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Figure 2. Plot of the rate of reaction of Cr(CO)5 (•) and the rate of 
reformation of Cr(CO)6 (O) as a function of added CO. Parent pressure 
and buffer gas pressure were the same as in Figure 1. Both give the same 
rate within experimental error, and thus the slope of the data points is 
indicated as a single line. 

and 1948 cm"1 (features 2 and 3), which grow in to a near 
maximum amplitude 500 ns after excitation, are assigned to the 
e and low-frequency &{ vibrations of Cr(CO)5. The remaining 
high-frequency CO stretching vibration is not within the range 
of our probe laser. The existence of two Cr(CO)5 absorptions, 
their approximate relative intensity ratio, and their correlation 
within experimental error to absorptions observed for Cr(CO)5 

in a neon matrix, where a significant matrix shift vs. the gas phase 
is not expected, imply that Cr(CO)5 in the gas phase has the same 
square-pyramidal C41, geometry as assigned to matrix isolated 
Cr(CO)5. 

It is evident from Figure 1 that the intensity of the 1980-cm"1 

absorption (feature 2) is approximately 2/3 that of the 2000-cirT1 

band (feature 1). This is in accord with expectations based on 
simple intensity arguments, with the implicit assumption that the 
major product of Cr(CO)6 photolysis is Cr(CO)5. The large 
relative yield of Cr(CO)5 at this photolysis wavelength is consistent 
with the observations of Breckenridge and Sinai.6 The weaker 
features in Figure 1 (not labeled) can most likely be assigned to 
small amounts of Cr(CO)4. The features attributed to the gas-
phase absorptions of both Cr(CO)5 and Cr(CO)4 are, as expected, 
blue-shifted by similar amounts relative to their position in an 
argon matrix.12,13 

Existing data imply that the energy of a 351-nm photon (82 
kcal mol"1) is just sufficient to remove two CO groups.14 This 
could account for the low yield of products other than Cr(CO)5 

at this wavelength. Experiments, currently under way, show that 
fragments other than Cr(CO)5 can be generated by increasing 
the energy of the incident photon.15 This is consistent with 
chemical trapping studies.7 

The identification of Cr(CO)5 was confirmed by correlating 
its rate of decay (features 2 and 3) with the rate of reappearance 
of Cr(CO)6 (feature 1) as a function of added CO. Figure 2 shows 
that the rate for both processes is concurrent within experimental 
error. From the slopes of the lines the rate constant for reaction 

(12) Perutz, R. N.; Turner, J. J. Inorg. Chem. 1975, 14, 262. 
(13) Perutz, R. N.; Turner, J. J. J. Am. Chem. Soc. 1975, 97, 4800. 
(14) Lewis, K. E.; Golden, D. M.; Smith, G. P. J. Am. Chem. Soc. 1984, 

106, 3905. 
(15) Seder, T. A.; Church, S. P.; Weitz, E., unpublished results. 

of Cr(CO)5 with CO was determined as (1.5 ±0.3) X 1013cm3 

mol"1 s"1 (800 ± 150 ms~' torr"1). (The error brackets represent 
the 95% condifence values.) Moreover, the same rate constant 
was obtained under a variety of conditions, i.e., with and without 
added He or Ar, both in a flow cell and in a static cell. This 
implies that any complex formation with added rare gas is minimal 
and certainly does not affect the recombination kinetics. 

In solution Cr(CO)5 is known to be highly reactive.3"5 We note 
that in the gas phase the rate constant for reaction of Cr(CO)5 

with CO is more than 2 orders of magnitude higher than the 
corresponding rate for reaction of Fe(CO)4 with CO ((3.5 ± 0.9) 
X 1010 cm3 mol"1 s"1).10 This difference can be, at least in part, 
rationalized in terms of Fe(CO)4 having a triplet ground state,16 

whereas the Cr(CO)5 ground state is almost certainly a singlet.17 

Steric conditions may also play a role in the large difference in 
rates. 

