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Abstract: Structural parameters of the title compounds along with those of similar systems reported earlier can be related by 
means of hybridization considerations to the decrease in basicity of phosphorus realized upon constraint of the alkoxy groups. 
It is concluded that the :P(OCH7)3CR cage is essentially unstrained but that oxidation to 0=P(OCH2)3CR induces stress 
primarily in the POC angles. In O=P(OCH2)2C(CH3)0 (2), however, compression of both the OPO and POC angles is ob­
served. The unit cells were found to be orthorhombic, P2,2,2„ a = 5.823 (1), b = 7.956 (1), and c = 16.695 (2) A, and Pnma, 
a = 8.928 (1), b = 8.148 (1), and c = 8.410 (I)A, for P(0CH2)3CCH2Br and 2, respectively. Final R factors using anisotropic 
temperature factors with inclusion of the hydrogen positions are 0.036 and 0.028 for 602 and 379 reflections, respectively, mea­
sured on a Syntex P2i diffractometer. 

The decreasing Lewis basicity of the trivalent phosphorus 
lone pair in the series 

:P(0Me), > 
MeO 

> :P R > 

has been established from studies of the trends in BH3 adduct 
equilibria,2 ' / P H values of the protonated forms,3 BH 
stretching frequencies of the BH3 adducts,4 and the CO5 and 
NO 6 stretching modes of their transition metal complexes. 
While this basicity trend is somewhat surprising in view of the 
decreasing steric encumbrance experienced by a BH3 group 
or a transition metal upon coordination of these bases, the re­
sults can be accounted for in terms of a "hinge effect"7 and 
orbital symmetry arguments8 (vide infra). 

Germane to the problem of the basicity decrease upon mo­
lecular constraint, as well as the unusually high toxicity of 
P(OCH2)3CR,9 is the question of increased strain in a caged 
phosphorus ester. We therefore undertook the molecular 
structure determination of 1 and 2. In contrast to the relative 

CH,Br O = P 

MeO'' ^ 0 -

»C6H, 

'C6H-, 

ease in obtaining solid state structural analyses for pentavalent 
phosphorus esters, trivalent phosphorus esters tend to be 
low-melting substances which turn into glasses on cooling or 
they are reluctant to form suitable crystals. The x-ray structure 
determination of 3 which appeared recently10 constitutes the 
first such structural report on this class of compounds. Electron 
diffraction experiments on triethyl and trivinyl phosphite1' 
produced bond angle data too crude for purposes of compari-

In this paper it is shown from the structural data that 1 ap­
pears to be quite strainless but that polarization of the phos­
phorus lone pair as in 4 induces strain primarily by bending of 
the POC angles. The structural parameters of 2 further con­
firm the operation of such a "hinge effect"7 in polycyclic 
phosphorus triester systems and also show that the additional 
stress imposed by a one-atom bridge in this molecule forces 
phosphorus to rehybridize appreciably in contrast to 4. 

0 

O = P 

Experimental Section 

Preparation of 1. In a 250-ml round-bottom flask were reacted 5.0 
g (0.025 mol) of BrCH2C(CH2OH)3

12 and 3.2 g (0.026 mol) of tri-
methyl phosphite under conditions described previously.13 A 69% yield 
of product (mp 80-82 0C) was isolated by sublimation at 50° and 0.1 
mm of pressure. The proton NMR spectrum in CDCl3 (5CH2 4.07 
d (3), VPH = 3 Hz; 5CH2 3.01 s (I)) and proton decoupled 531P 
(-91.8 ppm downfield from external 85% H3PO4) were consistent 
with a bicyclic structure. Parent ion peaks in the correct isotopic ratio 
were observed at m/e 226 and 228 in the mass spectrum. 

Preparation of 2. This compound was prepared as has been pre­
viously reported.36 

Data Collection. Crystals of 1 were grown by sublimation onto a 
water-cooled probe at 40-50° and 0.1 mm. A columnar crystal, 0.13 
X 0.28 X 0.35 mm, was selected for data collection and mounted in 
a Lindeman capillary to protect it from atmospheric moisture. 

Suitable crystals of 2 were obtained from a methylene chloride 
solution to which ethyl ether was added to the cloud point followed 
by cooling to —78 0C overnight. From the soft needles formed, a 
fragment, 0.12 X 0.22 X 0.51 mm, was mounted in a Lindeman cap­
illary to eliminate hydrolysis from atmospheric moisture. 

