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background effects 1601 reflections were judged observed, IFd > 
3u(F,J. Three standard reflections were measured every hour and 
these showed no appreciable decline. The quantity u(FJ was com- 
puted from / [ I  + ~ ( l ) ] & } l ' ~  - Fol* and u(1) was computed from 
[total count + background count + 0.05(total count)2 + 0.05(back- 
g r o ~ n d ) ~ ]  1'2. 

Determination and Refinement of Structure.  The observed 
structure factor amplitudes (IFJ 2,  were converted to normalized 
structure factors by removing the angular dependence of the re- 
f lect ion~. '~  The solution of this 36 atom problem in the space 
group PI presented a severe challenge to direct methods. The larg- 
est 150 E's ( E  2 1.6) were assigned phases using the multisolution 
tangent formula a p p r ~ a c h . ' ~  Of the resultant 32 solutions the one 
with the lowest residual was used to generate a Fourier map. 
The map was discouraging in that it resembled a continuous net of 
hexagons resembling chicken wire. The only encouraging aspect 
was the absence of outstandingly large peaks which meant that not 
much information had been destroyed by the squaring effect.2O 
Nevertheless attempts to expand the model from various plausible 
fragments failed both through the use of the tangent formulaz1 and 
through difference Fourier calculations using only those structure 
factors for which F, 2 0.5F,. In both methods and for every frag- 
ment the model could not be forced to  give additional atomic posi- 
tions. Finally least-squares refinements with unit weights22 did ex- 
pand a 13-atom fragment into all 36 nonhydrogen atoms. Many cy- 
cles of least-squares refinements with anisotropic temperature fac- 
tors for the nonhydrogen atoms and fixed-hydrogen atoms lowered 
the conventional discrepancy index to 0.048 for the 1601 observed 
reflections. Figure 2 is a computer generated perspective drawing 
of the final X-ray mode.23 The absolute configuration is based on 
the negative Cotton effect CD measurement as only the relative 
configuration was determined by the diffraction experiment. (The 
estimated standard deviation in the bond lengths given in Table 
IV is 0.01 A.) Table I11 is a listing of the fractional coordinates. 
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Of the two classes of phosphono dipeptide derivatives, three new parent dipeptides were synthesized using a 
new method followed by the removal of the protective groups and were characterized by elemental and detailed 
nmr analyses. In addition, for two dipeptides containing amide linkages and terminal phosphonic acid groups the 
pK,'s and metal binding constants were determined. The peptides containing phosphonamide linkages could not 
be obtained in the free state because of their sensitivity toward acids and bases. 

The recent isolation of 2-aminoethylphosphonic acid 
(2AEP) from several organisms2a-e and  human beingsZf,g 
has clearly shown that aminophosphonic acids are  biologi- 
cally an  impor tan t  class of compounds. Early publications 
of t h e  natural  occurrence of 2-aminoethylphosphonic acid 
suggested participation of the compound in lipid struc- 
tures,2a-e,:i bu t  Quin4 showed that occurrence in protein 
structures was also possible. Quin suggested5 that the ami- 
nophosphonic acids could form pa r t  of polypeptide chains 
by  amide formation through either one or bo th  of their  
amino  and  phosphonic acid groups. 

In  a preliminary communication6 we reported the prepa- 
ration of t h e  derivatives of several members  of two classes 
(1 and  2) of phosphonic acid dipeptides. Th i s  note provides 

0 0 
/ I  t 

NH2CH,CNH-(CHR),POgH? NH,CH,PNH-CH,COOH 

OH 1 
2 

R = H or CH, 
n = l o r 2  

complete details  for the removal of the protective groups; 
describes the isolation of three new dipeptides, glycyl-l- 
and 2-aminoethylphosphonic acid and glycylaminomethyl- 
phosphonic acid; provides nmr  characterization; and  re- 
ports the proto- and metallophilicity of t h e  dipeptides act-  
ing as ligands. Furthermore,  a much simpler route was 
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Figure 1. Nmr spectra of aminophosphonic acids in D20-NaOD 
solution; A, aminomethylphosphonic acid; B, 1-aminoethylphos- 
phonic acid; C, 2-aminoethylphosphonic acid (assignments in 
texL). 

found for the synthesis of P-terminal phosphono dipep- 
tides in the mixed carboxyliccarbonic anhydride method 
and was used to replace the acylated amino acid chloride 
method. 