Using relative band-intensity arguments, kinetic evidence, and 
agreement with absorption frequencies of matrix-isolated Cr(CO)5, 
we have assigned the infrared absorptions observed subsequent 
to 351-nm photolysis of Cr(CO)6 to the pentacarbonylchromium 
fragment. These experiments have also essentially confirmed that 
the structure of "naked" Cr(CO)5 is square pyramidal, a result 
consistent with simple molecular orbital calculations.17 
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Concurrent communications from two laboratories have recently 
demonstrated that the isotopic multiplets observed in the pro
ton-decoupled 13C NMR spectra of carbohydrates with partially 
deuterated hydroxyls can be very helpful in spectral assignments1'2 

and molecular structure determinations.3 These multiplets are 
due to upfield deuterium isotope effects on the 13C chemical shifts4 

and can be observed when hydrogen exchange is slow relative to 
the magnitude of the isotope effect. Deuterium isotope effects 
have also been reported for amine, amide, and amino acid sys
tems.5"9 The slow exchange of amide hydrogens has led to the 

Contribution No. 1821 from the Hercules Research Center. 
(1) Reuben, J. J. Am. Chem. Soc. 1983, 105, 3711-3713. 
(2) Chistofides, J. C; Davies, D. B. J. Am. Chem. Soc. 1983,105, 5099-

5105; J. Chem. Soc, Chem. Commun. 1983, 324-326; J. Chem. Soc, Perkin 
Trans. 2 1984,481-488. 

(3) Reuben, J. J. Am. Chem. Soc. 1984, 106, 2461-2462, 6180-6186. 
(4) For a recent review, see: Hansen, P. E. Annu. Rep. NMR Spectrosc 

1983, 75, 105-234. 
(5) Feeney, J.; Partington, P.; Roberts, G. C. K. J. Magn. Reson. 1974, 

13, 268-274. 
(6) Ladner, H. K.; Led, J. J.; Grant, D. M. / . Magn. Reson. 1975, 20, 

530-534. 
(7) Nemark, R. A.; Hill, J. R. / . Magn. Reson. 1976, 21, 1-7. 
(8) Hawkes, G. E.; Randall, E. W.; Hull, W. E.; Gattegno, D.; Conti, F. 

Biochemistry 1978, 17, 3986-3992. 

0002-7863/85/1507-1433S01.50/0 © 1985 American Chemical Society 



1434 J. Am. Chem. Soc, Vol. 107, No. 5, 1985 Communications to the Editor 

Table I. Carbon-13 Chemical Shifts (in ppm)," Multiplicities,'' and Deuterium Isotope Effects (in ppb/deuteron) for Protonated Amines 

H 2 N C H 2 C H 2 N H C H 2 C H 2 C H 2 C H 2 N H 2 

spermidine' 
[(CH3)2CH]2NH 
diisopropylamine'' 
(CH3)2CHNHCH2CH3 

ethylisopropylamine'' 
(CH3)2CHNHCH2C(CH3)2NH2 

TV-isopropyl-2-methyl-1,2-propanediamine'' 
H O O C C H ( N H 2 ) C H 2 C H 2 C H 2 C H 2 N H 2 

L-lysine'' 

Cl 

37.93 
q;94 
20.33 
t; 31* 
20.43 
d.d; 36^ 
20.02 
d; 25* 
172.35 
q;42 

C2 

24.92 
q, t; 40, 30' 
47.90 
t; 58 
50.79 
t; 66 
53.22 
t; 55 
53.34 
q;65 

C3 

46.76 
t; 91 

40.88 
t; 79 
52.67 
t.q; 76, 25 
30.89 
q;45 

C4 

48.28 
t; 90 

12.99 
t; 36 
54.16 
q, t; 62, 28 
23.05 

C5 

23.82 
t; 30 

25.46 
q; 43 
27.93 
q; 51 

C6 

25.09 
q;46 

39.96 
q; 87 

C7 

40.16 
q;97 

"Carbon atoms are numbered consecutively from left to right, 'd = doublet, t = triplet, q = quartet, Tn an acidified 1:1 H20/D20 mixture; 
dioxane as an internal reference at 67.4 ppm. rfIn Me2SO-^6 containing acidified H20/D20 mixtures; the central peak of the solvent as an internal 
reference at 41.1 ppm. 'Obtained by a computer simulation. -̂ The separation of the inner components is 33 ppb. *Diastereotopic methyls in the 
NHD+ form (see text). 