Data from both crystals were taken using a Syntex P2i automated 
four-circle dffractometer operating with graphite monochromated 
Cu Ka radiation (X 1.5418 A). Preliminary examination of the crystals 
showed them both to be orthorhombic with unit cells, 1, a = 5.823 (1), 
b = 7.956 (1), and c = 16.695 (2) A, and 2, a = 8.928 (l),ft = 8.148 
(1), and c = 8.410(1) A. 

A measured density for crystals of 2 of 1.62 g/ml agrees well with 
a density of 1.629 g/ml calculated on the basis of four molecules per 
unit cell. No satisfactory medium was found for the density mea­
surement of 1 owing to its high degree of solubility. 

A variable oj-scan technique (1.0°/min minimum scan speed) was 
employed to measure 661 reflection intensities of 1 within a 26 sphere 
of 114.1° (sin 6/\ = 0.544 A"1). Of these reflections 602 were judged 
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Solution and Refinement. Routine application of MULTAN as de­
scribed by Germain et al.14 to data for 1 located the bromine and 
phosphorus positions. Least-squares refinement15 of these positions 
resulted in conventional weighted and unweighted discrepancy factors, 
R and J?w, of 0.287 and 0.304. From the phosphorus-bromine phased 
electron density calculations,16 the positions of the remaining non-
hydrogen atoms were located and refined to R = 0.119 and Ry1 = 
0.146. Isotropic refinement of positional and temperature factors did 
not change the agreement factors greatly (J? = 0.112 and /?w = 0.136) 
but anisotropic treatment of the model resulted in R = 0.046 and /?w 
= 0.042. A Fourier-synthesis difference calculation16 allowed all of 
the hydrogen atom positions to be found. Final refinement of all po­
sitions and temperature coefficients produced R = 0.036 and /?w = 
0.032. 

Solution of the structure of 2 was also begun with the use of MUL­
TAN. The phosphorus position was found from the solution and was 
refined by least-squares methods to R = 0.546 and R* = 0.563. All 
of the non-hydrogen atoms were easily located in the phased elec­
tron-density calculation. Refinement resulted in agreement factors 
of 0.165 and 0.197 for R and Rw, respectively. Subsequent refinement 
with isotropic temperature factors (R = 0.121 and Rv = 0.146) fol­
lowed by anisotropic temperature factors (R = 0.056 and R„ = 0.058) 
produced a difference Fourier synthesis from which all of the hydrogen 
atoms were located. Final refinement of the structure model resulted 
in agreement factors of R = 0.028 and Rw = 0.028. 

Figures 1 and 2 show computer17 drawings of the molecular 
structures of 1 and 2, respectively. The final positional and an isotropic 
temperature coefficients for these molecules are listed in Tables I and 
II, while their intramolecular bond distances and angles appear in 
Tables III and IV. The final observed and calculated structure factor 
amplitudes have been tabulated in the supplementary material.'8 The 
atomic scattering factors used in these refinements were those of 
Hanson et al.19 Real and imaginary corrections for anomalous dis­
persion20 for bromine and phosphorus were also used in the calcula­
tions. 

Discussion 

The average of the POC (117.5°) and OPO (100.1°) bond 
angles in 1 compare very favorable with the exocyclic POC 
angle (117.5°) and the average of the exocyclic OPO angles21 

(100.8°) of 3. Similarly, the averages of the CO (1.446 A) and 
PO (1.615 A) bond lengths of 1 are very close to those in 3 
(1.449 and 1.623 A, respectively). These results are confir­
matory of our earlier suggestion53 that there is little if any 
strain in caged phosphite esters such as 1. 

Despite the lack of strain in 1, the positive charge on the 

Table I. Final Positional" and Anisotropic Temperature* Factors of P(OCH2)3CCH3Br 

Atomc 

Br 
P 
0(1) 
0(2) 
0(3) 
C(I) 
C(2) 

C(3) 
C(4) 
C(5) 
H(I)' 
H(IA) 
H(2) 
H(2A) 
H(3) 
H(3A) 
H(5) 
H(5A) 

X 

0.1258(1) 
-0.2797 (3) 
-0.3281 (9) 
-0.4006(11) 
-0.0144(9) 
-0.2826(12) 
-0.3299(14) 
0.0480(11) 

-0.1664(10) 
-0.1138(15) 
-0.421 (12) 
-0.189(11) 
-0.257(13) 
-0.477(21) 
0.167(12) 
0.114(14) 

-0.240 (20) 
-0.057(14) 

y 

0.2980(1) 
0.8920 (2) 
0.7849 (6) 
0.7740 (6) 
0.8428 (5) 
0.6062 (8) 
0.5989 (9) 
0.6681 (8) 
0.5606 (7) 
0.3734(8) 
0.541 (8) 
0.583 (9) 
0.589(11) 
0.538(13) 
0.644 (8) 
0.645 (9) 
0.311 (16) 
0.342(10) 

