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and C(7)' and the other by C(8) and C(8)'. One of the two axial pos­
itions was nearly shared by C(7) and C(8)' while the other was shared 
by C(I)' and C(8). The hydrogens were thus assigned occupancies of 
1.0. Since the electron density was dominated by those hydrogens atta­
ched to C(7) and C(8), the refined hydrogen positions are biased: the 
bond distances and angles are better for contacts with C(7) and C(8) 
than with C(7)' and C(8)'. 

Molecular Orbital Calculations. Calculations were performed by using 
the TRIBBLE package,32 an extended Huckel method incorporating 
two-body repulsion corrections as introduced by Anderson.33 Orbital 
exponents and H11 values for H, C, and Zr were taken from ref 34, those 

(32) Pensak, D. A.; McKinney, R. J. Inorg. Chem. 1979, /S, 3407-3413. 
McKinney, R. J.; Pensak, D. A. Inorg. Chem. 1979, 18, 3413-3417 and 
references therein. 

(33) Anderson, A. B. J. Chem. Phys. 1975, 62, 1187-1188. 
(34) Tatsumi, K.; Nakamura, A.; Hofmann, P.; Stauffert, P.; Hoffmann, 

R. J. Am. Chem. Soc. 1985, 107, 4440-4451. 

Because its side chain ties back on itself to form a secondary 
linkage (Figure 1) proline is an important structural determinant 
in proteins. The absence of a hydrogen atom on the imide nitrogen 
atom eliminates H-bonded interactions, while the presence of the 
ring constrains the rotation angle of the N - C * bond.1 Proline 
residues are frequently found at bends in the polypeptide chain.2 

On the other hand cis and trans isomers about the N - C ( O ) bond 
are much closer in energy for proline than for other amino acids. 
Steric constraints normally destabilize the cis peptide bond by 
a factor of ~ 1 0 3 over the normal trans conformation, but for 
proline the steric inhibition is relieved by the ring structure, and 
the transxis equilibrium ratio is reduced to ~ 4 . 3 There are 
several examples of cis proline residues in protein structures,4 but 
there are only four instances of cis peptides not involving proline 
(three in carboxypeptidase A and one in dihydrofolate reductase).5 

This conformational flexibility of the proline imide bond may be 
an important element in protein dynamics. It has been argued, 
for example, that the proline-rich region of immunoglobins might 

* Author to whom correspondence should be addressed. 

for P and Pt from ref 35 (see Table VI). Double-fwave functions were 
used for the d-orbitals of Pt and Zr, with coefficients given in parentheses. 

Supplementary Material Available: Final positional parameters 
(as fractional coordinates) and tables of thermal parameters (10 
pages); tables of structure factor amplitudes (observed and cal­
culated) (56 pages). Ordering information is given on any current 
masthead page. 

(35) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 
2079-2090. 

(36) In this paper the periodic group notation in parentheses is in accord 
with recent actions by IUPAC and ACS nomenclature committees. A and 
B notation is eliminated because of wide confusion. Groups IA and IIA 
become groups 1 and 2. The d-transition elements comprise groups 3 through 
12, and the p-block elements comprise groups 13 through 18. (Note that the 
former Roman number designation is preserved in the last digit of the num­
bering: e.g., Ill -» 3 and 13.) 

regulate antigen binding by mediating a structural transition in 
the hinge region of the protein.6 Cis/ t rans isomerization about 
the proline imide bond is believed to be the rate-limiting step in 
the denaturation of a number of proteins and may be a key step 
in protein folding in general.3b'7 A widely accepted model is that 

(1) Carver, J. P.; Blout, E. R. (1967) In Treatise on Collagen; Rama-
chandran, G. N., Ed.; Academic Press: London, 1967; Vol. I, p 341-526. 

(2) (a) Chou, P. Y.; Fasman, G. D. J. MoI. Biol. 1977, 115, 135. (b) 
Smith, J. A.; Pease, L. G. CRC Crit. Rev. Biochem. 1980, 8, 315. 

(3) (a) Ramachandran, G. N.; Mitra, A. K. J. MoI. Biol. 1976, 107, 85. 
(b) Brandts, J. F.; Halvorson, H. R.; Brennan, M. Biochemistry 1975, 14, 
4953. 