H1NCH ,CHJCHJNH1CH,CH1CH ,CH2NHj -CH, 

37.93 25.09 24.92 23.82 

Figure 1. Isotopic multiplets in the 13C NMR spectrum (at 90.56 MHz) 
of spermidine in an acidified ca. 1:1 H20/D20 mixture. Chemical shift 
values (in ppm) are for the protio form (low-field component). 

observation of isotopic multiplets in the spectra of amides.5,7,8 

However, the isotopic multiplets in the spectra of amines have 
remained largely unexplored.10 

Partial deuteration of protonated amines, i.e., ammonium ion 
derivatives, can be achieved in acidified H 2 0/D 2 0 mixtures, either 
in an aqueous medium or in Me2SO solutions. According to the 
classic work of Grunwald, Lowenstein, and Meiboom, hydrogen 
exchange in such systems is expected to be slow on the NMR time 
scale." As a result, the isotope effects on the 13C chemical shifts 
of the a- and /3-carbons (ca. 0.09 and 0.03 ppm/deuteron, re
spectively6) should give rise to distinct 13C resonances for the 
individual isotopomers. Figure 1 presents, as an example, the 
isotopic multiplets in the 13C NMR spectrum of spermidine in 
an acidified 1:1 H2O/D2O mixture. The spectrum of spermidine 
has recently been assigned by Kimberly and Goldstein.12 How
ever, the assignments of carbons 2 and 6 in the fully protonated 
form have remained ambiguous. The isotopic multiplets readily 
resolve this ambiguity. Owing to the analogy between the isotopic 

(9) Pfeffer, P. E.; Parrish, F. W.; Unruh, J. Carbohydr. Res. 1980, 84, 
13-23. 

(10) The observation of isotopic multiplets due to protonated amino groups 
in the cyclic peptide viomycin has been reported.8 

(11) Grunwald, E.; Lowenstein, A.; Meiboom, S. /. Chem. Phys. 1956, 25, 
382-383; J. Chem. Phys. 1957, 27, 630-640. 

(12) Kimberly, M. M.; Goldstein, J. H. Anal. Chem. 1981, 53, 789-793. 

i7.90 20.33 

50.79 20. U3 

53.32 20.02 

Figure 2. Isotopic multiplet in the 13C resonances (at 90.56 MHz) of the 
isopropyl groups of amines in Me2SO-̂ f6 containing acidified H20/D20 
mixtures. Chemical shift values (in ppm) are for the protio form (low-
field component): (A) diisopropylamine, (B) ethylisopropylamine, (C) 
JV'-isopropyl-2-methyl-1,2-propanediamine. 

state of a hydrogen ("light" or "heavy") and the spin state (+1/2 
or -1/2) of a spin ' / 2 nucleus in a magnetic field, there is a 
similarity between isotopic multiplets and those due to spin-spin 
couplings.1 Thus, carbons 1 and 7, a to NH3

+ groups, are quartets, 
the components of which correspond to the NH3

+, NH2D+, 
NHD2

+, and ND3
+ species. Carbons 3 and 4, a to the NH2

+ 

groups, are triplets. Carbon 5, /3 to the NH2
+ group, is also a 

triplet but with smaller spacings. The resonance of carbon 6 is 
expected to be a quartet with relatively small spacings, since this 
atom is 0 to a NH3

+ group. Carbon 2 should exhibit higher 
multiplicity, since this atom is /3 to NH3

+ and NH2
+ groups. Thus, 

the multiplets with low-field components at 25.09 and 24.92 ppm 
(see Figure 1) are unequivocally assigned to carbons 6 and 2, 
respectively. 

The chemical shift values and the magnitudes of the isotope 
effects for spermidine, as well as for the other substances inves
tigated in this work, are summarized in Table I. The two-bond 
isotope effect is in the range 0.055-0.097 ppm/deuteron. Values 
at the lower end of this range are observed with higher substitution 
on the nitrogen or carbon atoms. The three-bond isotope effect 
is in the range 0.025-0.051 ppm/deuteron. Again higher sub
stitution leads to lower values. Noteworthy in this respect is carbon 
2 of spermidine. Its resonance is affected by three-bond isotope 
effects from NH3

+ and NH2
+ groups. The magnitude of these 
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effects are 0.04 and 0.03 ppm, respectively. Thus, the magnitude 
of the isotope effect should be useful in spectral assignments. 