Z 

0.4309(1) 
0.3634(1) 
0.4437 (2) 
0.2969 (3) 
0.3480(3) 
0.4411 (4) 
0.2939 (4) 
0.3533 (4) 
0.3634 (3) 
0.3581 (4) 
0.447 (3) 
0.489 (4) 
0.246 (6) 
0.305 (6) 
0.391 (4) 
0.304 (5) 
0.371 (6) 
0.301 (5) 

/30,0' 

41.0(3) 
37.5 (6) 
49.7(21) 
46.9 (22) 
33.1(16) 
28.3 (20) 
35.0(29) 
23.2(19) 
21.7(19) 
34.5 (24) 
0.4(12)/ 
1.2(10) 
2.0(15) 
4.1 (23) 
0.2(10) 
1.5(14) 
4.8 (24) 
2.8(17) 

/3(2,2) 

16.1(1) 
10.6 (2) 
16.2(8) 
16.1 (8) 
11.0(8) 
11.8(9) 
16.0(12) 
14.1 (11) 
10.9(8) 
12.4(10) 

0(3,3) 

4.86 (3) 
3.45 (7) 
3.4 (2) 
4.7 (2) 
5.9 (2) 
2.7 (2) 
2.8 (2) 
2.9 (2) 
2.2 (2) 
3.7(3) 

/3(1,2) 

5.4 (2) 
3.5(3) 
6.6(11) 
8.0(12) 

-2.5 (9) 
-1.7(13) 
2.9(16) 
0.4(11) 

-1.0(11) 
2.0(15) 

/3(1,3) 

-1.36(9) 
0.3 (2) 
4.7 (5) 

-5.5 (6) 
2.0 (5) 
1.1(6) 

-2.0(7) 
0.7 (6) 

-0.9 (6) 
-1.1(8) 

/3(2,3) 

2.18(5) 
0.3(1) 

-0.1 (3) 
0.1 (3) 
1.6(3) 
0.5 (4) 

-0.8 (4) 
0.6 (4) 

-0.5 (3) 
-0.9 (4) 

0 Standard deviations are given in parentheses. * Anisotropic thermal ellipsoids are of the form exp[-(0\\h2 + 822k1 + Qui2 + 2S\ihk 
+ 28\}hl + 202,3&/)].c Numbering of the atoms corresponds to that in Figure 1. d All/3 values are /3 X 103. e Hydrogen atoms are labeled 
with the number of the carbon atom to which they are bonded. Where more than one hydrogen is bonded to a carbon atom, the hydrogens are 
labeled with a number and a letter. / Hydrogen atom temperature factors are isotropic. 

Figure 1. Computer drawing of the molecular structure of 
P(OCH2)3CCH2Br (1). 

Figure 2. Computer drawing of the molecular structure of 
0=P(OCH2hC(CH3)0 (2). 

to be observed after correction for Lorentz, polarization, and back­
ground effects (F0 > 3a(F0)). Systematic absences (00/, absent if/ 
= In + 1; OJtO, absent if k = 2«+ 1; and A00, absent if h = In + 1) 
unambiguously identified the space group as P2\2\l\. 

Measurement of data from the crystal of 2 was carried out with a 
variable 20/0-scan technique (2.0°/min minimum scan speed). After 
correction for Lorentz, polarization, and background effects, 379 
reflections of 513 measured were judged observed (F0 > 3<r(F0)). The 
space group was identified as Pnma from the data extinctions (OkI, 
absent if A: + / = In + 1 and hkO, absent if h = In + 1). 
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Table II. 

Atom17 

P 
0(1) 
0(2) 
0(3) 
C(I) 
C(2) 
C(3) 
H(I) ' 
H(IA) 
H(3) 
H(3A) 

Final Positional0 

X 

0.1196(1) 
0.0596 (3) 
0.0140(2) 
0.2178(2) 
0.2249 (3) 
0.1388(4) 
0.0796 (5) 
0.333 (3) 
0.176(2) 
0.025 (3) 
0.171 (6) 

and Anisotropic Temperature* 

y 

0.7500 
0.7500 
0.7500 
0.9036 (2) 
0.9040 (3) 
0.7500 
0.7500 
0.899 (3) 
1.004(3) 
0.654 (4) 
0.750 

Z 

0.2403(1) 
0.3998 (2) 
0.0875 (2) 
0.1939(1) 
0.0183(2) 