(4) (a) Wyckoff, H. W.; Tsernoglou, D.; Hanson, A. W.; Krow, J. R.; Lee, 
B.; Richards, F. M. J. Biol. Chem. 1970, 245, 305. (b) Alden, R. A.; Birktoft, 
J. J.; Kraut, J.; Robertus, J. R.; Wright, C. S. Biochem. Biophys. Res. Com-
mun. 1971, 45, 337. (c) Matthews, B. W.; Weaver, L. H.; Kester, W. R. J. 
Biol. Chem. 1974, 249, 8030. (d) Huber, R.; Epp, O.; Steigemann, W.; 
Formanek, H. Eur. J. Biochem. 1971, 19, 42. (e) Huber, R.; Steigemann, 
W. FEBS Lett. 1974, 48, 235. 

(5) Creighton, T. E. In Proteins, Structures and Molecular Properties; 
Freeman & Co.: New York, 1983. 

(6) Smyth, D. S.; Utsumi, S. Nature (London) 1967, 216, 332. 

Proline Signals in Ultraviolet Resonance Raman Spectra of 
Proteins: Cis-Trans Isomerism in Polyproline and 
Ribonuclease A 

Debra S. Caswell and Thomas G. Spiro* 

Contribution from the Department of Chemistry, Princeton University, 
Princeton, New Jersey 08544. Received February 18, 1986 

Abstract: The Raman spectrum of aqueous polyproline excited at 200 or 218 nm is dominated by a single band at ~ 1465 
cm"1, assigned to the imide C-N stretching vibration. It is analogous to the amide II' band at — 1465 cm"1 of polypeptides 
in D2O, which is also enhanced strongly at 200 nm. The amide IF band loses much more intensity between 200- and 218-nm 
excitation (X5.6) than does the polyproline band (X 1,2). This difference is attributable to a red shift of the imide vs. amide 
ir-ir* electronic transition: the first UV absorption band maximizes at 192 nm for poly-L-lysine but at 203 nm for polyproline. 
Because of this effect, proline residues are readily detected in protein ultraviolet Raman spectra excited at 218 nm. For example, 
histidine-rich glycoprotein (HRG) shows a major band at 1457 cm"1 due to the high proline content, 16.6% of the residues; 
this is much stronger than the 1547-cm"1 band arising from the amide II mode of the remaining residues. 'When polyproline 
is dissolved in 1:9 H20-propanol containing ~0.15 M HClO4, a 1435-cm"1 band grows in at the expense of the original 1465-cm"1 

band. This spectral change is associated with the transition from polyproline II to polyproline I, which contain trans and cis 
imide bonds, respectively. The frequency shift is in the same direction as that seen for the amide II mode of cis peptides. 
Ribonuclease A shows a band at 1458 cm"1 in its 218 nm excited Raman spectrum, attributable to its four proline residues, 
two of which are in the cis conformation. When the protein is incubated at pH 1.5 this band shifts to 1466 cm"1; the upshift 
is consistent with the expected conversion to a higher percentage of prolines in the trans conformation in the unfolded protein. 
UVRR spectroscopy offers a direct probe of proline conformation in protein structural studies. 
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Figure 1. Cis and trans isomers for a peptide bond in general and an 
X-Pro peptide bond (where X is any amino acid). 

the fast phase of protein folding involves the internalization of 
hydrophobic side chains into specific domains, which are then 
brought into proper juxtaposition via a slow phase involving proline 
isomerization.7 

In this study we describe a signal for proline in ultraviolet 
resonance Raman (UVRR) spectra which is sensitive to the 
cis/trans conformation. It has recently become possible to obtain 
Raman spectra at high sensitivity by using laser excitation in the 
deep ultraviolet region.8"10 For proteins91''1 ob'c these spectra contain 
enhanced vibrational modes of aromatic residues, and also of the 
amide vibrations of the polypeptide backbone. Hudson and 
Mayne11 have recently reported enhanced proline C-N modes near 
1500 cm"1 with 218-nm excitation of proline dipeptides. We now 
report strong enhancement of a band at 1465 cm"1 in polyproline, 
which is assigned to the C-N stretch of the imide bond. This mode 
is analogous to the amide II' mode of peptides in D2O, occurring 
at essentially the same frequency. Enhancement of the proline-
imide stretch is substantially greater at 218 nm, however, because 
of a significant red shift in the ir-ir* electronic transition of the 
imide relative to the amide bond. Thus 218-nm excitation provides 
discrimination in favor of proline. The proline band is a dominant 
feature in the spectrum of histidine-rich glycoprotein, in which 
proline constitutes 16.6% of the residues, and can also be seen 
for ribonuclease A, which contains four proline residues. When 
polyproline II is converted to polyproline I, involving a transition 
from trans to cis proline residues, a 1435-cm"1 band grows in at 
the expense of the 1465-cm"1 band, consistent with the expected 
downshift of the C-N stretch for the cis imide bond. Likewise 
when ribonuclease is denaturated at low pH an upshift in the 
proline frequency is seen, from 1458 to 1466 cm"1, attributable 
to the cis —• trans isomerization attendent on denaturation. The 
frequencies differ appreciably from those found by Hudson and 
Mayne,11 —1485 and —1515 cm"1, for linear and cyclic gly-
cyl-L-proline, which are models for trans- and cw-proline linkages. 