An interesting phenomenon was observed with secondary am
monium ions of the type A(NH2

+)B. The nitrogen atom in the 
monodeuterated species of such ions, A(NHD+)B, is asymmetric. 
Therefore, if one of the substituents is isopropyl, e.g., 
(CH3J2CHNH2

+R, the originally enantiotopic and isochronous 
isopropyl methyls become diastereotopic and anisochronous in the 
(CH3)2CHNHD+R species. This phenomenon is illustrated in 
Figure 2. For the partially deuterated diisopropylammonium ion 
both the CH and CH3 resonances appear as triplets with large 
and small spacings, respectively (Figure 2A). However, for the 
ethylisopropylammonium ion the isopropyl methyls give rise to 
a clearly resolved quartet (Figure 2B). The spacing between the 
inner components of this quartet corresponds to the chemical shift 
difference (0.033 ppm) between the diastereotopic isopropyl 
methyls in the monodeuterated species. In the /V'-isopropyl-2-
methyl-1,2-propanediammonium ion this difference is approxi
mately equal to the chemical shift (0.049 ppm) between the protio 
and deuterio forms, resulting in a doublet (Figure 2C). On the 
other hand, in the diisopropyl case the chemical shift between the 
diastereotopic methyls is smaller than the line-width (0.015 ppm), 
giving rise to a triplet (Figure 2A). 

For amino acids and their derivatives, partial deuteration of 
the a ammonium group gives rise to isotopic multiplets in the 
carboxyl as well as in the backbone carbon resonances. Thus, 
isotopic multiplets should be useful in the assignment of such 
resonances and in the identification of terminal residues of peptides. 
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Asymmetric transformations of unsaturated species have at
tracted considerable synthetic and theoretical interest.1,2 An 
intriguing facet of the chemistry of 1 is the manner through which 
the asymmetric center renders the faces of the adjacent 7r-system 
chemically nonequivalent. Kinetic stereoselection in species 1 has 
been attributed to a number of conformational models that are 
conveniently classified as being eclipsed (A-D) or perpendicular 
(E-H, Figure l). l c ,d We present herein support for a transi
tion-state model for electrophilic additions that is based upon 
conformer H, which finds considerable generality in predicting 
the stereochemical outcome of asymmetric reactions in this class. 

Calculations modeling the transition states for the reaction of 
simple substrates with nucleophiles, electrophiles, radicals, and 
dipoles indicate a pronounced preference for perpendicular ge
ometries in all cases.la,b The approaching reagent is generally 

(1) For recent theoretical studies, see: (a) Ahn, N. T. Top. Curr. Chem. 
1980, 88, 145. (b) Caramella, P.; Rondan, N. G.; Paddon-Row, N. M.; Houk, 
K. E. J. Am. Chem. Soc. 1981,103, 2438. (c) Paddon-Row, M. N.; Rondan, 
N. G.; Houk, K. N. J. Am. Chem. Soc. 1982, 104, 7162. (d) Houk, K. N. 
Pure Appl. Chem. 1983, 55, 277. 

(2) For recent discussions on stereoselective electrophilic additions to 
olefins, see: (a) Schreiber, S. L.; Satake, K. J. Am. Chem. Soc. 1983, 105, 
6723. (b) Houk, K. N.; Moses, S. R.; Wu, Y.-D.; Rondan, N. G.; Jager, V.; 
Schohe, R.; Fronczek, F. R. J. Am. Chem. Soc. 1984, 106, 3880. (c) Houk, 
K. N.; Rondan, N. G.; Wu, Y.-D.; Metz, J. J.; Paddon-Row, M. N. Tetra
hedron 1984, 40, 2257. 
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directed antiperiplanar to the perpendicularly disposed substituent 
through secondary orbital interactions.1'3 These theoretical 
conclusions find no contradictions in a rapidly growing body of 
experimental evidence. This being the case, the description of 
a given transition state requires the deployment of the appropriate 
substituent in the proper perpendicular position. In the MO 
formalism,4 nucleophilic attack will seek the LUMO of the 
electrophile. This may be favorably affected through mixing of 
the Tt* orbital with the lowest energy a* orbital, which is associated 
with the most electronegative substituent (e.g., Y; Figure 2).5 In 
the event of electrophilic attack, however, the substrate's HOMO 
governs the course of the reaction. In this instance, the tr orbital 
mixes with the highest energy a orbital, belonging to the sub
stituent that most efficiently participates in hyperconjugative 

(3) Franck, R. W.; John, T. V.; Olenjniczak, K. J. Am. Chem. Soc. 1982, 
104, 1106. 

(4) (a) Fleming, I. "Frontier Orbitals and Organic Chemical Reactions"; 
Wiley: New York, 1977. (b) Epiotis, N. D.; Cherry, W. R.; Shaik, S.; Yates, 
R. L.; Bernardi, F. Top. Curr. Chem. 1977, 70, 1. 

(5) Houk and co-workers have examined these orbitals with regard to the 
antiperiplanar effect.1 b 
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