-0.0303 (3) 
-0.1975(4) 
-0.015(3) 
-0.016(2) 
-0.214(4) 
-0.277 (6) 

Factors of O 

0(1,1)' 

13.7(1) 
18.7 (4) 
12.9(3) 
19.4(3) 
17.4(4) 
14.3 (4) 
19.2(6) 
2.4 (5)/ 
0.8 (4) 
3.4 (6) 
4.5(10) 

=P(OCH2)2C(CH3)6 

/3(2,2) 

12.8(1) 
23.7(5) 
18.0(4) 
13.9(3) 
13.5(4) 
13.6(5) 
18.4(7) 

/3(3,3) 

7.5(1) 
9.8 (3) 

10.3(3) 
9.1 (2) 
8.7(3) 
8.4 (4) 
9.9(5) 

0(1,2) 

0.0 
0.0 
0.0 

-2.6(2) 
-0.6 (3) 

0.0 
0.0 

0(1,3) 

0.11 (9) 
2.4(3) 

-0.3 (2) 
-0.8 (2) 
-0.2 (3) 

0.5 (4) 
-2.9 (4) 

0(2,3) 

0.0 
0.0 
0.0 

-1.2(2) 
1.4(2) 
0.0 
0.0 

" Standard deviations are given in parentheses. * The anisotropic thermal ellipsoid is of the form exp[-(0n/i2 + 022£2 + 033^2 + 20I2M 
+ 20l3hl + 202,3*/)].c Numbering of the atoms corresponds to that in Figure 2. d All 0 values are 0 X 103. e Hydrogen atoms are labeled 
with the number of the carbon atom to which they are bonded. Where more than one hydrogen is bonded to a carbon atom the hydrogens are 
labeled with a number and a letter, f Hydrogen atom temperature factors are isotropic. 

Table IH. Intramolecular Bond Distances and Angles in P(OCH2)3CCH2Bra 

Distance 

P-O(I) 
P-0(2) 
P-0(3) 
Od)-C(I) 
0(2)-C(2) 
0(3)-C(3) 
C(l)-C(4) 
C(2)-C(4) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-Br 

(A) 

1.613(4) 
1.616(5) 
1.615(5) 
1.446(7) 
1.454(8) 
1.440(7) 
1.509(7) 
1.531 (8) 
1.522(8) 
1.523(8) 
1.945(6) 

0(l)-P-0(2) 
0(l)-P-0(3) 
0(2)-P-0(3) 
P-O(I)-C(I) 
P-0(2)-C(2) 
P-0(3)-C(3) 

0(1)-C(1)-C(4) 
0(2)-C(2)-C(4) 

Angles 

100.8 (2) 
99.9 (2) 
99.6 (3) 

117.6(3) 
117.2(4) 
117.7(3) 
110.1 (4) 
109.9 (4) 

(deg) 

0(3)-C(l)-C(4) 
C(l)-C(4)-C(2) 
C(l)-C(4)-C(3) 
C(2)-C(4)-C(3) 
C(l)-C(4)-C(5) 
C(2)-C(4)-C(5) 
C(3)-C(4)-C(5) 
C(4)-C(5)-Br 

110.0(4) 
109.0(4) 
109.1 (4) 
108.3 (4) 
112.0(4) 
106.0(4) 
112.2(5) 
114.2(4) 

! Numbering of atoms corresponds to Figure 1. 

Table IV. Intramolecular Bond Distances and Angles in 
0=P(OCH2)2C(CH3)6'1 

Distance (A) 

P-O(I) 
P-0(2) 
P-0(3) 
0(3)-C(l) 
0(2)-C(2) 
C(l)-C(2) 
C(2)-C(3) 

1.445(2) 
1.594(2) 
1.577(2) 
1.478(2) 
1.492(4) 
1.528(3) 
1.502(4) 

Angle (deg) 

0(l)-P-0(2) 
0( l ) -P-0(3) 
0(2)-P-0(3) 
0(3)-P-0(3)' 
P-0(2)-C(2) 
P-0(3)-C(l) 
0(3)-C(l)-C(2) 
C(l)-C(2)-C(3) 
C(l)-C(2)-C(l)' 
0(2)-C(2)-C(3) 
0(2)-C(2)-C(l) 

121.9(1) 
115.8(1) 
97.4(1) 

105.1 (1) 
95.3 (2) 

105.8(1) 
104.1 (2) 
115.3(1) 
110.5(3) 
111.0(3) 
101.4(2) 

" Numbering of the atoms corresponds to that in Figure 2. A prime 
C) denotes an atom generated by the mirror plane. 