Experimental Section 

Poly-L-proline, poly-L-lysine, and ribonuclease A from bovine pancreas 
(Type XII-A; No R-5500) were purchased from Sigma Chemical Co. 
Histidine-rich glycoprotein (HRG) was a gift from Dr. William T. 
Morgan, Department of Biochemistry, Louisiana State University 
Medical Center. The polypeptides and proteins were dissolved in 50 mM 
phosphate buffer at the concentrations and pH/pD's indicated in the 
figure captions. Ammonium sulfate was added to the peptides as an 
intensity standard for the measurement of Raman intensities. 

(7) (a) Lin, L.-N.; Brandts, J. F. Biochemistry 1978, 17, 4102. (b) 
Schmid, F. X.; Baldwin, R. L. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 4764. 

(8) Ziegler, L. D.; Hudson, B. /. Chem. Phys. 1981, 74, 982. 
(9) (a) Asher, S. A.; Johnson, C. R.; Murtaugh, J. Rev. Sci. Instrum. 1983, 

54, 1657. (b) Dudik, J. M.; Johnson, C. R.; Asher, S. A. J. Phys. Chem. 1985, 
89, 3805-3814. 

(10) (a) Fodor, S. P. A.; Rava, R. P.; Copeland, R. A.; Spiro, T. G. J. 
Raman Spectrosc, in press, (b) Rava, R. P.; Spiro, T. G. Biochemistry 1985, 
24, 1861. (c) Copeland, R. A.; Spiro, T. G. Biochemistry 1985, 24, 4960. (d) 
Copeland, R. A.; Spiro, T. G. J. Am. Chem. Soc. 1986, 108, 1281. 

(11) Hudson, B.; Mayne, L. In Methods in Enzymology 1985, 89, 3395. 
(12) Mayne, L. C; Ziegler, L. D.; Hudson, B. J. Phys. Chem. 1985, 89, 
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Figure 2. Raman spectra with 200- and 218-nm excitation for random 
coil poly-L-lysine (pD ~5) and poly-L-proline (pH ~7.5) in 50 mM 
phosphate buffer. Ammonium sulfate was added as an internal intensity 
standard. 

The UV Raman apparatus is described in ref 10a. The fourth har­
monic of a pulsed Nd:YAG laser with a hydrogen shift cell provided UV 
excitation at 200- and 218-nm excitation. The beam intersected the 
sample in the center of a wire-guided jet similar to that described by 
Reider et al.13 The laminator was constructed by wrapping thin wire 
around a syringe needle and forcing the excess wire from each end to 

(13) Reider, G. A.; Traar, K. P.; Schmidt, A. J. Appl. Opt. 1984, 23, 2856. 
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Figure 3. UV absorption spectrum of random coil poly-L-lysine (from 
ref 13) and poly-L-proline I and II (from ref 16). 

meet ~ 15 mm below the bottom of the needle. This permits a very thin 
sheet of liquid to form between the wires and allows the volume of the 
sample required to be decreased from 3-5 mL for the free jet sampling 
apparatus103 to 0.75-1.25 mL for the laminator, a valuable improvement 
when examining scarce proteins such as HRG. The flow rate is also 
decreased to as little as one drop/second, providing gentler treatment of 
the sample. 

Sample integrity was monitored by the absence of time-dependent 
changes in the Raman spectra and of alterations in the UV absorption 
after Raman acquisition. 

