc. 1976, 98, 4009.
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Vibrational circular dichroism (VCD) is the measurement of
the difference in absorption of left and right circularly polarized
infrared light by vibrational transitions of chiral molecules.!
Several studies have noted correlation of the sign of the VCD (or
that of its Raman analogue) for certain diagnostic bands with
molecular configuration® or conformation® in solution. The

(1) (a) Keiderling, T. A. Appl. Spectrosc. Rev. 1981, 17, 189-226. (b)
Nafie, L. A.; Diem, M. Acc. Chem. Res. 1979, 12, 296-302. (c¢) Nafie, L.
A. Vib. Spectra Struct. 1981, 10, 153-226. (d) Stephens, P. J,; Clark, R. In
“Optical Activity and Chiral Discrimination”; Mason, S. F., Ed.; Reidel:
Dordrecht, 1979.

(2) Hansen, H.-J; Sliwka, H.-R.; Hug, W. Helv. Chim. Acta 1979, 62,
1120-28. Marcott, C.; Havel, H. A.; Overend, J.; Moscowitz, A. J. Am.
Chem. Soc. 1978, 100, 7088. Diem, M.; Photos, E.; Khouri, H.; Nafie, L.
A. Ibid. 1979, 101, 6829
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availability of a large number of resolved bands that are often
characteristic of localized parts of a molecule gives VCD the
potential of offering new insights into the stereochemistry of a
variety of different molecular systems.

We report here preliminary VCD results for four organo-
phosphorus compounds: 2-[bis(2-chloroethyl)amino]tetrahydro-
2H-1,3,2-oxazaphosphorine 2-oxide (cyclophosphamide, I);
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2-((2-chloroethyl)amino}-3-(2-chloroethyl)tetrahydro-2H-oxa-
zaphosphorine 2-oxide (ifosphamide, II); 2-((2-chloroethyl)-
amino)tetrahydro-2H-1,3,2-oxazaphosphorine 2-oxide (I1I); 2-
amino-3-(2-chloroethyl)-tetrahydro-2H-1,3,2-oxazaphosphorine
2-oxide (IV). Racemic forms of compounds I and II are clinically
useful anticancer drugs while compounds III and IV are metab-
olites of II.* The stereospecific synthesis and assignment of the
absolute configurations of I-III have been published.*¢ Absolute
configuration of IV was assigned by means of stereochemical
correlation. Thus it was of interest to utilize compounds I-IV
as models for studies of the applicability of VCD to organo-
phosphorus structure.

Our focus is on those vibrations that contain significant con-
tributions from the P-O and P==0O bonds. We have found what
appears to be a “VCD marker mode” for the absolute stereo-
chemistry about phosphorus. Such a correlation is not possible
with optical rotation® and ORD CD studies’. In addition, this
is one of the first reports of VCD in the 1000-cm™ (10 um)
region.®?

The optical isomers of the compounds I-1V, were prepared by
our previously published methods. ¢ Optical rotations obtained
were as follows: (+)-(R)-1, [«]¥p +2.3° (¢ 3, CH;0H); (-)-(S)-I,
[]¥p -2.3° (¢ 3, CH,0H): (+)-(R)-11, [a]® +44.0° (c 2,
CH,30H); (-)-(S)-11, [«]®p ~39.0° (¢ 4, CH;0H); (-)-(R)-111,
[«]®p —15.1° (¢ 3, CH;0H); (+)-(S)-11IL, [a]®p + 15.1° (¢ 3,
CH,0H); (+)-(R)-1V, [a]®p +16.1° (¢ 3, CH;0H), (-)-(S)-1V,
[«]®p ~18.0° (c 3, CH30H).

VCD and absorption spectra were obtained on the UICC
spectrometer.!? Extentions to our optical configuration!® along
with spectra of a variety of other molecules in the 10-um region
are detailed elsewhere.” Spectra were run on solution samples
placed in a demountable cell having two NaCl windows separated
by Teflon spacers. Solvents used included CS,, CH,Cl,, and
CH;CN. The noise level of spectra run on samples in CH;CN

(3) Singh, R. D.; Keiderling, T. A. J. Chem. Phys. 1981, 74, 5347-56; J.
Am. Chem. Soc. 1981, 103, 2387-95. Su, C. N,; Keiderling, T. A. Ibid. 1980,
102, 511.

(4) (a) Friedman, D. M.; Myles, A.; Colvin, M. In “Advances in Cancer
Chemotherapy”; Rosowsky, A., Ed.; Marcel Dekker: New York, 1979; p 143.
(b) Norpoth, K.; Muller, G.; Raidt, H. Arzneim.-Forsch. 1976, 26, 1376.

(5) (a) Pankiewicz, K.; Kinas, R.; Stec, W. J.; Foster, A. B; Jarman, M ;
Van Maanen, J. M. S. J. Am. Chem. Soc. 1979, 101, 7712-18. (b) Wrob-
lewski, A. E.; Socol, S. M.; Okruszek, A.; Verkade, J. G. Inorg. Chem. 1980,
19, 3713-19 and references therein. (¢) Adamiak, D. A.; Gdaniec, M.;
Pankiewicz, K.; Stec, W. J. Angew. Chem., Int. Ed. Engl. 1980, 19, 549-50.
(d) Karle, I. L.; Karle, J. M.; Egan, W.; Zon, G.; Brandt, J. A. J. Am. Chem.
Soc. 1977, 99, 4803-7.

(6) Misiura, K.; Okruszek, A.; Pankiewicz, K.; Czownicki, Z.; Utracka,
B.; Stec, W. 1., J. Med. Chem., in press.

(7) Snatzke, G.; Stec. W. J., unpublished results.

(8) Su, C. N.; Keiderling, T. A. 36th Molecular Spectroscopy Symposium,
Columbus, OH, June 1981. Lipp, E. D.; Zimba, C. G.; Nafie, L. A. Chem.
Phys. Lett. 1982, 90, 1.

(9) Su, C. N. Ph.D. Thesis, University of Illinois at Chicago Circle,
Chicago, IL, 1982.

(10) Sy, C. N,; Heintz, V. J.; Keiderling, T. A. Chem. Phys. Lett. 1980,
73, 157.
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