Results and Discussion 
CON Peptides. The previously reported condensation of 

the acylated amino acid chloride with the aminophosphon- 
ic acid was abandoned as it proved to be rather tedious, re- 
sulted in low yields, and presented purification problems. A 
new, simpler mixed carboxylic-carbonic anhydride method 
was substituted for the preparation of class 1 peptides as 
shown in eq 1 and 2. 

RNCHR'COOH + R"OCOC1 ---+ 

E t3N 

3 4 
RNCHR'C&-O-COR" (1) 

5 
0 0 
4 + 

5 + NH,CH,P(ONa), - RNCHR'CONHCH,P(ONa), ( 2 )  

The method is similar to the preparation of normal pep- 
tides by the mixed anhydride method,: and essentially con- 
sists in treating a cold anhydrous dioxane solution of the 
acyl (R = phthaloyl or carbobenzoxy) aminocarboxylic acid 
with an equimolar quantity of ethyl chlorocarbonate (4, R" 
= C2H5) in the presence of triethylamine and then adding 
an alkaline solution of the appropriate aminophosphonic 
acid (6).  Since alcohol and carbon dioxide are the only by- 
products of the reaction, the dipeptides were obtained in 
fairly pure form by this method. An added advantage of the 
method is that when the phthalyl or carbobenzoxy8 deriva- 
tive of an optically active amino acid is used as one of the 
reactants, very little optical deactivation occurs in the for- 
mation of the mixed anhydride and hence the dipeptide. 
The removal of the protective phthalyl groups from the 
peptide derivatives was achieved using hydrazine under 
mild conditions. 

PON Peptides. In contrast to the two methods for the 
synthesis of peptides with free phosphonic acid groups as 
described above, the condensation of aminomethylphos- 
phonic acid with N-acylated aminocarboxylic acids in the 
presence of dicyclohexylcarbodiimide (DCC) failed. Per- 
haps the aminophosphonic acids are too acidic for this 
reaction to occur. Evidence for this interpretation comes 
from the observation that aminophosphonic acid esters do 
condense with N- acylated aminocarboxylic acids in the 
presence of DCC.9 

The peptide of the type represented by 2 was found to be 
more difficult to synthesize than are the peptides repre- 

6 7 

sented by 1. N- Acylated aminophosphonic acids were 
found not to condense with ethylglycinate in the presence 
of dicyclohexylcarbodiimide. Hence an alternate route for 
the synthesis of P-N peptides was developed as outlined 
earlier6 by activating the phosphorus ester group with 
phosphorus pentachloride to form the phosphonochlor- 
idate intermediate, which in turn was reacted with the gly- 
cine ester. 

The removal of the phthalyl group from the peptide 8 
was found to be difficult because of the sensitivity of the 
P-N bond even to mild acids. Thus when 8 was allowed to 
stand in hydrochloric acid-acetic acid mixture for a short 
time (-30 min), the half-ester 9 separated out. The hydrol- 
ysis reaction is represented by eq 3. 

RCI 
0 

t n m  
N-CH2-P--NH-CH2-COOC2H, __* 

I 4 0 OC,H4l) 

8 
0 

9 

Nmr Spectra. The nmr spectra of the two classes of 
peptides and their derivatives provided clear proof of their 
structures. A comparison of the spectra of the dipeptides 
with those of the corresponding amino and aminophos- 
phonic acids is very useful in identifying *the resonances 
and understanding the complex spin-spin interactions be- 
tween the protons and the 31P nucleus. All the nmr spectra 
were obtained in solvents consisting of DzO with added so- 
dium deuteroxide in order to avoid complications due to 
pH dependence. In the spectrum of aminoethylphosphonic 
acid the -CH2 protons are split into a doublet, T 7.33 and 
JP-H = 11 Hz, by the 3 I P  nucleus. The spectrum of 1-ami- 
noethylphosphonic acid is more complex. The -CW proton 
signals are split into an octet (T 7.08 and JP-H = 10.4 Hz); 
the quartet expected from the JH-H spin-spin interaction 
with the -CH3 protons is further split by the spin of one- 
half of the nucleus as shown in Figure 1. Similarly the 
-CH3 proton signal is split into a quartet (T 8.74 and JP-H 
= 7 Hz) by long-range coupling with the 31P nucleus. In the 
spectrum of 2-aminoethylphosphonic acid a quartet ( T 6.98 
and JP-H = 8 Hz) and quintet (T 8.27 and JP-H = 16 Hz) 
are observed for the N-CHz and the -CHz-P protons, re- 
spectively. These multiplets for the methylene protons are 
separately a composite of six lines (as shown in Figure 1) 
with'some of them overlapping one another. Here again 
these multiplets arise from the secondary splitting of the 
spin-spin interactions of the -CH2 protons +with the 31P 
nucleus. 