Results and Discussion 
A. Proline C-N Enhancement. Figure 2 compares UVRR 

spectra, obtained with 200- and 218 nm excitation, for polyproline 
in H2O and polylysine in D2O. In both cases, the spectra are 
dominated by a single band at —1465 cm"1. For polylysine, this 
band is identified with the amide II' mode. Its dominance is due 
to resonance with the amide ir-ir* transition at — 192 nm.14 

Dudik et al.9b showed that preresonance UV RR intensities of the 
iV-methylacetamide amide II and III modes are consistent with 
A term enhancement via this transition. These two modes contain 
a mixture of N-C(O) stretching and N-H bending coordinates.15 

In D2O solution, the N-H proton is replaced by a deuteron, and 
the N-H(D) bending frequency is shifted out of this region, 
leading to unmixing of the coordinates and leaving a nearly pure 
N-C(O) stretching amide II' mode. This is demonstrated by the 
larger 15N, 13C isotope shift seen for amide II' than for amide II' 
of ./V-methylacetamide.12 The amide II' band is the dominant 
feature of 200-nm-excited RR spectra of iV-methylacetamide12 

and of proteins10c'd in D2O, establishing that C-N stretching is 
the main distortion coordinate in the 7r-ir* excited state, as dis­
cussed by Mayne et al.12 In proline, there is no N-H bending 
coordinate, and a nearly pure N-C(O) mode is therefore expected, 
which we label imide II. This mode was assigned by Hudson and 
Mayne11 to the 1485-cm"1 band of glycylproline, and we assign 
it to the 1465-cnT1 band of polyproline from its close similarity 
in both frequency and enhancement pattern to the amide II' band 
of polylysine. 

Figure 2 also shows that the relative enhancements differ ap­
preciably for polyproline and polylysine at 218 relative to 200 nm. 

(14) Rosenheck, K.; Doty, P. Proc. Natl. Acad. Sci. U.S.A. 1961, 47, 1775. 
(15) Frushour, B. G.; Koening, J. L. In Advances in Infrared and Raman 

Spectroscopy; Clark, R. J. H., Hester, R. E., Eds.; Heyden: New York, 1975; 
Vol. I, p 35-97. 
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Figure 4. 218-nm-excited UVRR spectrum of histidine-rich glycoprotein 
~2 mg/mL in 50 mM phosphate buffer (pH ~8.5). The spectrum is 
the sum of 6 scans collected over 0.05-A increments. Mole percent 
contributions of the amino acids enhanced at this excitation wavelength 
are listed. 

The 200/218 nm intensity ratio, measured relative to the 983 cm"1 

breathing mode of SO4
2", present as an internal standard, is 5.6 

for the amide II' band of polylysine, but 1.2 for the imide II band 
of polyproline. This difference is directly attributable to a red 
shift of the imide vs. amide ir-ir* transition. Figure 3 compares 
UV absorption spectra for polylysine and polyproline, from ref 
13 and 16. The 192-nm band of polylysine is red shifted to 
202-205 nm for polyproline. This effect is attributable to the extra 
methylene substituent of the N atom of proline stabilizing the 
ir-TT* excited state.17 There are two conformations for polyproline, 
I and II.1 These are right- and left-handed helices containing cis 
and trans imide bonds, respectively. The absorption band of 
polyproline II, the form stable in H2O, is slightly hypochromic 
and blue shifted relative to that of polyproline I (Figure 3). For 
both forms, 218 nm is half-way down the red side of the absorption 
band, while it corresponds to the foot of the polylysine absorption; 
200 nm is close to the absorption maxima for both polylysine and 
polyproline. It therefore makes sense that the 218/200 nm in­
tensity ratio is much higher for polyproline than for polylysine. 

The absorption red shift makes 218 nm a good wavelength for 
proline enhancement, and the imide II band is in a region free 
from interference by modes of aromatic residues. This is illustrated 
by the 218-nm-excited UVRR spectrum of histidine-rich glyco­
protein (HRG), shown in Figure 4. HRG is a plasma protein 
with a high content (11.2% of the residues) of histidine, which 
is believed to be involved in metal ion transport.18 Its proline 
content is even higher (16.6%), and the strong band at 1457 cm"1 

is assignable to the proline imide II. It is nearly as strong as the 
1600-cm"1 band, which is a superposition of the e8a bands of 
phenylalanine and tyrosine19 (5.7 and 1.9% of the residues). The 
proline band is much stronger than the amide II band at 1547 
cm"1 (which also contains a contribution from the strong 1550-cm"1 

band of tryptophan,19 0.5% of the residues) even though this band 
represents all the non-proline residues. (In contrast, histidine, 
which constitutes 11.2% of the residues, contributes only weakly, 
the histidine enhancement being quite modest,20 and its spectrum 

(16) Gratzer, W. B.; Rhodes, W.; Fasman, G. D. Biopolymers 1963, /, 
319. 