phosphorus has been calculated by the CNDO/2 method to 
be significantly higher than that of P(OMe)33b which is also 
strainless. This lends support to the proposal7 that the largely 
unhybridized p orbital on the essentially sp2 oxygens is able 
to interact with the phosphorus lone pair in the acyclic phos­
phite because of the preferred conformational geometry of the 
POMe moieties, while in 1 these oxygen orbitals are orthogonal 
to the phosphorous lone pair owing to the symmetry imposed 
by the cage. While the reduction of the number of x donating 
interactions of these oxygen p orbitals to phosphorus d orbitals 
is also reduced for symmetry reasons,7 recent evidence from 
ab initio calculations suggests that this effect is negligible in 
trimethyl phosphate assuming tetrahedral oxygen and phos­
phorus configurations.22 

Upon polarization of the phosphorus lone pair by a Lewis 
acid, opening of the OPO angles and shortening of the PO 
bonds occurs as is clearly seen from 1 to 424 (3.1°, 0.053 A) and 
from 3 to 51 0 (4.7°, 0.046 A). On the other hand, the uncon­
strained POC angle in the POCH3 moiety of 3 and 5 remains 

N^- > w 'CuH-, 

MeO' O- rC6H5 

unchanged (117 .5° ) while it decreases from this value in 1 to 
115.3° in 4.23 These data along with structural data for 2 
suggest that the POC angle in four-coordinate phosphorus 
esters is more sensitive to constraint than the OPO angle. Thus 
in 2, strain causes the average POC angle to contract from an 
unstrained angle of about 117' ° to 120°7 in phosphate esters 
to 102° while the normal OPO angle of 104° in unstrained 
phosphates decreases to an average of 99.9° in 2. 

A consequence of the oxygen "hinge effect" is the progres­
sion from sp2 toward sp3 hybridization of this atom from 
0 = P ( O R ) 3 to 4 to 2 which could accentuate the accumulation 
of positive charge on phosphorus by partial destruction of x 
bonding in the three P—O ester links. This notion is consistent 
with the finding that caged phosphites exemplified by 1 and 
6 behave as better x acids than acyclic phosphites toward 
transition metals,5a presumably to compensate for the loss of 
x bonding from the caged ester oxygens. 

Of note in the structure of 2 is the somewhat long P—O ester 
bond (1.59 A) and the short P = O link (1.445 A) compared 
to the averages of these distances in phosphate esters and acid 
phosphates (1.57 and 1.48 A, respectively).24 It is reasonable 
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to suppose that the shortening of the phosphoryl bond stems 
from the relatively high degree of x bonding obliged to con­
centrate in this link owing to the geometrical restrictions to 
P—O 7T bonding imposed by the oxygen "hinge effect" and the 
strain-lengthened P—O bond. 
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molecules,6"19 and structural information from these studies 
and from NMR studies5,20-25 has been related to prolyl ring 
conformation and used in conformational energy analyses.4 

Early model building studies of proline-containing peptides 
treated the pyrrolidine ring as either planar or puckered, but 
in all cases rigidity of the ring was assumed. Current experi­
mental and theoretical evidence suggests that there is vari­
ability in the puckering of the prolyl ring, and that flexibility 
of the ring must be considered along with the effects of ring 
geometry on the backbone conformation. 

Cyclo(tri-L-prolyl), which was first synthesized by Rothe 
et al.,26 is unusual among peptides in its restricted conforma-
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Abstract: Cyclo(tri-L-prolyl), C15H21O3N3, is made up of three prolyl residues joined by cis peptide bonds. A single-crystal 
x-ray diffraction study of the compound has been done. The crystals are orthorhombic, space group P2]2]2] with a = 15.942 
(5), b = 19.097 (6), and c = 9.230 (3) A and Z = 8. Intensity data were collected on a diffractometer using Mo x-radiation, 
and absorption corrections were made. The final R value for the 3167 data was 4.8%. In the peptides for the two molecules in 
the asymmetric unit, the N and its substituents show deviations from planarity, and the bond angles about N are different from 
those found in other prolyl residues. Two of the six prolyl rings have a Ca-envelope conformation, and the other four rings a 
Cn-Cg twist conformation. The conformations are closely related, and the barriers between them in solution must be small in 
order to explain the equivalence of the three Ca-protons in the proton magnetic resonance spectrum of cyclo(tri-L-prolyl). One 
of the Ha-Ca-Cg-lii3 torsion angles is 90° in all six prolyl rings, but the other torsion angles show considerable variation. The 
packing involves several close oxygen to methylene carbon contacts. 
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