The spectra of the dipeptides contain the same features 
as those of the corresponding phosphonic acids in addition 
to the singlet due to the -CH2 group of the amino acid moi- 
ety. In the nmr spectra of all the free dipeptides containing 
terminal phosphonic acid groups the signal for the -CHZ 
group of the aminocarboxylic acid moiety overlaps the sig- 
nals due the -CH,-P (n  = 1 or 2) protons. Thus the spec- 
trum of glycylaminomethylphosphonic acid consists of 
only two lines (Figure 2; JP-CH = 11 Hz). Similar features 
are seen in the spectra of the other two peptides. Thus in 
the case of the Gly-1-Aep peptide, JP-CH = 10.2 Hz and 
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Table Ia 
Log Equilibrium Constants for Gly-Amp (HzL), Gly-2-Aep (HzL), Gly-Gly (HL), and 

Gly-P-Ala (HL) at 25.0 f 0.05" and p = 0.100 M KN03 

Equl ibr ium quotient Gly-Ampb GIy-2  -A.epb G l y - G l p  G l y - P A l a c  

8.32 (1) 
6.84 (1) 

8.07 8.09 
3.13 3.91 

cu2+ 
21 2+ 2- 2 -  2+ 2+ c u27 NI2+ C02+ c u  N1 c o  c u  NI c o  

K,, = [MJJl/[MI[Ll 6.86 (1) 4.75 (1) 3.68 (1) 7.55 (1) 4.44 (1) 3.53 (1) 5.50 4.05 3.01 5.70 
KMHL = [MHL]/[ML][H] 5.19 (1) 5.79 (1) 6.29 (1) 5.21 (1) 6.64 (1) 6.87 (1) 6.29 
KA = [ML]/[MH.1L][H] 5.17 (1) 5.26 (1) 4.07 4.57 
0 Gly-Amp is glycylaminomethylphosphonic acid; Gly-2-Aep is glycyl-2-aminoethylphosphonic acid; Gly-Gly is glycylglycine; Gly-0- 

Ala is glycyl-@-alanine. This work. Reference 15. 

Figure 2. Nmr spectra of free phosphono dipeptides with terminal 
phosphonic acid group in NaOD solution; A, glycylaminomethyl- 
phosphonic acid; B, glycyl-1-aminoethylphosphonic acid; C, gly- 
cyl-2-aminoethylphosphonic acid (assignments in text). 

JP-CH? = 7 Hz, and the Gly-2-Aep peptide, J C N ~ - C H ~  = 10 
Hz and JP-CH~ = 16 Hz. (More detailed nmr data on the 
compounds are given in the Experimental Section.) 

p&'s and Stability Constants. Due to the importance 
of the dipeptides synthesized in this work both the pK,'s 
and log stability constants with three representative metal 
ions were determined by potentiometric measurements a t  
25' and = 0.1. The results are indicated in Table I to- 
gether with literature values of analogous compounds 
alongside for comparison purposes. 

A comparison of each log KIH value for the phosphono 
dipeptides with the values of the ordinary dipeptides of 
Table I indicates its assignment to the protonation of the 
terminal amino group. Similarly, log KzH can be concluded 
to represent the protonation of the terminal P group. 

The further comparison of the log K M L  data with the 
available data indicates that copper affinity increases one 
order of magnitude when a terminal phosphonate group is 
substituted for a carboxylate in a peptide. For  Ni(I1) and 
Co(I1) the increase is less dramat,ic. 

A comparison of log K M H L  values with the corresponding 
log K2H values strongly suggests that in the two CuHL che- 
lates, Cu2+ is coordinated to the terminal amino group as 
well as to the peptide carbonyl. Likewipe, in the NiHL and 
CoHL chelates the initial bonding must be to the P032- 
terminal and amido-0 groupings explaining the approxi- 
mately 2 log unit drop in the terminal N acidity constants. 
The case of glycylglycinenickel(I1) corroborates this find- 
ing.ls 

Only copper(I1) ion assists in the dissociation of the 
amidic proton present in each peptide ( K A ) ,  presumably 
because higher pH's result in M hydrolysis before thia phe- 
nomenon could be observed. 