(17) Kaya, K.; Nagakura, S. Theor. CMm. Acta (Berlin) 1967, 7, 117. 
(18) Morgan, W. T. Biochim. Biophys. Acta 1978, 533, 319. 
(19) Rava, R. P.; Spiro, T. G. J. Phys. Chem. 1985, 89, 1856. 
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Figure 5. 218-nm-excited Raman spectra at various incubation times of 
poly-L-proline (~2 mg/mL) in 1:9 H20-propanol containing 0.15 M 
HClO4 for catalysis. 

is obscured by the bands from the remaining aromatic residues." 
Although the proline band is unusually strong in HRG, we note 

that it is discernable in other protein UVRR spectra that have 
been published. For example, a ~ 1460-cm-1 band of significant 
intensity can be seen21 in 218-nm-excited spectra of cytochrome 
c which contains three (tuna) or four (horse) proline residues in 
a 13 kD polypeptide chain. This band was assigned to CH2 

bending (plus a very small tryptophan contribution) as have other 
bands in this region which have been seen in visible excitation 
Raman spectra of proteins and peptides,15 including polyproline.22 

It seems unlikely, however, that CH2 bending vibrations are 
significantly enhanced with 218-nm excitation, while the sensitivity 
for proline residues is high. Evidence is presented below in ri­
bonuclease A spectra that a small number of proline residues can 
be detected. 

B. Cis/Trans Proline Frequencies. When polyproline is placed 
in 1:9 H20-propanol containing 0.15 M HClO4, it converts from 
polyproline II to polyproline I.23 The interconversion rate follows 
zero-order kinetics, indicating a "zipper" mechanism, and depends 
on polymer length (many hours for long chains24). Figure 5 shows 
the 218-nm-excited polyproline RR spectrum in this solvent. With 
increasing incubation time, a band at 1435 cm"1 gradually grows 
in at the expense of the 1465-cm"1 band. While the signal-to-noise 
ratio in these spectra is not as high as one would like, the increase 
in the 1435/1465 cm"1 scattering ratio is unmistakable and has 
been confirmed in repeated experiments. We attribute the new 
band to polyproline I. The conversion is not quantitative; the 
position of the equilibrium as well as the rate depends on the 
solvent.23 The approximately equal 1435/1465 cm"1 band in­
tensities seen after 1 day do not change significantly with longer 
incubation times. Since polyproline I and II contain cis and trans 
imide bonds, respectively, we associate the 1435- and 1465-cm"1 

frequencies with the imide II vibration for cis and trans confor­
mations, at least in the polyproline structure. It is known that 
the amide II frequency of cis peptides is ~ 100 cm"1 lower than 
that of trans peptides.15 Consequently the shift observed for 
polyproline I is in the right direction. The smaller extent of the 
shift for proline suggests a smaller C-N stretching force constant 

(20) Caswell, D. S.; Spiro, T. G. J. Am. Chem. Soc, in press. 
(21) Copeland, R. A.; Spiro, T. G. Biochemistry 1985, 24, 4960. 
(22) Rippon, W. B.; Koenig, J. L.; Walton, A. G. / . Am. Chem. Soc. 1970, 

92, 7455. 
(23) Steinberg, I. Z.; Harrington, W. F.; Berger, A.; SeIa, M.; Katchalski, 

E. J. Am. Chem. Soc. 1960, 82, 5263. 
(24) Torchia, P. A.; Bovey, F. A. Macromolecules 1971, 4, 246. 
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Figure 6. 218-nm-excited UVRR spectra of ribonuclease A (~2 mg/ 
mL) in 50 mM phosphate buffer at the indicated pH's. The spectra are 
each the sum of 7 scans collected over 0.05-A increments. 

change, consistent with the smaller thermodynamic destabilization 
of the cis bond in proline relative to other peptides (see intro­
duction). 

This result differs, however, from that of Hudson and Mayne," 
who reported strong bands at —1485 and —1515 cm"1 in the 
218-nm-excited Raman spectra of linear and cyclic glycyl-L-
proline, respectively. These frequencies are substantially higher 
than those that we observed for polyproline, or HRG, and to the 
extent that the cyclic gly-pro structure models a cis proline linkage, 
the shift is in the wrong direction. We have no explanation for 
this discrepancy, which merits further study. 

Figure 6 shows 218-nm-excited RR spectra of ribonuclease A 
in H2O at pH 7.0 and 1.5. This protein (12.6 kD) contains four 
proline, three phenylalanine, six tyrosine, and no tryptophan 
residues. The 1611-cm"1 band is again a superposition of phe and 
tyr vu modes. There being no tryptophan we can attribute the 
1004-cm"1 band to phe, the 1182- and 1212-cm"1 bands to phe 
and tyr, the 1269-cm"1 band to tyr, and the 1245- and 1562-cm"1 

bands to amide III and II modes of the non-proline residues.21 

In the native protein, two of the four proline residues have cis-imide 
bonds,25 but when the protein is denatured, a small percentage 
(~20%) is believed, on the basis of isomer-specific proteolysis, 
to convert to trans (while at least one of the rra/w-prolines remains 
100% trans).25 At pH 7 there is a clear proline imide II band 
at 1458 cm"1, which shifts up to 1466 cm"1 at pH 1.5. This shift 
can be seen in the Figure 6 inset showing superimposed high-
resolution scans at pH 7 (light trace) and pH 1.5 (heavy trace). 
The band is broad, due to the differing proline configurations, 
but the shift of the band contour is clear, in comparison with the 
constant 1611-cm"1 band. The shift is in the right direction for 
cis —• trans isomerization, and it is significant considering the small 
percentage of prolines believed to undergo isomerization. 

The 1466-cirT1 frequency observed at pH 1.5 is the same as 
that of polyproline II, but the 1458-cm"' frequency at pH 7 is 23 
cm"1 higher than the polyproline I frequency, although native 
ribonuclease is known to contain 50% cw-prolines. This difference 
may be due to a different C-N force constant in polyproline I 
than for an isolated cis protein in a polypeptide chain, or it may 

(25) Li, L.-N.; Brandts, J. F. Biochemistry 1984, 23, 5713. 
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be due to vibrational coupling between adjacent proline residues 
in polyproline. It is interesting that the proline band in H R G is 
at 1457 cm ', the same frequency as in native ribonuclease, al­
though the proline bonds in H R G are suggested on the basis of 
circular dichroism measurements to be trans.26 Thus there ap­
pears to be some variability for the proline frequency among 
residues with the same imide isomer. This may also contribute 
to the breadth of the band in protein spectra. It is evidently not 
possible to associate proline conformation uniquely with fixed 

(26) Morgan, W. T. Biochemistry 1985, 24, 1496. 

In Reston, VA, 1980, a gathering of American chemists' was 
challenged to devise methods for destroying some of the most 
noxious compounds known to man, compounds which a saner 
world would never produce. These are the phosphate esters and 
related phosphorus(V) materials known as nerve agents (e.g., GD 
or "Soman") and used in chemical weaponry. Owing to our 
interest in catalysis,2 especially in reactions of biologically im­
portant systems such as phosphate esters, we undertook the 
challenge and began developing catalysts that hydrolyze phos-
phorus(V) substrates. The first of these,3 dubbed Atlanta-1 or 
Al, operates by (a) binding noncovalently a phosphate ester, (b) 
accepting the phosphoryl group on one of its hydroxyls, and (c) 
dephosphorylating to produce an aldehyde that immediately re­
generates the original Al. Thus, true catalysis or "turnover" was 

O CH3 

CH — O — P — F CH3(CH2J11 N—CH2CH 

(CH 3 J 2 CH^ I I ^ O H 
CH3 CH3 

GD A 1 

achieved, one of our major goals. The overall rate enhancement 
with 8 mM Al was substantial (1800-fold), yet we set our sights 
on attaining even greater reactivity. This led to the synthesis of 
an entirely different catalyst, A2, whose remarkable properties 
are described below. 