Experimental Section 
The reagents benzene, ether, tetrahydrofuran (THF), chloro- 

form, and triethylamine used in the P-N peptide synthesis were 
completely dried before use. Triisopropyl phosphite was donated 
by Mobil Chemical, Richmond, Virginia, and was redistilled a t  88' 

(33 mm) before use. The melting points given are uncorrected. The 
nmr spectra were recorded using a Varian T-60 nmr spectrometer. 
Elemental analyses were provided by Galbraith Laboratories, 
Knoxville, Tenn. 

Phthalylglycine (Phtgly). Finely powdered phthalic anhy- 
dride (74 g, 0.5 M )  and glycine (37.5 g, 0.5 M )  were thoroughly 
mixed together and heated in an erlenmeyer flask to 145-150" for 
0.5 hr over an oil bath. The fused mass was crystallized from meth- 
anol-water: mp 194 (lit.lo 192-194); yield 90 g (90%). 
Phthalylglycylaminomethylphosphonic Acid (Phtglyamp). 

A solution of 4.10 g (0.020 M )  of phthalylglycine and 2.04 g (0.020 
M )  of anhydrous triethylamine in 40 ml of dry p-dioxane was 
cooled to -5" and treated with 2.17 g (0.020 M )  of ethyl chlorofor- 
mate. After 25 min of mixing a cold solution of 2.22 g (0,020 M )  of 
aminomethylphosphonic acid and 1.06 g (0.020 M )  of anhydrous 
sodium carbonate in 20 ml of water was added and the mixture was 
stirred for 3-4 hr allowing it to warm to room temperature. The 
mixture was acidified with concentrated hydrochloric acid and 
cooled, and the product that separated out as white crystalline ma- 
terial was filtered and dried. Any unreacted phthalylglycine was 
removed with hot ethylacetate and the product was recrystallized 
from alcohol-water: yield 4.5 g (75%); mp 195'; nmr (NaOD) 2.43 

Phthalylglycyl-I-aminoethylphosphonic Acid (Phtgly-l- 
Aep). The procedure employed was similar to that described for 
phtglyamp. The carboxylic-carbonic anhydride formed by the 
reaction of 4.10 g (0.020 M )  of phthalylglycine, 2.04 g (0.020 M )  of 
triethylamine, and 2.17 g (0.020 M )  of ethylchloroformate was 
treated with a neutral solution of 2.50 g (0.020 M )  of l-aminoethyl- 
phosphonic acid for 3 hr. The product was acidified and cooled, 
and the peptide was filtered off and was recrystallized: yield 4.1 g 
(66%); mp 225'; nmr (NaOD) 2.40 (s, 4, C&), 5.92 (s, 2, N-CH2- 
CO), 6.01 (m, 1, CH-P), 8.75 (4, 3, -CH3). 
Phthalylglycyl-2-aminoethylphosphonic Acid (Phtgly-2- 

Aep). The procedure employed is similar to that employed for the 
preparation of Phtglyamp. The mixed anhydride formed by the 
reaction between 4.10 g (0.020 M )  of phthalylglycine, 2.04 g (0.020 
M )  of triethylamine, and 2.17 g (0.020 M )  of ethyl chloroformate 
was allowed to react with a neutral solution of 2-aminoethylphos- 
phonic acid for 3 hr. The product was acidified and cooled, and the 
phthalyldipeptide obtained was filtered and recrystallized from al- 
cohol-water: yield 4.2 g (67%); mp 236-238'; nmr (NaOD) 2.30 (s, 

8.40 (m, 2. NH-CHz). 
Dephthalylatin. The following procedure is representative of 

those employed for the dephthalylation of the phthalyated dipep- 
tides. 
Glycylaminomethylphosphonic Acid (Glyamp). Phthalylgly- 

cylaminomethylphosphonic acid (4.8 g, 0.016 mol), 1.0 g of sodium 
carbonate, and 1.0 ml of hydrazine were mixed with about 30 ml of 
distilled water and the clear mixture was stirred for 40 hr a t  room 
temperature. The precipitated phthalyl hydrazide was removed 
after acidifying with 15 ml of concentrated hydrochloric acid. On 
concentrating the filtrate, sodium chloride and hydrazine hydro- 
chloride separated out. The addition of alcohol to the filtrate re- 
sulted in the separation of the free dipeptide. It was recrystallized 
from a water-alcohol mixture: yield 1.5 g (30%). 

(1) Glyamp: mp 205' dec; nmr* (NaOD) 6.67 (s, 2, NHz-CHd, 
6.71 (d, 2,  CH2-P). Anal Calcd for C S H ~ N ~ O ~ P H ~ O ;  C, 19.46; H, 
6.00; N, 15.14; P, 16.73. Found: C, 19.28, H, 5.95; N, 14.94; P,  16.78. 

(2)  Gly-1-Aep: rnp 235' dec; nmr (NaOD) 6.42 (s, 2,  NHaCHd, 

(s, 4, CsHd), 5.90 (s, 2, N-CH2-CO), 7.70 (d, 2, -CHpP).  

4, CsHd), 5.58 (s, 2, N-CHpCO), 6.33 - 6.73 (4, 2, CH2-P), 7.82 4 
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6.22 - 6.68 (m, 1, NH-CH-P), 8.30 - 8.80 (q, 3, -CH3). Anal. 
Calcd for C4HllN204P: C, 26.37; H, 6.08; N, 15.38; P, 17.00. Found: 
C, 26.19; H, 5.92; N, 15.20; P, 17.10. 

(3) Gly-2-Aep: mp 250' dec; nmr (NaOD) 6.37 (s, 2, NHz-CHz), 
8.03 - 8.62 (m, 2, NH-CHz), 6.30 - 6.82 (m, 2, CH2-P). Anal. 
Calcd for C4HllN204P: C, 26.37; H, 6.08; N, 15.38; P, 17.00. Found: 
C, 26.46; H, 6.11; N, 15.33; P, 16.89. 
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The stereospecific synthesis of the diastereoisomeric 2-phenyl-3-methyloxetanes 7 and 8 has been achieved 
from the corresponding 1,3-diols through their monotosylates. The relative configurations of 7 and 8 have been 
unequivocally established by an extensive study of their nmr spectra. The assignment of the proton resonance sig- 
nals has been effected on the basis of the shielding effects and of the coupling constants, and confirmed through 
additive shielding parameters. By using the JtranslJcls ratio it has been possible to obtain some informations on 
the conformational preference of the oxetane ring in the examined compounds. 

The stereochemistry of the ring opening of small ring 
heterocycles such as ox i r ane~ l -~  and a ~ i r i d i n e ~ , ~  in acid 
media is well known and documented. However, practically 
no information is available on the steric course of the anal- 
ogous reactions of oxetanes.6 Furthermore no "stereospe- 
cific" synthesis of diastereoisomeric couples of oxetane has 
been reported and only a few pairs of diastereoisomeric ox- 
etanes have been prepared.7 Since we are strongly inter- 
ested in the study of mechanism and stereochemistry of the 
ring opening of small ring  system^,^^^ it was thought desir- 
able to prepare and study diastereoisomerically pure oxe- 
tanes of unquestionable configuration. Oxetanes 7 and 8 
appeared as promising substrates for this purpose and their 
synthesis and stereochemical characterization was the aim 
of this work. 

The Reformatsky reaction of benzaldehyde and ethyl 2- 
bromopropionate gave a mixture of the diastereoisomeric 
esters e r y t h r o -  1 and t h r e o - 2  whose relative configurations 
were deduced from their nmr spectra on the basis of the 
higher coupling constant of the benzylic proton for the 
threo isomer 2,  as found for the corresponding methyl es- 
tem8 On the other hand reduction of 1 and 2 with LiAlH4 
afforded the known diols ery thro-  3 and threo-  4 . 8 ~ 3  Reac- 
tion of 3 and 4 with p -  toluenesulfonyl chloride in pyridine. 
gave the respective monotosylates 5 and 6. The constitu- 
tion of 5 and 6 could be inferred by the known fact that 

tosyl chloride should react preferentially with the primary 
rather than with the secondary hydroxyl group,*O and con- 
firmed from their nmr spectra. In fact whereas the chemi- 
cal shift of the signals of the benzylic proton is almost the 
same for the diols 3 and 4 and the corresponding tosylates, 
the signals of the protons of the methylene group are shift- 
ed toward low field in the cases of tosylates. Treatment of 5 
and 6 with potassium t e r t -  butoxide in t e r t -  butyl alcohol a t  
room temperature led to the diastereoisomerically pure ox- 
etanes 7 and 8. The configurations of oxetanes 7 and 8 were 
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deduced from their method of synthesis. The complete 
stereospecificity of the formations of oxetanes 7 and 8 is in  
accordance with the mechanism of their formation from 5 