CH3(CH2J13 / — \ CH3 

N. 2*..N '2Cl 

CH3 ^
 C u ^ C H 3 

A2 

Experimental Section 
Synthesis. Preparation of Ar,Ar,Ar'-Trimethyl-Ar'-tetradecylethylene-

diamine. 7V,JV,7V'-Trimethylethylenediamine (12.0 g, 0.12 mol) and 1-

1 Emory University. 
'U.S. Army Chemical Research and Development Center. 
' On leave from University of Malaya. 

0002-7863/87/1509-2800S01.50/0 © 

Raman frequencies. Nevertheless the distinct frequency difference 
observed for ribonuclease A at pH 7 and 1.5 indicates that UVRR 
spectroscopy may be quite useful in monitoring specific proline 
isomerization processes. 

Acknowledgment. We thank Dr. William T. Morgan of the 
Louisiana State Medical Center for a generous gift of histidine-rich 
glycoprotein. This work was supported by N S F Grant C H E 
79-09433 and N I H Grant GM25158. 

Registry No. Proline, 147-85-3; polyproline, 25191-13-3; ribonuclease 
A, 9001-99-4; polylysine, 25104-18-1. 

bromotetradecane (14.0 g, 0.05 mol) in 70 mL of absolute ethanol were 
refluxed for 10 min. A solution of NaOH (2.4 g in 4 mL of water) was 
added, and the mixture was further refluxed for 5 h, cooled, and shaken 
with a solvent mixture consisting of 20 mL of 1-butanol, 20 mL of 
benzene, and 100 mL of water. The organic layer was removed and 
washed with 120 mL of water (creating an emulsion that required several 
hours standing to separate). After removing the volatiles from the or­
ganic layer with the aid of a rotary evaporator, we distilled under reduced 
pressure the residue at 150-170 0 C and 0.25 mmHg. An initial cut of 
4.7 g (containing considerable amounts of alkyl bromide) was dissolved 
in 100 mL of ether and treated with dry HCl gas to generate a hydro­
chloride salt that precipitated from solution. The salt was removed by 
filtration and washed with ether. Free amine was isolated with use of 
aqueous base and an ether extraction in the usual manner. A second cut 
from the vacuum distillation (3.7 g) was virtually pure amine. The 
combined product, 7.7 g, had satisfactory 'H and 13C NMR spectra. No 
attempt was made to optimize yields. Anal. Calcd for Ci9H42N2: C, 
76.43; H, 14.18; N, 9.39. Found: C, 76.52; H, 14.11; N, 9.29. 

CuCl2 Complex of A^A'jN'-Trimethyl-./V'-tetradecylethylenediamine 
("A2"). A solution of diamine prepared above (0.99 g, 3.3 mmol) in 10 
mL of absolute ethanol was added slowly with magnetic stirring to a 
filtered solution of anhydrous CuCl2 (0.55 g, 4.1 mmol) in 15 mL of 
absolute ethanol. The resulting precipitate was washed with four portions 
of cold absolute ethanol (30 mL each), recrystallized from absolute 
ethanol or methanol-ether, and dried in a desiccator at 72 0C for 1 h to 
give material with mp 104-105 0C dec. Anal. Calcd for 
C19H42Cl2CuN2: C, 52.70; H, 9.78; N, 6.47. Found: C, 52.66; H, 9.81; 
N, 6.44. 

JV,./V'-Dimethyl-./V,./V'-ditetradecylethylenediamine. A'.TV'-Dimethyl-
ethylenediamine (2.0 g, 0.023 mol) and 1-bromotetradecane (18 g, 0.065 
mol) dissolved in 50 mL of absolute ethanol were refluxed for 15 min. 
A solution of NaOH (2 g in 3 mL of water) was then added dropwise 
over a period of 5 min after which the solution was further refluxed for 
6 h. TLC analysis indicated that after this time period most of the initial 
diamine had reacted. A mixture composed of 40 mL of benzene, 40 mL 
of 1-butanol, and 200 mL of water was next added to the filtered reaction 
mixture. The resulting organic layer was separated, reduced in volume 
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Abstract: Two long-chained cupric ion complexes were synthesized and found to possess remarkable catalytic activity toward 
phosphate triesters, diesters, and other phosphorus(V) compounds (including some particularly toxic and persistent materials). 
The complexes form "metallomicelles" which bind substrates with enzyme-like efficiency (K^x > 105 M). Rate accelerations 
approach the 105-fold level with turnover behavior. Possible reasons for the huge rate accelerations include enhanced electrophilicity 
of the micellized metal (demonstrated by polarography) and enhanced acidity of copper-bound water (demonstrated by rate 
vs. pH studies). 


